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ABSTRACT: Semiconductor packaging continues to reduce in
thickness following the overall thinning of electronic devices such
as smartphones and tablets. As the package becomes thinner, the
warpage of the semiconductor package becomes more important
due to the reduced bending stiffness and driven by thermal residual
stresses and thermal expansion mismatch during the epoxy
molding compound (EMC) curing to create the package. To
address this packaging reliability issue, in this study, we developed
a modified cure cycle that adds a rapid cooling step to the
conventional cure cycle (CCC) to enhance the reliability of the
EMC molded to a copper substrate (EMC/Cu bi-layer package) by lowering the bonding temperature of the EMC/Cu bi-layer
package. Modeling of the package via Timoshenko theory including effective cure shrinkage allowed the rapid cooling step to be
quantified and confirmed via experiments. The modified cure cycle resulted in a 26% reduction in residual strain, a 27% reduction in
curvature, and a 40% increase in peel strength compared to the CCC, suggesting that this is an effective new method for managing
warping effects in such packaged structures.
KEYWORDS: semiconductor package, curvature, bonding temperature, cure shrinkage, cure cycle

1. INTRODUCTION
Over the years, the thickness of electronic devices, such as
smartphones and tablet PCs, has continually decreased
according to consumer needs. As such, the semiconductor
packages used in electronic devices are also being developed to
be thinner and more highly integrated in performance.1−3

Accordingly, various packages, such as system in package
(SiP), package on package (PoP), and multi-chip package
(MCP), have been developed.4,5 One of the important roles of
the semiconductor package is to protect the silicon chips and
wires from mechanical and thermal shocks by encapsulating
them with plastic molding technology and to effectively
dissipate the heat generated during chip driving. Semi-
conductor plastic encapsulation technology uses an epoxy
molding compound (EMC), which is over 80 wt % silica filler
content polymeric composite material consisting of silica,
epoxy resin, hardener, and other additives.6,7 EMC is liquified
and injected into the cavity with a plunger or placed directly
into the cavity and liquified before the workpiece is immersed
in it for resin molding and then cured by the manufacturer’s
recommended cure cycles. During the curing process, bonding
occurs between EMC and the lead frame or substrate, and
thermal residual stress is generated by the coefficient of
thermal expansion (CTE) mismatch of the materials in the
semiconductor package. As the package becomes thinner,
warpage of the semiconductor package occurs due to the

reduced bending stiffness via the area moment of inertia,
caused by the thermal residual stresses. This warpage can not
only damage a thin silicon chip but also cause a crack in the
package and delamination of the package/chip interface, which
has detrimental effects on the reliability of semiconductor
packages. In addition, the possibility of cracking the solder
joint between the package and motherboard increases, which
lowers the semiconductor production yield.8−13

Recently, many studies have been conducted to reduce the
warpage of semiconductor packages. Hong et al. analyzed the
warpage according to the material properties of EMC: the
lower the modulus and CTE and the higher the glass transition
temperature (Tg) of EMC, the less the warpage.

14 Arayama et
al. introduced a complex index termed “molding stress index”
by multiplying the CTE by the storage modulus and found that
EMC properties of the high-molding stress index are effective
in mitigating the warpage of the ultrathin flip chip−chip scale
package.15 In addition, warpage analysis according to semi-
conductor package design, such as package geometries and
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sizes, has also been conducted. Yeon et al. analyzed the
warpage according to the gap between silicon chips in wafer-
level packaging. In addition, they analyzed the effect on the
silicon chip movement.16 Su et al. analyzed the warpage of the
thickness and area ratio of the Si chip/EMC mold in a panel-
level package.17 However, this trial-error analysis is both cost
and time-consuming because the warpage tendency varies
according to the material properties, package size, and
geometries. Therefore, studies on reducing the thermal residual
stress have also been conducted by controlling the cure cycle.
Chiu et al. analyzed the reduction of warpage by stress
relaxation of the thermal residual stress generated during the
curing process of EMC as the cure time in the cure cycle
increases.18 Sriwithoon et al. also analyzed the warpage
according to the cure temperature.19 However, the increase
in the processing time results in an increase in production
costs. In addition to increasing the cure cycle time, Kim et al.
developed a smart cure cycle comprising a cooling and
reheating process to improve the mechanical strength and
fatigue life by reducing the thermal residual stress in the co-
cured steel/carbon epoxy composite structures by lowering the
bonding temperature. They also proceeded with the cooling
process according to the degree of cure measured using a
dielectric sensor.20−22 However, previous studies controlling
the curing process did not closely analyze the bonding
temperature between the two materials, which principally
drives the amount of warpage. The bonding temperature
between dissimilar materials is generally obtained by measuring
the curvature of the deformed bonding material and then
calculating the bonding temperature using Timoshenko
theory.23 Since the curing process of epoxy is accompanied
by cure shrinkage, which also affects the curvature, cure
shrinkage must be also considered to determine the bonding
temperature.
In this study, we developed a modified cure cycle that adds a

