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Abstract—Stacking of many functional chips in a 3-D stack
package leads to high heat dissipation. Therefore, a new platform
technology is required to assemble chips vertically and remove the
heat effectively. A 3-D stacked package with silicon interposers
was developed to integrate one ASIC and two memory chips in
a package. Electrical connections in the silicon interposer were
formed by through silicon via. Silicon interposer has much high
thermal conductivity than organic interposer, therefore the package
thermal resistance is lower. Thermal performances of the 3-D
package were analyzed and thermal enhancements like thermal via,
thermal bridging were evaluated. The designed package showed
5 times lesser thermal resistance compared to a similar package
with organic substrate. An additional silicon heat spreader was
designed and attached to the package for high power application.
Thermal analysis was performed to optimize package thermal
performances and experimental validation was carried out. The
designed 3-D stack package is suitable for 20 W application.

Index Terms—High-power 3-D package design, silicon carrier,
through silicon via.

1. INTRODUCTION

ICROELECTRONICS packaging is driven by the contin-
M uous increase in demands for smaller, faster, and cheaper
products with enhanced performances. Flip-chip technology and
multichip packaging are developed to meet the market needs.
In recent years, the concept of multichip packaging is evolved
into system-in-a-package (SIP) [1]. Major advantages of SiP are
that different types and generations of devices are assembled in a
single package, providing high flexibility for systems designers.
One way of integrating more devices into a smaller volume is 3-D
packaging techniques by stacking the chips vertically. The 3-D
packaging can be broadly classified as chip stacking and package
stacking. In chip stacking technology, dice are stacked. This tech-
nology has advantages of increased die combination and flexi-
bility. Disadvantages are loop snaps and testability. In package
stacking, packages are stacked one over the other to over come
the chip stacking limitations [2]. The 3-D packaging is preferred
for many communications and computing system, because of its
smaller footprint, shorter signal routing, reduced wiring density,
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etc. However, special considerations are required in stacking
different function devices due to differences in production and
testing methodologies.

In this paper, a platform technology for stacking pro-
cessor/logic and memory chips is reported. The availability
of fully tested memory in die form is crucial for the 3-D
stack package yield. A single bad die in a 3-D stack package
can have a significant impact on overall cost. Therefore,
package-on-package (PoP) is preferred for such application.
The memory and logic packages can be easily combined
based on system design needs with lower cost by PoP con-
cept. However, the reduction in system volume comes at the
expense of difficulty in heat dissipation. Therefore, 3-D stack
package design needs better thermal design approach to tackle
the multiple heat sources in a vertically stacked structure.
Typically, the logic die is housed in the lower stack of the 3-D
package for shorter electrical path. The heat from the die is
mainly conducted through the solder bumps, Smaller the bump
size and number, higher the heat flow resistance. Therefore,
heat removal from the inner-stack may require parallel heat
flow path and high thermally conductive interposers [3]. Also
thinner interposers and dice reduce package junction-to-air
thermal resistance. A new thermal management approach is
needed to dissipate high power in small volumes [4]. In this
work, a 3-D stack package was developed with silicon carriers
for stacking one ASIC chip dissipating 20 W and two memory
chips. The high-power ASIC chip was mounted on the lower
stack, direct access to the external heat sink is difficult. Thermal
design approach for the 3-D stack package to meet the 20 W
heat dissipation with air cooling method was studied in this
work. Thermal performance of the 3-D package was evaluated
and thermal enhancements methods were reported.

II. THREE-DIMENSIONAL PACKAGE CONSTRUCTION

A schematic of the 3-D stack package developed for this
work is shown in Fig. 1. The 3-D package overall dimensions
are 13.5 mm x 13.5 mm x 1.4 mm, having 276 peripheral I/O.
Carrier 1 is designed to mount a flip-chip (Chip 1) representing
an ASIC device. The chip 1 dimensions are 8.5 mm X 8.5 mmx
0.1 mm with 1000 I/O at a bump pitch of 0.25 mm. Carrier 2
is designed to mount two memory chips, having overall dimen-
sions of 4.5 mm X 9.0 mm x 0.1 mm and 80 I/O. The two silicon
carriers were stacked one over other using 8 mil solder balls.
Electrical connections through the silicon carrier were formed by
through silicon via (TSV) technology. Some of the advantages
of using silicon for the interposer are low thermo-mechanical
stresses, finer line width and spacing, wafer level batch fabrica-
tion, high thermal conductivity.
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Fig. 1. (a) Schematic of 3-D stack package. (b) Cross section of 3-D stack
package.

