Stress Analysis and Thermal
Characterization of a High Pin
Count PQFP

A three-dimensional finite element model of a high pin count plastic-quad-flat-pack
(PQFP) has been developed by using ANS YS™ finite element simulation code [1).
The model has been used for both thermo-mechanical stress analysis during tem-
perature cycling and thermal characterization of the package under forced air cool-
ing. Parametric studies have been performed on two different molding compounds
with and without a drop-in heat spreader. In addition, the model has been simplified
by substituting the leadframe and molding compound with a single homogeneous
material, reflecting both molding compound and the leadframe thermo-physical
properties. Results from the molding compound parametric studies indicate a lower
package stress if the molding compound with low thermal expansion coefficient is
used. Comparisons of principal and von Mises stresses show that the simplified
model, overall, underpredicts the stresses. Although both the simplified and detailed
models predict almost the same value for junction-to-case resistance (0,c), calculated
values are significantly lower than the measured 0;c. In contrast to 0,¢, the predicted
Jjunction-to-ambient resistances (0;4) are in good agreement with the measured data.
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Introduction

One major trend in integrated circuit (IC) package design
is the use of relatively large die in smaller packages [2]. These
packages must be designed to avoid failure during fabrication,
testing and operation. Since the electronic industry requires
that the new products be introduced quickly into the market,
the importance of analytical as well as numerical models be-
comes more pronounced for companies who want to stay at
the leading edge of IC packaging technology. These models
are used to provide a quantitative stress and thermal analysis
for both existing and proposed new designs of complicated IC
packages.

Although both the finite difference [3-5] and boundary ele-
ment [4, 6] methods can be used for analysis of electronic
packages, the finite element method (FEM) is the one most
widely used in the electronic industry. A brief review of the
applications of FEMs for thermal stress analysis is given in
reference [7]. Several investigators used FEMs to predict stresses
during temperature cycling. Lau [8] performed elasto-plastic
analysis of thermal stresses and strains in a PQFP by using a
three-dimensional finite element method. Materials used in the
construction of the package were assumed to be elastic except
the Sn/Pb solder which was assumed to be elasto-plastic due
to its low yield strength, high ductility and linear strain-hard-
ening characteristics. Lau [8] found that the stresses and strains
in PQFP solder joint are smaller than those in plastic-leaded-
chip-carrier (PLCC). Lau and Lian-Mueller [9] used finite
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element simulations for the optimization of hermetic package
design. Three different designs were considered: (i) the package
consisted of Ni-plated kovar lead frames, sealing glass ceramic
body, Cu/Ag braze and tungsten, (ii) the same as (i) except
that the Cu/Ag braze and the tungsten were eliminated, and
(iii) the same as (i) except the device is connected to the tungsten
metalization instead of the leads and the sealing glass. It was
found that the stresses in the package given in (i) were greater
than the ones described in (ii) and (iii). Simon et al. [10] per-
formed parametric studies on plastic dual-in-line packages
(PDIPs) for the predictions of thermally-induced stresses dur-
ing die attach as well as after encapsulation by using a two-
dimensional finite element model. Elevated thermal stresses
were predicted near the center of the top layer of the chip for
the die attach procedure. The superimposed results for the die
attach and molding processes showed that the variations in
both the die and package thickness have pronounced effect on
the stress level; increased die thickness resulted in increased
normal stress at the top of the chip. Charles and Clatterbaugh
[11] carried out extensive finite element modeling and exper-
imental testing to determine the optimum design parameters
for solder joints in surface mount applications. Temperature
cycling studies indicated joints with slightly higher standoffs
and low fillet angles are more resistant to cycling fatigue than
the pillar type joints.

In addition to thermally-induced stress analysis, FEMs are
also widely used in thermal characterization of electronic pack-
ages. Cooke and Lee [12] used a three-dimensional finite ele-
ment model for the thermal analysis of a 144 lead PQFP.
Comparison of calculated temperature contours to that of
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Fig. 1 Schematic of a high pin count PQFP

