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More Power in Less Space: A Thermal
Enhancement Solution for Thin Packages

Abstract: Integrated circuit packaging technology can no
longer be treated as a secondary consideration to circuit
design. The packaging system is an integral part of the
device function, composed of sophisticated materials and
complex assembly processes that balances many diverse fac-
tors, dramatically impacting the device performance. Often,
package design must now be done concurrent with circuit
design, understanding the limitations of each on the other.

Recent advances in wafer fabrication technology have
forced IC package designers to provide packaging solu-
tions for higher power in smaller spaces. Traditionally,
shrinking the size of plastic packages restricts the device
performance due to thermal constraints.

Using the equivalent 8- and 16-bit functions as the
board space benchmark, a package was needed to accom-

modate 32- and 36-bit logic devices. The resulting pack-
age size presented thermal management problems that
had to be addressed with some revolutionary approaches.
Additional design goals were the equivalent package reli-
ability to existing packages and the ability to produce the
package at an acceptable cost for the target market.

A cross-functional team was structured to include
resources from package design, chip design, package
assembly, reliability and device testing. Design for Manu-
facturability concepts were used to meet six sigma pro-
cess capability on all aspects of the packaging system. The
resulting design was a thermally enhanced thin quad flat
package (TQFP TEP) that can dissipate 2.4 watts of power
in a 256-mm? board area, assuming 25°C ambient temper-
ature and 150°C maximum junction temperature.

RENDS toward higher device

I functionality in smaller

space have driven the
development of space-efficient
packages. Integrated circuit (IC)
devices have evolved from low-
pin-count, coarse-pitch, through-
hole packages to high-pin count,
fine-pitch, surface-mount packages.
This evolution has placed new ther-
mal management demands on IC
packaging technology.

As plastic packages shrink in
area and thickness, thermal
impedances increase, limiting the
power and frequency at which
devices can operate. To take
advantage of the increasing capa-
bility of IC devices, solutions must
be found for smaller packages that
can dissipate high power. A tradi-
tional option for thermal manage-
ment is to add external heat sinks
to conventional plastic packages,

but emerging applications (e.g.,
laptop and notebook PCs) have
placed additional clearance con-
straints, preventing this approach.

Customer requirements for this
package design were: meet exist-
ing package reliability levels,
2.4 W power dissipation, footprint
smaller than the equivalent func-
tion in multiple packages and
manufacturable at acceptable cost.
A design team was structured to
include chip designers, assembly
process engineers, package design
engineers and key component
suppliers to facilitate the develop-
ment process.

Design Criteria

A new package was required for a
family of 32- and 36-bit bus inter-
face logic components. Several
constraints were placed on the
design of the package: the package

must have 100- and 120-pin con-
tigurations; the board area must
be no larger than that required for
the equivalent function in 8- or 16-
bit versions; the package must dis-
sipate 2.4 watts without an exter-
nal heat sink; and the manufactur-
ing cost must be competitive in
the marketplace.

Design Approach

Considering the design con-
straints, two form factors were
analyzed; a dual in-line design
and a quad design. Device archi-
tecture preferred the in-line
design, but considering available
die bonding and leadframe manu-
facturing capabilities, an in-line
design that met the board space
constraint would require a lead
pitch of 0.3 mm. Research
throughout the marketplace indi-
cated that by 1993, 0.4-mm pitch
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was acceptable, but 0.3-mm pitch
was not compatible with current
board mount capabilities. The 0.4-
mm outer lead pitch quad design
was chosen.

Two approaches to thermal
enhancement were considered
(Figure 1) a cavity-type lidded
plastic package and an exposed

the chip-down configuration max-
imizes the heat transfer from the
package, especially with forced
convection. In this configuration,

the customer has the option to use
an external heat sink if the appli-
cation demands (Table ).

The cavity design had addi-

Table I. Modeled Power Dissipation of Various Package Configurations.

Maximum Power Dissipation, Watts — assuming 25°C ambient & 150°C
maximum junction temperature

heat slug plastic package. Two Package 0 fmin 250 ft/min 500 ft/min
heat slug options were evaluated; Configuration Airflow Airflow Airflow
a heat slug attached to a conven-
tional die pad and direct die Cavity Style 231 4.24 5.98
attach to a heat slug. All designs Chip Up
were evaluateffl in c.hip—up and Chip Down 205 377 504
chip-down configurations.
Thermal models and analytical Heat Slug Style 2.40 4.45 6.35
data showed that both design Chip Up
appljoaches can dissipate 'the Chip Down 238 419 s o1
required power. For each design,
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Figure 1. Package Configurations Considered.
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tional process complexity and pos-
sible reliability problems due to
moisture ingress, thermal mis-
match and bond wire movement.
The heat slug design used conven-
tional processes and equipment.
The heat slug design in the chip-
down configuration was chosen
based on its ability to meet the
design criteria, compatibility with
existing processes, potential for
improved reliability performance
and more cost-effective manufac-
turing flow. The package was
designed to meet the emerging
JEDEC standard for 1.4-mm thick
thin quad flat packages (MO-136)
(Figure 2).