Fig. 2. Package Von mises stress contour.

III. STRUCTURAL DESIGN

Structural parameters like carrier thickness, chip thickness
and via diameter were analyzed for the minimum thermo-me-
chanical stress. The finite element (FE) analysis was performed
using ABAQUS [5]. Four node plane strain quadrilateral
elements and reduced integration were used for the thermo-me-
chanical analysis. The stress free temperature state was taken
as 125 °C, highest temperature of thermal cycle test [6]. The
package thermal stresses were analyzed for the temperature
loading of 125 °C to —40 °C. The carrier thickness of 450 ym
and 200 pm were analyzed and package stress and warpage
were compared. Thinner carrier resulted in 15% reduction of
Von Mises stress, 28% reduction of shear stress, but the package
warpage is 16% higher than thicker carrier. Fig. 2 shows the
Von Mises stress contour and critical location in the package.
The maximum Von Mises stress in the package with 450 pum
carrier is observed at the interface between TSV and solder ball
at the bottom carrier. But for the thinner carrier, the maximum
stress concentration is shifted to the interface between solder
ball and printed circuit board (PCB) copper pad. Thicker carrier
is found suitable for low warpage package design. Also thicker
carrier is required for better thermal performance. Thicker the
carrier wafer, it is easier to handle during the via formation
and metallization processes. All the analyses were performed
without any undefill between carrier 1 and the PCB.

Large coefficient of thermal expansion (CTE) mismatch be-
tween the copper via and the silicon carrier is a concern for
the reliability of the TSV interconnections. Interfacial stress be-
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Fig. 3. Interfacial stress distribution in the via.

Fig. 4. Cross section of TSV.

tween the via and the silicon carrier was analyzed. Carrier with
200 pm via diameter has 5.5% higher Von Mises stress and 35%
higher maximum shear stress compared to a carrier with 300 pm
diameter via. Therefore 300 pm via was chosen for the package
design. Fig. 3 shows the interfacial stress distribution along the
carrier thickness.

Based on the structural optimization, 450-pm-thick silicon
carrier with 300 pm diameter via was fabricated for the package
assembly. 8-in silicon wafer was used for the carrier fabrication.
The TSV was formed by etching blind via by deep reactive ion
etching to a depth of 450 pm. Then the wafer was thinned to
450 pm. An insulation layer and a barrier layer of SiO2 and
Si3N4 were deposited on the through hole wafer. Then the wafer
was attached onto a support wafer using dry film and lamination
process. The support wafer was deposited with Cu seed layer for
electroplating. All the through holes in the wafer were filled with
copper by bottom-up electroplating process. Then the wafer was
separated from the support wafer. Two metal layers for signal/
power routing were deposited on topside of the carrier wafer
with SiO2 as dielectric layer. The bottom side of the copper via
was plated with eNiAu for solder ball attachment. Fig. 4 shows
a cross section of the TSV carrier with solder ball.

IV. THERMAL DESIGN

Three-dimensional package thermal design is a challenge for
high-power application. Detailed thermal analyzes was con-
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Fig. 5. Thermal model of the package.