infrared picture showed similarity. Quantitatively, calculated
results were higher than the experimental data. Childres and
Peterson [13] determined individual thermal contact resistances
and overall package resistance for an 18 lead PDIP by using
a two-dimensional finite element model. It was found that the
materials with thermal expansion coefficients below that of
silicon tend to yield higher interface pressure, resulting in higher
contact- conductances than those achieved with expansion
matched materials. Sweet and Cooley [14] presented an ex-
perimental and numerical characterization of the heat transfer
for a 40 pin ceramic leadless chip carrier (CLCC) package and
showed that the FEM calculations are useful in the study of
qualitative features of the heat transport in convectively cooled
packages. Aghazadeh and Mallik [15] predicted the thermal
performance of a single and multi-layer 132 lead PQFP pack-
ages by using a three-dimensional finite element model. It was
demonstrated that the package thermal resistance can be sig-
nificantly reduced by using a multi-layer lead frame structure
for medium and high lead count PQFP packages. Kozarek
[16] compared FEM predictions of @, with measurements in
accordance with the SEMI and MIL standards. The measured
case temperature was found to be significantly lower than the
predicted temperature, therefore, detailed three-dimensional
simulations were used to analyze thermocouple measurement
problems in the region between the case and a cold plate. With
the use of fiber-optic thermometry and surface-junction ther-
mocouples, excellent agreement was obtained between meas-
urements and predictions.

Molding
Die Compound
Die—Attach | Leadframe
Heotspreoder }
Motding
z _ Compound

=

Fig. 2 Side view of finite element model at ¢ = 0 symmetry plane

In the present study, a three-dimensional finite element model
is used for the predictions of thermally-induced stresses under
temperature cycling conditions. Finite element analysis is car-
ried out for two different molding‘compounds with and with-

-out a drop-in heatspreader. The predicted stresses are compared

for the selection of the molding compound which would result
in lower stresses on the assembled package. The package with
lower stresses is then used for thermal analysis. The calculated
0,c and 6,4 values are compared with the measured data. In
addition, stresses and thermal resistances obtained from both
the simplified and detailed models are.compared; conditions
for the detailed and simplified models are discussed.

Finite Element Models

A finite element model of a high pin count PQFP is devel-
oped. The package is essentially flat and square in shape (28
mm wide, 28 mm long, and 3.6 mm thick). The silicon die is
bonded to a 10.5 mm wide and 10.5 mm long leadframe plat-
form (paddle) with a die attach epoxy. The leadframe and die
assembly are encapsulated with a molding compound. A var-
iation of this base case package includes a drop-in heatspreader
below the leadframe as shown in Fig. 1. Package symmetry
allows the package model to be a one octant section of the
package. The model also includes the details of the leadframe.

The finite element model consists of 14,808 three-dimen-
sional solid elements. Each element has 8 nodal points, each
with three degrees of freedom (displacements in each coor-
dinate direction) for the stress analysis and one degree of free-
dom (temperature) for the thermal analysis. Distinct material
layers are divided into finer layers; three layers of molding
compound below the drop-in heatspreader, two layers of heat-
spreader, two layers of leadframe, a single layer of die attach,
two layers of silicon die, and two layers of molding compound
above the die. For the package without a heatspreader, the
heatspreader layers in the model are substituted with the mold-
ing compound. The side view of the finite element model at
y = 0 (or 6 = 0 deg) symmetry plane is given in Fig. 2 for
the package with a drop-in heatspreader. The elements are
shrinked to indicate distinct finite elements. The finite element
model of the leadframe is shown in Fig. 3.

In addition to the model described above, a simplified finite
element model is also developed. This simplified model has
7272 three-dimensional brick elements compared to the 14,808
elements in the above detailed model. The simplified model
differs from the detailed one with respect to the modeling of
the leadframe. The leadframe and interlocking molding com-
pound are assumed to be a homogeneous layer with 50 percent
leadframe and 50 percent molding compound material thermo-

Nomenclature
Q = total convective heat transfer

A = surface area (Eq. (8) pn = dynamic viscosity
¢ = specific heat Re = Reynolds number (Eq. (3)) o = density
h = local heat transfer coefficient T = temperature .
h = averaged heat transfer coeffi- V = coolant velocity Subscripts

cient x = distance from the leading edge A = ambient
k = thermal conductivity 6,4 = junction-to-ambient resistance C = case
L = length (Eq. (6)) J = junction
P = power 0;c = junction-to-case resistance (Eq. L = averaged over length
Pr = Prandtl number (Eq. (2)) €))) x = local value at x
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Fig. 3 Detailed finite element model of leadframe

Fig. 4 Simplified leadframe and die assembly-finite element model

physical properties, eliminating the modeling details of the
leads (see Fig. 4). Note that the actual leadframe material
properties are used for the die pad and the support bar. Similar
assumptions were used by Moore [3] in the characterization
of a high thermal efficiency leadframe.