Material Selection

Thermal constraints drove the use
of a copper leadframe and a cop-
per heat slug (Figure 3). Based on
positive past results with fine-
pitch packages, a palladium pre-
plated leadframe was selected.
The heat slug was directly
attached to the leadframe due to
the 1.4-mm thickness of the pack-
age. This design, as opposed to a
slug attached to the die pad or a
drop in heat spreader, gives a
more direct heat path to the out-
side of the package and simplifies
the assembly process. The heat
slug is attached to the leadframe
using a two-sided adhesive film.
A polyimide film was chosen due
to its stability at elevated process-
ing temperatures and its low
moisture absorption. The adhesive
film also provides electrical isola-
tion between the heat slug and the
lead fingers.

The heat slug required a surface
treatment to inhibit corrosion
since it was exposed to air. A pro-
prietary surface treatment was
selected based on its superior
adhesion performance with mold-
ing compounds. Shear tests were
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Figure 2. Package Outline Drawing — 100 TQFP TEP.
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Figure 3. Leadframe with Attached Heat Slug.
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run to compare the adhesion of
various mold compounds to cop-
per treated with this proprietary
process and standard leadframe
materials by shearing “buttons” of
mold compound off of material
samples (Figure 4). The “buttons”
of compound are molded to the
heat slugs or conventional die-
attach pads and subjected to the
normal post-mold cure process
before being sheared from the
slugs. The shear force required to
remove the “button” from the
sample provides a relative adhe-
sion value for different com-
pounds and leadframe or heat
slug materials (Table II).

Finite element analysis was
used to determine the von Mises
stress levels in the silicon chip, at
the mold compound/chip surface
interface and at the die attach/
heat slug interface using different
size and shape heat slugs (Figure
5). Heat slugs with troughs were
considered in an attempt to deflect
the point of maximum stress away
from the ball bond area. For exam-
ple, in Cases 1 and 3 (Figure 5),
while the stress at the ball bond
was reduced from 7 K psi to 5.9 K
psi with the addition of a trough,
stresses at the die attach/heat slug
interface increased from 62 K psi
to 70 K psi. The die attach/heat
slug interface is the weakest “link”
in the package, therefore the
trough design was not chosen.
Heat slug thickness and shape
was optimized by balancing ther-
mal and stress responses to meet
the design guidelines.

Mold compound candidates
were evaluated for wire sweep
and autoclave performance and
gold wire was chosen to minimize
wire sweep in this package. Sili-
cone die coating was evaluated for
enhanced die corrosion resistance,
but test results showed that this

/_lzllold Compound

Direction of
Shear —>

“Button” of

174 \/Treated Heat Slug

or Die Attach Pad

Figure 4. “Button” Shear Test Setup.

Table Ii. Average Shear Force Normalized for Button Area (psi).

Mold Cu - Ni Cu-Pd Cu - Proprietary
Compound Plate Plate Surface Finish
A 0 31 1017
B 182 130 1286

extra processing step was not
required to obtain the desired
package reliability.

Design Features

The heat slug was designed to
maximize the exposed surface
area for heat flux and to accom-
modate the largest possible chip.
The heat slug was designed with a
flange on the top surface. This
flange provides both a locking
mechanism with the mold com-
pound and a longer surface inter-
face between the compound and
the slug. If moisture penetrates
along the slug-mold compound
interface, this moisture would
have a longer path to reach the die
surface. The slug shape also
allows for easy orientation in
automated assembly processes
(Figure 6).

The leadframe design employs
a preplated palladium finish. The
slug is attached to the leadframe
using a two-sided adhesive film
applied at high temperature. The
film is cut in a “window-frame”
configuration, providing support
for all lead fingers. The package
assembly operation starts with an
assembled leadframe, which is
processed using the same equip-
ment and flows as conventional
plastic packages.