ducted in this study to optimize the package design for 20 W
application. First, the package thermal performance without
any external heat sink was extracted and validated. Thermal
analysis was performed with 0.8 W heat load in chip 1 and
0.1 W heat load in chip 2 & 3. Flotherm [7] was used for all the
thermal analysis in this study. All the solder balls and solder
bumps were modeled as individual block for better analysis
accuracy. The metal layers on the carriers were modeled using
collapsed cuboid having thermal conductivity equivalent to
10% metal coverage on the carrier surface. A half model was
developed and appropriate symmetry conditions were assigned.
A four layer PCB of size 101.5 mm x 101.5 mm X 1.6 mm was
modeled along with the package representing test board. The
test board details are taken from the JEDEC standard JESD
51-9. The test board top copper traces were modeled with
different thermal conductivity equivalent to the percentage area
average with in and around the package footprint. Fig. 5 shows
thermal model of the 3-D package. Overall dimension for the
computational domain is 300 mm X 150 mm x 300 mm along
X, Y, and Z, respectively. Finer grids were defined near the
package and PCB surfaces to capture the natural convection
boundary layer. The numbers of computational grids were
168 x 51 x 90 along X, Y, and Z directions. Grid dependency
of the simulation result was verified by rerunning the model
with grids 1.5 times higher than the base model. The outer
faces of the computational domain were attached with ambient
condition of 25 °C. The airflow with in the solution domain was
assumed to be laminar. Radiation heat transfer form the PCB
and package surface was taken into account. All the material
properties used for the analysis is given in Table I.

TABLE 1
MATERIAL PROPERTIES

Element Thermal conductivity (W/mK)

Carrier and Chip 117
Solder ball and Solder bump 50

Via in silicon carrier 390

PCB dielectric 0.8 in plane
0.3 through plane

PCB top layer traces 429

PCB top layer ball pads 135
Thermal adhesive 2

Fig. 6. Temperature distribution in the silicon carrier.

There is no standard for 3-D package thermal performance
evaluation. Therefore, Chip 1 to ambient thermal resistance
(Jal’) of the package is taken as measure of merit for this study.

Jal’ Chip 1 temperature — Ambient temperauture
al’ = .

Total power

Chipl is mostly the high power dissipating component in the
package, hence Jal’ is used for the design evaluation. The anal-
ysis was run with 1 W of total heat dissipation. Maximum tem-
perature of Chipl is 42.4 °C and Jal’ is 17.4 °C/W. Thermal
resistance of the 3-D package with silicon carrier is consider-
able low and the 3-D packaging technology with silicon carrier
is promising for high-power application. By virtue of the car-
rier high thermal conductivity, heat from the chip 1 is spread
uniformly and it offers low resistance path to the PCB. Fig. 6
shows the temperature distribution in carrier 1, which is very
uniform and the temperature variation form the carrier center to
edge is less than 2 °C. A small portion of the heat generated in
the package is dissipated from the package surfaces, but major
portion of the heat is dissipated from the PCB. Thermal analysis
result shows that 96% of the package heat is dissipated through
the PCB. The package thermal resistance with 200-pm-thick
carrier was also analyzed and found to be 18.7 °C/W.

Thermal performance of the package with organic substrate
instead of Silicon carrier was analyzed for a comparison pur-
pose. The organic substrate thermal conductivity of is much
lower than Silicon. We analyzed thermal resistance of a 3-D
package with organics substrate having similar dimensions as
explained in the earlier section. The organic material thermal
conductivity was taken as 0.2 W/mK. Substrate via were
modeled as block having anisotropic thermal conductivity of
47 W/mK in plane, 88 W/mK through plane. The modeling
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Fig. 7. Experimental setup for Jal’ characterization.

approach, simulation boundary conditions were similar to
the case explained earlier. Maximum temperature of chipl
temperature with organic substrate is 114.5 °C and Jal’ is
89.5 °C/W. Heat flow analysis in the package shows that only
84% of the package heat is dissipated through the PCB. In
case of silicon substrate, 96% of the heat is dissipated through
the PCB. Thermal simulation was performed with additional
144 thermal via in the organic substrate. The thermal via were
placed at the bottom stack substrate directly below the chipl.
The maximum temperature of chip 1 with additional thermal
viais 109.1 °C, which is marginally lower than the case without
via. Our thermal analysis clearly shows that, 3-D package with
laminate substrate has higher package thermal resistance and
the substrate thermal conductivity is the main contributor. The
3-D package with silicon carrier showed 5 times lower thermal
resistance compared to the organic carrier for the same heat
dissipation.