Material Properties

The material properties used for the stress and thermal anal-
yses are given in Table 1. For the silicon die both ultimate
tensile (UT) and compressive yield (CY) strength data are given
in the table. These properties are obtained from CINDA’s [17]
and LSI Logic database [18] which is compiled from the vendor
data. The material properties are assumed to be isotropic,
linear elastic, and independent of temperature except thermal
conductivity of the silicon.

Boundary and Initial Conditions

Steady-state, three-dimensional, linear elastic finite element
analysis is performed for the prediction of thermally-induced
stresses for packages constructed with different molding com-
pounds and with and without a drop-in heatspreader. Since
thermo-mechanical stresses are due to mismatches in thermal
expansion coefficients of the materials used in the package
construction, the lowest temperature in the cycle which is
—65°C is chosen to obtain the worst case stress levels,

The stress distribution depends on the selection of the stress
free reference temperature and the amount of stress relaxation
which occurs in the device. It is assumed that the stress free
reference temperature is the curing temperature for the plastic
encapsulation material (175°C). Since the purpose of this study
is to compare two different molding compounds, the amount
of stress relaxation is not an issue. Therefore, the package is
assumed, initially, to be at 175°C and then is brought to the
steady-state condition at —65°C.

In addition to the above assumptions, symmetry boundary
conditions are also used. Since one octant section from the
package (an angular cut from the center of the package between
f = 0 deg to 45 deg planes) is used in FEM, displacements in
6 directions are assumed to be zero at the symmetry planes (0
= 0 and 45 deg).

Symmetry boundary conditions are also used on the planes
of symmetry for thermal analysis where the adiabatic condi-
tions (no heat flux across the symmetry plane) are used. In
contrast to the stress analysis, ANSYS™ does not require ex-
plicit specification for an adiabatic heat flux boundary con-
dition since it is a built in default boundary condition,

For both 8;- and 0,, evaluations, the package is initially
assumed to be at equilibrium with an environment temperature
of 20°C. Temperatures for the external nodes are specified at
a constant value of 20°C for the junction-to-case resistance
calculations. The ambient temperature is taken to be at 20°C
for the junction-to-ambient resistance calculations. In addition
to the ambient temperature specification, a specification for
the convective heat transfer coefficient between the surface

Table 1 Material properties

Units Molding Molding

Material property compound A ¢ompound B Die attach Die Leadframe Heatspreader
Thermal conductivity W/m-K 0.67 0.71 0.63 14.7 204.0

T = -25°C 191.0

T = 25°C 148.0

T = 175°C 119.0

T = 125°C 98.9

T = 225°C 76.2
Young’s modulus kgf/mm? 1150 1150 630 13300 14800 5630
Poisson’s ratio 0.28 0.28 0.21 0.28 0.28 0.30
Thermal expansion coefficient  10™° mm/mm-°C - 13 15 57 1.4 43 24
Yield strength kgf/mm? 12.0 11.0 25.3 8.4 (UT) 73.8 16.8

510 (CY)
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nodes and ambient is required. For the present study, only the
forced convection cooling is considered to demonstrate the
usefulness of a finite element modeling in package thermal
characterization. Assuming a laminar flow over a flat plate,
the local heat transfer coefficient, 4,, is obtained from [19,
201

k .
he=0.332Pr'’Rel? <;> 1)

where k is the thermal conductivity of the coolant (e.g., for
air cooling applications, k is the thermal conductivity of the
air), Pr is the Prandtl number and Re is the Reynolds number.
The dimensionless Prandtl and Reynolds numbers are defined

ue

Pr=—-
r=5 2)

V.
Rex:u (3)

/2

where V is the coolant velocity, x is the distance from the
leading edge of the plate, u, ¢, and p are the dynamic viscosity,
the specific heat and the density of the coolant, respectively.

The local heat transfer coefficient correlation, Eq. (1), as-
sumes a uniform surface temperature over the length of the
plate. When this condition is not met, an average surface
temperature must be used. Temperature dependent physical
properties are evaluated at the bulk temperature, that is the
average of the surface and ambient temperatures. In engi-
neering applications, however, an averaged convective heat
transfer coefficient is frequently used instead of a local heat
transfer coefficient. The averaged heat transfer coefficient is
obtained by integrating the local heat transfer coefficient over
the surface area and then dividing the resultant value by the
total surface area. Hence, the averaged convective heat transfer
coefficient for laminar flow over a flat plate is obtained from

L

where L is the total length of the flat plate. Ellison [21] showed
that the thermo-physical properties of air slightly temperature
dependent; the maximum error in 0°-100°C interval is less
than 5 percent. Substituting the thermo-physical properties of
air at temperature of 50°C into Eq. (4) gives the working
correlation for practical engineering applications [21]

7, =0.001092 /V/L (W/in>-°C) 5)

where V is the air velocity in ft/min and L is the total length
in the flow direction in inches. For the present study, a 300
fpm air flow rate over a 1.102-in. square package is used for
thermal analysis. Substituting the above values into Eq. (5)
gives an estimated average heat transfer coefficient to be 0.018
W/in%-°C (28 W/m>-°C). This averaged heat transfer coeffi-
cient is assigned to all of the external elements of the finite
element model.