The chip-down configuration of
this package maximizes the ther-
mal performance. The leadframe
design allows the package to be
processed conventionally (chip-
up) through the molding opera-
tion (Figure 7). The package orien-
tation is changed before lead form,
but this change is transparent to
the manufacturing process.
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Case 1 24 mils ( : )
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Figure 6. Heat Slug.
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! ! Tape Attach
X Case 6 24 mils P
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Figure 5. 100/120 Pin TQFP Heat Slug Stress Analysis Comparison of
Critical Stress Sites Von Mises Stress (PSI). V&M to Test

Figure 7. Assembly Process Flow.
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Thermal Performance
Both model and analytical data
shows that the heat slug package
can meet the design constraint of
dissipating 2.4 W in either the
chip-up or chip-down configura-
tions. The chip-down style was
chosen due to its thermal effi-
ciency when airflow is present in
the system. When considering if
the required heat could be dissi-
pated using a thin package, differ-
ent thicknesses of heat slugs were
modeled. The results showed that
a heat slug as thin as 0.015” could
be used without sacrificing the
desired performance (Table III).
Actual power dissipation of all
packages is dependent on the ther-
mal impedance of the package, the

on the system conditions. (See Fig-
ure 8 and Figure 9.)

The slug provides a spreading
effect for the heat generated by the
chip. Since the chip is attached
directly to the heat slug, the die
attach material is the only thermal
resistance interface between the
chip and the slug. This interface is
relatively short, typically 0.001”
and the heat is easily drawn away
from the chip. Conventional plas-
tic packages receive some heat
spreading effects from the die

attach pad, but the heat still has to
pass through a layer of plastic
molding compound before reach-
ing the ambient air. Compared to
the conventional plastic package
of the same outline, the heat slug
package thermal impedance is
30% lower (Figure 10).

Assembly Process
Development

Design for manufacturability con-
cepts were used to meet six sigma
process capability in every assem-

Table lll. Maximum Power Dissipation of 1.4mm Heat Slug Package (Watts)
— Thermal Model Data. (Assumes 25°C Ambient Temperature and 150°C

Maximum Junction Temperature.)

system ambient temperature, the 0 ft/min airflow 250 ft/min airflow | 500 ft/min airflow
maximum allowable junction tem- :
perature and the available airflow. 0.021" Thick Slug 2.56 832 437
The TQFP TEP package d1551p§tes 0.015" Thick Slug 549 3.1 418
between 1 and 5 watts, depending
1.4mm Heat Slug
Power Analysis (100/120 Pin)
50 5
49.8 4850
- — 45
= 44.2 4.
£ 40  MaxTj: 140°C 390 14 &
S £
= - o
S sl Ojessc W 3 35 z
L 34.3 LA 5
5 . 1° %
23 4 A '
| 2.1 (1
25 1.9 0 g 242 —12
1.7 s
20 16 L : 15
0LFM 100 LFM 250 LFM 500 LFM
Airflow (LFM)
B Oja < 25°C AMB A 35°C AMB
Ul 45°C AMB € 55°C AMB A 65°C AMB

Figure 8. Power Dissipation at Scheduled Ambient Temperatures.
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1.4mm Heat Slug
Power Analysis (100/120 Pin)
50 5.5
49.8
525 ds
451 44.2 ) 445
Ambient: 25°C : 4
= 40 I~
s 0 Je: 3.3°C 350 35 2
3]
g 351 4O 4T 4 43 =
3 25¢ 2 ~25 8
S 30 21 1 , &
170 " &
251 13 i | 15
0.9 /x B I
20 ! ! ' 05
0LFM 100 LFM 250 LFM 500 LFM
Airflow (LFM)
mOja & 150°C Max Tj A 130°C Max Tj
0 110°C Max Tj @ 90°C Max Tj A 70°C Max Tj

Figure 9. Power Dissipation at Selected Maximum Junction Temperatures.

bly process operation. Stress reduc-
tion and good thermal dissipation

80

Actual K-Factor

required a low stress die attach
material with minimum voiding,

72.7
70—

60 I~

50 -
49.8

O JA (°C/Watt)

30+

24.2

thick bond line (>0.001") and excel-
lent adhesion characteristics. Sev-
eral die attach materials, dispens-
ing needles and parameters were
evaluated to find the best combina-
tion. The evaluation efforts com-
bined with the improved adhesion
characteristics of the heat slug sur-
face treatment yielded a substantial
improvement in die shear strength
compared with conventional Pd
plated leadframes, as Table IV

500

Airflow (LFM)

B Conventional 1.4mm

O 1.4mm Heat Slug

shows.

Optimum epoxy application
parameters and customized dis-
penser needles designs allowed us
to meet 100% epoxy coverage, less

than 10% epoxy voiding and a

Figure 10. Thermal Impedance of Conventional vs. Heat Slug Packages.

minimum bond line thickness of
0.001” (Figure 11).
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Table IV. Average Die Shear Force in Kg. precise dam bar removal tooling
was required due to the 0.4-mm
outer lead pitch. A “cam form”
process was used to form leads,
Pd Plated Die Pad 13.0 27 preventing damage to the pre-
plated 5-mil-thick leads. Optical
lead inspection was employed to
confirm outgoing coplanarity and
lead true position.