V. NATURAL CONVECTION PACKAGE CHARACTERIZATION

Three-dimensional package with silicon carrier was de-
veloped for thermal characterization and model validation.
Thermal characterization requires a test die with heater and
temperature sensor. It was difficult to procure test die sim-
ilar to the die dimensions used in this study. We used a test
die available in our laboratory, which has dimensions of
8.9 mm X 8.9 mm. The test die was bumped and thinned to
100pm. Each carrier was assembled with test die. The two
carriers were stacked one over other using SnPb eutectic solder
balls. The 3-D package was assembled onto a four-layer test
board. Fig. 7 shows the assembled board mounted horizontally
inside a closed box as defined in JESD 51-2 for natural con-
vection thermal characterization. The test chip in carrier 1 and
carrier 2 were connected to a separate power source and sup-
plied with 0.8 W and 0.2 W, respectively. Four such packages
were characterized and average of maximum temperature of
chip 1 is compared. The pad design of the test die allowed us
to bump only 104 peripheral bumps. But our original chip 1
design is a full array of 1000 bumps. Therefore a new thermal
model was built with 104 solder bumps on chip 1 and chip 2.
The measurement result is compared with the new model result
for the validation purpose. Measurement and simulation data

TABLE II
MODEL VALIDATION RESULTS FOR NATURAL COOLING

Rise in chip 1 Rise in chip 1 % error with
temperature above | temperature above [respect to
ambient by ambient by measurement
measurement simulation
24.2°C 224 7.4%

are compared in Table II. The simulation result is found to have
good agreement with measurement result, which validates our
modeling approach and boundary conditions.

VI. THERMAL DESIGN APPROACH FOR HIGH-POWER
APPLICATION

Our objective was to design a 3-D package for chip 1 dis-
sipating 20 W and chip 2 & 3 dissipating 1 W heat. The 3-D
package with silicon carrier was found to have lower thermal
resistance compared to one having organic substrate. We opti-
mized further the package design to meet our target. Three types
of thermal enhancements techniques were studied in this work
viz. thermal via, thermal bridging using polymer adhesive and
heat spreader. Thermal analyses were performed using the same
model with additional thermal enhancements. Thermal analysis
was carried out with a heat load of 2.8 W in chipl and 0.1 W
each in chip 2 and chip 3. First, the package thermal perfor-
mance was studied with 144 thermal via in the carrier 1. Max-
imum temperature of chip 1 with thermal via is 77.5 °C as com-
pared to 78.5 °C without thermal via. Silicon has good thermal
conductivity, therefore thermal via in the silicon carrier is not
effective in reducing the package thermal resistance.

Second thermal enhancement was done by bridging the gap
between chip 1 and carrier 2 using thermal adhesive. Polymer
based thermal adhesive is commonly used for the packaging
application. We analyzed package thermal performance with
polymer adhesive having thermal conductivity of 2 W/mK,
which thermally bridges the chip 1 and carrier 2. The maximum
temperature of chip 1 with thermal adhesive is found to be
73.9°C. The thermal bridging helps to dissipate 45% of the
chip 1 heat through the carrier 2 by forming a parallel heat flow
path.

The above two thermal enhancement techniques improves
the chip 1 heat dissipation limits, however it is not meeting our
target value of 20 W. It is important to understand the package
heat flow path and thermal resistance from chipl to PCB and
chipl to package casing to design suitable cooling solution.
Thermal model was developed to estimate chip 1 to PCB
thermal resistance. A ring type cold plate of 40 mm X 40 mm
was modeled around the package with a constant temperature
boundary condition and assumed good thermal contact with the
PCB. Chipl to PCB thermal resistance (Jbl’) was calculated
based on increase rise in chipl temperature above the cold plate
temperature for the total package heat dissipation. The package
Jb1’ is found to be 9.2 °C/W. The heat path from chip 1 to PCB
offering high resistance and any cooling solution on the PCB
will not be effective. An alternate method of cooling the chip
1 was evaluated by attaching a heat sink on the package top
surface. A flat cold plate of dimensions 50 mm x 50 mm X 2
mm was modeled on top of the chip 2 and chip 3 with a constant
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Fig. 8. Schematic of 3-D package with Silicon heat spreader.