Finally, a uniform heat generation value is assigned to the
elements representing the silicon die. The silicon die is assumed
to be generating a total of 11.6 W power which corresponds
to the uniform volumetric heat generation of 0.34 W/mm? for
a 9.2 mm square die with 0.41 mm thickness.

_ k
7 =0.664Pr'*Re}? (—) @)

Experimental Procedure for Thermal Characterization

Determination of 8¢ and 8,4 require measurement of several
primary parameters—junction temperature, case temperature,
ambient air temperature, air flow rate and device power level.
Among these parameters, the most difficult one to obtain is
the junction temperature. This temperature can be obtained
by using a special die which incorporates resistors and tem-
perature sensitive diodes. An LSI Logic thermal test die is used
in a PQFP package encapsulated with the selected molding
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compound. This thermal die consists of an interconnected ar-
ray of 4.6 mm X 4.6 mm elements, each with resistive elements
covering 95 percent of the surface area and five diodes posi-
tioned at the corners and at the center of the die for temperature
sensing. The larger test die used in the PQFP is created by
using a 2 by 2 array of a single test die. Each of the temperature
sensing diodes on the test die is calibrated in a circulating bath
of Fluorocarbon FC-40™ liquid maintained at a constant tem-
perature. The calibration procedure and the thermal resistance
testing are automated by using a Hewlett-Packard laboratory
data acquisition system.

The package is surface mounted on a PC board with a hole
corresponding to the center of the package where the ther-
mocouple is attached to measure the surface (case) tempera-
ture. The whole assembly is immersed into a constant
temperature, circulating bath of Fluorocarbon FC-40™ liquid.
Power is then supplied to the test die. Power is raised in in-
crements until a significant temperature difference is obtained
between the junction and the case. After each power increase,
the system is allowed to reach a steady-state condition (thermal
equilibrium). During the entire test, the junction temperature,
the case temperature and the coolant temperature are moni-
tored. The junction temperature is obtained by using the diodes
located at the center of the package. With the known supplied
power (P) to the test die and the measured junction (77) and
case (T¢) temperatures, the junction-to-case resistance (6,¢) is
obtained from [22]

T,—-Tc
P

For junction-to-ambient resistance measurements, the PC
board is inserted into a slot located in the fully developed
region of the experimental wind tunnel. The inlet air velocity
and bulk temperature are measured by pitot-static tube and
thermocouples, respectively. As in the junction-to-case resist-
ance measurements, the thermal resistance testing is automated
by using Hewleit-Packard data acquisition system. During the
entire test, the junction temperature, the ambient temperature
and the air speed are monitored. With the known supplied
power (P) to the test die and the measured junction (7)) and
ambient air (74) temperatures, the junction-to-ambient re-
sistance (8,4) is calculated from [22]

T,-T4
P

6

0](2‘ =

M

0s4=

Results and Discussion

Stress Analysis. Three-dimensional stress and heat transfer
analyses for a high pin count PQFP package with and without
a drop-in heatspreader have been performed. The principal
and von Mises stresses were obtained from the finite element
solution under temperature cycling conditions by using a sim-
plified finite element model. Thermo-mechanical stresses were
obtained at —65°C. The predicted stresses along with the
warpage on the package are summarized in Table 2. For com-
parison, the results obtained with the detailed model for Case
3 are also presented in Table 2 (see Case 5). In addition, the
predicted results for the package with the lowest stresses are
used to normalize the data given in Table 2. The heatspreader
layer, however, was normalized by using the results obtained
for the package constructed with the molding compound B;
results are shown in Table 3. The overall package results are
summarized in the first row of each case studied. Since these
results are obtained by averaging displacements and stresses
across dissimilar materials, the averaged data may be mis-
leading. Therefore, displacements and stresses are also given
in Tables 2 and 3 for individual material layers.

Comparison of the simplified model results, Cases 1 through
4, given in Tables 2 and 3 clearly indicates that the package
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Table 2 Maximum stresses and warpage
o, (kgf/mm?) a5 (kgf/mm?)