Die Pad Die Shear Die Shear
Coating Force Standard Deviation

Heat Slug with Surface Treatment 41.2 8.6

Package Reliability

One of the design constraints for
developing a thin thermally-
enhanced package was that its reli-
ability meet the current reliability
level of conventional plastic pack-
ages. The heat slug package was
tested using the same qualification
requirements for all plastic pack-
ages. All electrical tests were pre-
conditioned using 168 hours expo-
sure at 85°C/60%RH followed by
two reflow operations. Table VI

RAREE SRR

drerguLir;

Figure 11. Epoxy Dispensing Pattern.

The heat slug leadframe sub-
assembly required substantial
wire bond process development.
Heater block design was critical
due to the presence of adhesive
film in the bonding areas. The fine
pitch leadframe fingers and the
chip bonding pads required a new
capillary design and utilization of
advanced wire looping techniques
(Figure 12).

Mold compounds were evalu-
ated for wire sweep, voiding and
moldability (Table V). The high-
adhesion properties of the mold
compound candidates required a
unique mold die design, to assist atll
in mold release. Both bond pro- #* ZlzhgpyE} -
cess and mold process optimiza- g8-85
tion were used to minimize wire —
deflection during the encapsula- 38.8x 3@.8 Ky Lmm T1 SHERMAN +PAA31*
tion process (Figure 13).

Devices are symbolized using a
proprietary laser process. Ultra  Figure 12. Wire Looping — 120 TQFP.

1217 B [ P % | 13 mm

128 PIN TOFP
PCE PACKAGE
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Table V. Mold Compound Evaluations — Wire Sweep. (*Wire Sweep % Deflection for Various Mold Compounds on
100 Pin TQFP Packages.)

Mold Compound Compound | Compound | Compound Compound | Compound | Compound | Compound
A c D B B E F
Package 1.57 19 1.4 1.9 1.4 1.9 19
Thickness (mm)
Average (%) 7.02 4.50 5.50 2.89 5.33 456 6.94
STD DEV (%) 1.86 1.81 1.37 1.16 1.01 1.07 1.19

Figure 13. Molded Wires.

describes the results of this relia-
bility qualification testing.

The moisture sensitivity tests
were performed per the proposed
IPC-SM-786A Level 1 and Level 2
conditions, 168 hours of 85 °C/85
%RH and 168 hours of 85 °C/60
%RH, respectively. The heat slug
package passed both Level 1 and
Level 2 moisture sensitivity tests,
showing no degradation in delam-
ination nor internal cracking after
stressing. This is superior perfor-
mance to a conventijonal plastic

TQFP package. The photos in Fig-
ure 14 show a typical crack in a
TQFP package after Level 1 testing
and the heat slug package after
identical stress conditions (Figure
14).

Level 1 conditions equate to an
unlimited exposure time at factory
floor conditions of 30°C/ 60%RH
and no special “dry” packaging.
The Level 2 conditions equate to an
exposure time of one year at
30°C/60%RH, providing the
devices are protected during ship-

ping and storage using a “dry”
packaging scheme. This package
provides an excellent opportunity
to eliminate the need for desiccated
packaging and special handling in
a customer’s factory.

Conclusions

A thermally-enhanced plastic IC
package has been developed by a
cross-functional team from engi-
neering and manufacturing to
meet the constraints of space and
power required by the customer.
The package was developed with a
primary goal of efficiency of man-
ufacturing and compatibility with
current plastic package assembly
equipment and processes.

The TQFP TEP uses a lead-
frame subassembly, with a heat
slug attached by two-sided adhe-
sive film. This leadframe is pro-
cessed through conventional
assembly processes and equip-
ment, with a change of orientation
after the mold process. The propri-
etary surface treatment of the cop-
per heat slug provides a tenfold
improvement in mold compound
adhesion and a threefold improve-
ment in die attach adhesion com-
pared to conventional leadframe
surface finishes. The slug also pro-
vides stability to the thin package,
preventing warpage. This package
represents a substantial step for-
ward in the quest for plastic IC
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Typical Crack in TQFP Package
Resulting from “Popcorn Effect”

TQFP TEP Package
with No Cracks

Figure 14. Cross Sections of TQFP Packages After 168 Hours 85°C/85%RH.

Table VI. 120 Pin TQFP TEP Environmental Test Data.

packages that can meet the ever-
increasing power and board space
requirements of the electronics
industry.
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