temperature boundary condition. The chip 1 to case thermal
resistance (Jc1’) was calculated based on increase rise in chipl
temperature above the cold plate temperature for the total heat
dissipation. Jc1’ for the package is found to be 4.7 °C/W, which
is still high for the 20 W heat load. The heat path from chip
1 to the package case is smaller, therefore it was decided to
improve further the design with additional heat spreader. A
silicon heat spreader was attached to the carrier 2 using 276
peripheral solders balls. The heat spreader dimensions are 13.5
mm X 13.5 mm X 0.4 mm. The heat spreader provides good
thermal connectivity to carrier 1, carrier 2 with the external heat
sink. Fig. 8 shows a schematic of the package with silicon heat
spreader and external heat sink. The modeling approach, ma-
terial properties are given in the previous section. Heat source
of 20 W attached to chipl and 0.5 W each to chip 2 & 3. Many
types of air cooled heat sinks are available in the market, but
the choice heat sink is depending on the end user application.
Therefore, a flat plate of dimensions 50 mm x 50 mm X 2 mm
was modeled with a constant temperature boundary condition
to represent the external heat sink. A thin layer 50-pm-thick
thermal adhesive was modeled at the interface between the
silicon heat spreader and the cold plate. Maximum temperature
of chip 1 with this thermal enhancement is 73.9 °C. We also
computed the chip 1 temperature using copper heat spreader
instead of silicon heat spreader, which is found to be 72.5 °C.

Silicon heat spreader is preferred for our package design. If
the chip and heat spreader material is same and CTE mismatch
is avoided. Fig. 9 shows temperature distribution of the package
with 21 W heat dissipation. The heat flow analysis shows that
95% of chip 1 heat is dissipated through external heat sink. The
3-D package design with silicon heat spreader and external heat
sink is found meeting our requirements.

VII. MODEL VALIDATION

A two-stack package with silicon heat spreader was devel-
oped and assembled for model validation. Each stack was as-
sembled with 8.9 mm X 8.9 mm thermal test chip similar to the
package assembled for thermal characterization in natural con-
vection. The package was mounted on a four layer PCB. The
package was tested with a cold plate by attaching it with the
heat spreader. A thin layer of thermal grease was applied at the
interface between the cold plate and the package. The package
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Fig. 9. Temperature distribution with silicon heat spreader and cold plate.
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Fig. 10. Experimental setup for model validation.

was pressed against the cold plate using 1 Kg of dead weight.
Fig. 10 shows the photograph of the experimental setup.

The thermal test chip has only 104 peripheral bumps, as com-
pared to a full array of 1000 bumps in the designed package.
Fewer solder bumps in the test chip allowed us to test the package
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TABLE III
MODEL VALIDATION RESULTS
Chip 1 [ Rise in chipl Rise in chipl % error with
power | temperature by | temperature by respect to
measurement simulation measurement
6.4 W 53.8°C 48.4 °C 10%

only with 6.4 W in chip 1. A separate power source was con-
nected to chip 2 and supplied with 1 W of power. The chip 1
and cold plate temperatures were recorded at steady state mea-
surement condition. Two packages were tested and an average of
maximum chip 1 temperature is reported. The measurement and
simulation results are given in Table III. The measurement re-
sult has good agreement with the thermal model prediction.

VIII. CONCLUSION

Three-dimensional packaging technology is finding more
and more application in portable products, because of the com-
pact package design and better electrical performances. But
high heat dissipation from the stacked chip is a challenge. A
3-D package with silicon interposers was developed. Thermal
performance of the package with silicon interposer is better than
the package with organic substrate. The package was designed
to house Processor/ASIC in the stack 1 dissipating 20 W power
and two memory chips on the stack 2 dissipating 0.5 W each.
The package design was optimized for better structural and
thermal performances. Thermal enhancement techniques like
thermal via, thermal bridging were analyzed and the package
design was found suitable for 3 W power by natural convection
cooling. The package thermal performance was further im-
proved by designing a silicon heat spreader. The 3-D package
with silicon heat spreader was suitable for dissipating 20 W
power with an external heat sink. Prototypes of the 3-D package
with silicon interposers were built and characterized. Package
thermal performances were extracted and the simulation results
found agreeing well with measurement data.
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