Construction type and layers ag (kgf/mm?) Warpage (mm)

Case | (base case, simplified model)

Molding compound A without heatspreader 11.43 ~57.09 58.25 0.057
Molding compound 7.09 - 7.69 11.20 0.057
Die . 3.90 -~30.92 26.89 0.013
Die attachment : : 13.68 - 3.28 13.94 0.015
Leadframe 11.43 —64.25 59.00 0.053

Case 2 (simplified model)

Molding compound B without heatspreader 12,78 —68.84 70.23 0.065
Molding compound 9.11 — 8.52 12.67 0.065
Die ' 4.46 —35.74 30.68 0.015
Die attachment 14.00 —4.69 15.36 0.016
Leadframe 12.78 —77.47 71.01 0.059

Case 3 (simplified model)

Molding compound A with heatspreader 26.54 —72.54 68.59 0.123
Molding compound 7.05 —12.23 14.55 0.123
Die ) 6.43 —43.23 37.62 0.030
Die attachment 14.92 -6.21 17.30 0.032
Leadframe 11.49 -~ 80.89 73.73 0.120
Heatspreader 33.03 -9.10 30.01 0.100

Case 4 (simplified model)

Molding compound B with heatspreader 25.48 —78.61 74.23 0.117
Molding compound 9.07 —-12.74 15.76 0.117
Die 6.99 —46.03 40.02 0.031
Die attachment 15.22 —-7.74 18.81 0.032
Leadframe 12.78 —87.89 79.50 0.114
Heatspreader 31.75 —8.67 29.29 0.096

Case 5 (detailed model)

Molding compound A with heatspreader 26.09 —~67.20 69.05 0.123
Molding compound 8.57 —13.19 15.27 0.123
Die 23.62 -19.24 46.15 0.031
Die attachment 17.62 ~10.29 18.20 0.033
Leadframe 29.50 —88.31 70.01 0.119
Heatspreader 32,71 —19.04 33.61 0.101

Table 3 Normalized Stresses and Warpage Shape

o,/ a3/ og/

Construction Type and Layers Oleet  O3rer  Oprer /8t

Case 1 (base case, simplified model)
Molding compound A without heat-
spreader 1.00 1.00 1.00 1.00

Molding compound 1.00  1.00 1.00 1.00

Die 1.00 1.00 1.00 1.00

Die attachment 1.00 1.00 1.00 1.00

Leadframe .00 1.00 1.00 1.00 Deformed Shope
Case 2 (simplified model)
ls\g?elggg compound B without heat- 112 1.21 1.21 1.14 Fig. 5 Deformation ot PQFP assembly at § = 0 symmetry plane

Molding compound 1.28 1.11 1.13 1.14

Die 1.14 1.16 1.14 1.15

Die attach t 1.02 1.43 1.10 1. . .

Lé:l;fr:;]ern e 112 121 120 I?Z molded with the compound A and without heatspreader has
Case 3 (simplified model) less. thgrmal stress and warpage ‘than the other pafzkages. Ex-
Molding compound A with heat- amination of the data further indicates that the maximum stress
spreader 232  1.27 1.18 2.16 takes place in the leadframe for all of the cases studied. When

Molding compound 0.99 1.59 130 2.16 the results of the simplified and detailed models, Cases 3 and

Die 165 1.40 140 231 5 o0 compared, it is seen that the simplified model generally

Die attachment 1.09 1.89 1.24 213 . . X :

. Leadframe 1.01 126 125 226 underpredicts von Mises stresses in all of the material layers

Heatspreader (1.04) (1.05) (1.02) (1.04) except the leadframe. The larger discrepancy occurs in the die
Case 4 (simplified model) layer where the underprediction is about 28 percent. The sim-
Molding compound B with heat- plified model predicts higher compressive principal stresses on
spreader 223 138 1.27 2.05  the die whereas higher tensile principal stresses are obtained

I\D/[i‘;ldmg compound i%g }gg if‘g %(3)?; from the detailed model. Although the stresses predicted from

Die attachment 111 236 135 213 bothmodels differ significantly, the predicted warpages are in

Leadframe 1.12  1.37 1.35 2.15 good agreement (see Tables 2 and 3). Due to the similarity in

Heatspreader (1.00) (1.00) (1.00) (1.00) predicted results from both the simplified and detailed models,
Case 5 (detailed model) the selected plots from the Case 5 study (detailed model) are
Molding compound A with heat- presented.
spreader 228 L18 L19  2.16 The predicted deflections (warpage) of the PQFP assembly

Molding compound 1.21 1.72 1.36 2.16 A i

Die 606 062 172 238 atthed = 0 deg symmetry plane are shown in Fig. 5. The

Die attachment 1.29  3.14 1.31- 220 dotted lines are for the original assembly and the solid lines

Leadframe 258 1.37 119 225  gre for the displaced assembly. It can be seen that the whole

Heatspreader 103 220) (1.15) (1.05) P y

package bends downwards. This is due to the mismatch in
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thermal expansion coefficients and stiffness between all parts
of the PQFP assembly. The maximum bending takes place at
the edge of the package which is about 3 percent of the total
package thickness.

The von Mises stress contours on the top and bottom surfaces
of the die are shown in Figs. 6 and 7. It is seen that the higher
stresses occur at the corner and at the center of the die. The
stresses on the bottom surface of the die are about 15 percent
higher than the stresses on the top surface. Since the maximum
stress occurs at the corner of the silicon die, failure of the
package could happen there during temperature cycling. In
that case, further crack propagation in the molding compound
is likely. Consequently, moisture could enter through the crack
and affect the package reliability.

Figure 8 shows the von Mises stress distribution on the top
surface of the die attach material where adhesion to the die
surface takes place. It is seen that higher stresses are attained
at the region corresponding to the outer edge of the die. Since
the die attach serves a buffer zone between the die and the
leadframe, the stresses created on the die are absorbed by the
die attach material. Lower Young’s modulus of the die attach
suggests that the material would go under plastic deformation.
The present study does not consider plastic deformation.

As shown in Fig. 9, the highest stress in the leadframe is
obtained at the die pad support bar. Higher stresses are also
predicted in the region where the metallic contact between the
leads and heatspreader takes place. The footprint of the heat-
spreader is clearly seen by the stress distribution patterns as
shown in Fig. 9. As pointed out earlier, the highest stress in
the overall package is predicted within the leadframe (see Ta-
bles 2 and 3).

Thermal Analysis. The molding compound which resulted
in lower package stress was chosen for the thermal analysis.
The junction-to-case and junction-to-ambient resistances have
been determined from the finite element analysis. Comparisons
of the predicted results with the measured data are given in
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Fig. 8 Von Mises stress contours on the top surface of die-attach

Table 4. Subscripts “‘p’’ and ‘‘m’’ denote the predicted and
measured data, respectively. Numbers enclosed within par-
antheses indicate percentage deviation from the measured data.

Steady-state temperature distribution within the package is
obtained from a finite element analysis (FEA) for specified
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Table 4 Predicted and measured 6, and 6, values for molding compound A

. . (O.IC)p/ (6JC)m (0JA)p/ (OJA)m
Simulations 7, (°C) Tc (°C) T4 (°C) (°C/W) (*C/W)
Simplified model without heatspreader
Constant case temperature 125.82 20.0 N/A 9.12/(11.0) N/A
(—17.1%)
Air speed = 300 fpm 570.49 N/A 20.0 N/A 47.46/41.3
' (14.9%)
Simplified model with heatspreader
Constant case temperature 55.86 20.0 N/A 3.09/6.8 N/A
. (—54.6%)
Air speed = 300 fpm 283.70 N/A 20.0 N/A 22.73/23.4
(—2.9%)
Detailed model with heatspreader
Constant case temperature 55.90 19.96 N/A 3.10/6.8 N/A
(—54.4%)
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Fig. 9 Von Mises stress contours on the top surface of leadframe

boundary conditions and volumetric heat generation. The pre-
dicted maximum temperature (junction temperature of the die)
is reported in Table 4 along with the specified case and ambient
temperatures. 6;c and 0,4 are obtained by using Egs. (6) and
(7) and the known junction temperature, power generation,
case temperature and bulk ambient temperature. These cal-
culated values are given in Table 4.

Comparisons of both the predicted and measured results
clearly indicate that the package with a drop-in heatspreader
has lower thermal resistances than the one without a drop-in
heatspreader. For example, the 6,- value predicted from the
FEA dropped about 66 percent when a drop-in heatspreader
was added to the package. The reduction in the measured 6,c
is found to be about 38 percent. Similarly, the drop in 8,4
value with the addition of the heatspreader is found to be 52
percent and 43 percent for the predicted and measured data,
respectively. On the other hand, the predicted 8, values from
the simplified and detailed models are found to be in good
agreement (see Table 4).

The comparison of the predicted and measured 6,c values
indicates significant difference; the predicted 6,c is about 55
percent of the measured one. Similar pattern has been reported
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in the literature [12, 14, 16, 23]. This discrepancy might be
due to possible error in thermal conductivity values used in
the analysis and the differences in the constant wall temper-
ature boundary conditions used in the simulation and exper-
iment. If we exclude the material properties as the major source
for the discrepancy, then the measured data becomes ques-
tionable. Lee and Sen [28] found that the predicted junction-
to-case resistance from FEA for the TQFP (Tape Quad Flat
Pack) package was significantly higher than the measured data.
This difference is attributed to the constant temperature
boundary condition imposed during experiment. Thermal bath
measurements are especially sensitive to error; the constant
surface temperature is not easy to maintain during the meas-
urement due to the boundary layer development in the vicinity
of the package surface. Sweet and Cooley [14] reported similar
observations and also pointed out that the placement of the
thermocouple in the epoxy is of critical importance to the
thermocouple reading. Lee and Sen [28] added a thin fluid
boundary layer on the surface of the package in the finite
element model so that the predicted 8,- could approach to the
measured value. It was found that the added liquid boundary
layer thickness must be at least 0.06 cm to match the predicted
results with the measured ones. Beyond 0.06 cm boundary
layer thickness, there is no significant difference observed be-
tween the measured and predicted ;- values.

Although the discrepancy in the 8, value is large, the 6,
prediction is not affected by the error in 0, (see Table 4). For
the 0, calculation, the external effects (fluid velocity and bulk
temperature) are more significant than the material property
effects; therefore, the predicted values are closer to the ex-
perimental values (3 and 14 percent difference in the package
with and without a drop-in heatspreader, respectively).

Since the predicted values from both the simplified and
detailed models are in good agreement, the results obtained
from the simplified model are presented. Figures 10 and 11
show the developed temperature contours under steady-state
condition for the packages simulated in a thermal bath with
a constant temperature of 20°C. The package is initially as-
sumed to be at the thermal equilibrium with the bath fluid.
The constant surface temperature condition can be also thought
to be the case of air cooling with an infinite (very large) air
speed, that is the case when the convective heat transfer coef-
ficient approaches infinity while the case and ambient tem-
perature difference approaches to zero. This can also be
deduced from

Q=hA(TC—TA) &

where Q is the total amount of heat flux from the package
surface (dissipated heat) in Watts, 4 is the convective heat
transfer coefficient in W/m2-°C, A is the total external surface
area in m?, and T and T, are the case and bulk ambient
temperatures, respectively. For a finite value of total heat
dissipation (Q), # — o, when T = T,4. As the air speed
approaches infinity, convective heat transfer coefficient ap-
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Fig. 11

proaches infinity for a given finite package length—see Eq.
(5).

Figure 10 indicates that the maximum temperature for the
package without a heatspreader is obtained within the center
region of the silicon which is about 125°C. Since the package
length is much greater than the thickness, the significant heat
transfer takes place in the direction of the smaller dimension
where there is less resistance to the heat flux. It is interesting
to note that the effect of heating on the molding compound
at the symmetry planes (§ = 0 and 45 deg) is confined into a
smaller region; beyond this region there is no heating effect.
The region that is affected by the heating is called the thermal
penetration depth. This thermal penetration depth is smaller
in low thermal conductivity material (for example, thermal
conductivity of the molding compound is about one-hundreth
of the silicon). When a drop-in heatspreader is used in the
package, the heating effect is moved towards the edge of the
package resulting in a longer thermal penetration depth as
shown in Fig. 11. Therefore, the drop-in heatspreader provides
better thermal management by reducing the junction temper-
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Fig. 12 Temperature distributions along the symmetry planes corre-
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Fig. 13 Temperature distributions along the symmetry planes corre-
sponding to the center of die (with drop-in heatspreader, T, = 20°C)

ature about 56 percent from the case without a heatspreader
(see Table 4).

The thermal penetration effect can be clearly seen from the
temperature profiles given in Figs. 12 and 13 for packages with
and without a drop-in heatspreader, respectively. These tem-
peratures are obtained along the symmetry planes (§ = 0 deg
and § = 45 deg) at the elevation corresponding to the mid-
plane of the silicon. It is seen that the temperature varies slightly
within the silicon die, suggesting a uniform temperature dis-
tribution (refer Figs. 12 and 13 for the temperature distribution
between 0 and 4.6 mm). Figure 12 indicates that the temper-
atures start to drop suddenly within a narrow region at the
silicon edge corresponding to the thermal penetration depth
length; beyond this region (beyond 10 mm) temperature stays
constant. For this case, the thermal penetration depth is about
one-third of the package length (note that the package length
in @ = O direction is 14 mm, and the thermal penetration depth,
6, = 10 — 4.5 = 5.5 mm). The length of the thermal pene-
tration depth or the heat spreading effect increases if the heat-
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Fig. 14 Temperature contours for the package without drop-in heat-
spreader (T, = 20°C and v,, = 300 fpm)
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Fig. 15 Temperature contours for the package with drop-in heat-
spreader (T, = 20°C and v,, = 300 fpm)

spreader is employed (see Fig. 13, where the heating effect
reaches to the package edge).

Simulations are also performed for thermal characterization
of packages under forced air cooling. For demonstration pur-
poses, an air speed of 300 fpm is selected and the bulk ambient
temperature is taken to be 20°C. The convective heat transfer
coefficient obtained from Eq. (5) is assigned to the elements
at the package surface. The predicted steady-state results are
shown in Figs. 14 and 15 for the packages without and with
a drop-in heatspreader, respectively. Corresponding temper-
ature plots along the symmetry planes are given in Figs. 16
and 17. For the given heat dissipation, surface area, and am-
bient temperature, the case temperature is inversely propor-
tional with the heat transfer coefficient—see Eq. (8). As the
heat transfer coefficient decreases, the case temperature in-
creases which in turn results in a higher junction temperature.
Therefore, the predicted junction temperatures are higher than
the previously obtained values (constant case temperature)—
see Table 4. The predicted junction temperatures are much
higher than the allowable junction temperature (125-150°C),
suggesting inefficient cooling of the package. Note that the
junction temperature is reduced about 50 percent with the
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Fig. 16 Temperature distributions along the symmetry planes corre-

sponding to the center of die (without drop-in heatspreader, T, = 20°C
and v,; = 300 fpm)
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Fig. 17 Temperature distributions along the symmetry planes corre-
sponding to the center of die (with drop-in heatspreader, T, = 20°C and
Var = 300 fpm)

heatspreader. Further reduction could be achieved by using an
external heat sink or providing higher air flowrates for the
package with a drop-in heatspreader.

Conclusions

A finite element thermal and stress analysis of a high pin
count PQFP has been presented in this paper. The stress and
temperature distributions for a best configured package have
also been provided to better understand the mechanical and
thermal behavior of the package.

Two different molding compounds were evaluated for a
PQFP with and without a drop-in heatspreader under tem-
perature cycling conditions. The package with lower stresses
was evaluated for thermal characteristics. Based on the com-
parisons made, molding compound A, which has a lower ther-
mal expansion coefficient than the molding compound B, is
the best suitable for a high pin count PQFP. The von Mises
stresses within the package are highest in the leadframe and
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the lowest in the molding compound. Comparisons of the
simplified and the detailed model predictions indicate that the
simplified model underpredicts von Mises stresses. If the mag-
nitude of stress levels are important, then it is suggested that
the finite element model should include all the relevant package
details. On the other hand, if the trend or comparison studies
are required, then the finite element model should be as simple
as possible.

Based on the thermal analysis of the PQFP packages, the
package with a drop-in heatspreader performs better than the
one without a heatspreader. Under constant temperature (20°C)
immersion cooling, the junction temperature of the device with
a heatspreader is about 45 percent of the temperature obtained
for a standard package without a heatspreader. Similar results
are obtained under forced air cooling conditions. The results
also indicate that the selected air speed for the analysis is not
adequate to dissipate 11.6W from the device within the required
junction temperature limitations. Further improvement is pos-
sible by using higher air flow rates combined with an external
heat sink. Comparison of the detailed and simplified model
results indicates that the predictions from both models are in
good agreement, suggesting that the model for thermal analysis
does not require as much detail as for the model used for stress
_analysis.

Comparisons of experimental and the predicted values in-
dicate good agreement for 6;, values but large deviations for
0;c values. The predicted values from the FEA are lower than
the measured 6,. values.

The observed difference in the predicted and measured 6,¢
value can be attributed, first, to the possible error in the thermal
conductivity data used in the analysis and, second, to the
measurement errors. The finite element model differs from the
experiment in terms of the specification of constant case tem-
perature. In general, it is difficult to maintain a constant tem-
perature in the vicinity of the package. Due to the heat
dissipation through the package, the thin boundary layer could
form adjacent to the package surface resulting in inefficient
cooling of the package. This would in turn result in a higher
junction temperature.

The present analysis shows that finite element is a viable
tool for optimizing design to reduce package stress and for
determining thermal management options to maintain the de-
vice within an allowable operating temperature limit. The re-
sults presented here should be especially valuable to packaging
engineers in the design of plastic packages.
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