rapid cooling step to the conventional cure cycle (CCC) to
enhance the reliability of the EMC molded to a copper
substrate (EMC/Cu bi-layer package) by lowering the bonding
temperature of the EMC/Cu bi-layer package. In order to
perform the rapid cooling shortly before the bonding
temperature, Timoshenko theory considering the cure
shrinkage was derived, and the theoretical bonding temper-
ature was calculated by using the derived equation.
Furthermore, the theoretical bonding temperature was verified
through a novel experimental method to measure the
interfacial strain. The additional rapid cooling setpoints were
also set based on several rheological-based points, such as the
lowest viscosity, to compare the effect of rapid cooling
setpoints. The internal strain, peel strength, and curvature of
the EMC/Cu bi-layer package were measured with respect to
the rapid cooling setpoints to verify the reliability. Finally, the
modulus and degree of cure of the EMC were measured to
investigate the effect of the EMC with respect to rapid cooling
setpoints.

2. EXPERIMENTAL SECTION
2.1. Cure Cycles of EMC/Cu Bi-layer Package. The EMC/Cu

bi-layer package shown in Figure S1a was prepared in the form of a
strip to analyze the warpage according to the EMC curing process.
The Cu substrate (ILJIN, Korea) was immersed in acetic acid for 10
min to remove the oxide layer.24Figure 1 shows the experimental
procedure for specimen preparation according to the curing cycle and
its effect on the bonding temperature and curvature of the EMC/Cu

bilayer package. The EMC/Cu bi-layer package was prepared by
vacuum-assisted compression molding using a hot press (QM900A,
QMESYS, Republic of Korea) after uniformly distributing the EMC
on the Cu substrate. CCC suggested by the EMC manufacturer
comprised a temperature ramp at a uniform rate of 10 °C/min from
room temperature to 175 °C and a pressure of 4 MPa during the
ramp. The bi-layer specimen was then cured at 175 °C for 2 h.
In the designed modified cure cycle (explained below) with cooling

and reheating, the same temperature ramp was applied until a specific
temperature for rapid cooling was reached. Thereafter, the specimen
was cooled rapidly to room temperature by dipping it into liquefied
nitrogen to suppress the curing reaction and maintain EMC’s degree
of cure. Subsequently, the specimen was reheated to the cure
temperature and cured under the same conditions as the CCC. In the
reheating process, the degree of cure increases again and reaches a
fully cured state with a lower bonding temperature, which results in
lower curvature by reducing the CTE mismatch-induced length
difference between EMC and Cu layers. In our modified cure cycle, a
pressure of 4 MPa was applied only during the ramp. The specific
temperature for rapid cooling was determined based on the bonding
temperature of the EMC/Cu bi-layer package in the CCC.
2.2. Mechanical and Rheological Properties of EMC. Before

analyzing the curvature of the EMC/Cu bi-layer package, EMC’s
elastic modulus and CTE affecting the curvature were measured using
three dimensional-digital image correlation (3D-DIC) and a
thermomechanical analyzer (TMA), respectively.25,26

In the case of the elastic modulus, the dimensions of specimens and
testing conditions were in accordance with ASTM D47642.27 The
dimension of the specimen was set to 70 × 10 × 1 mm3 in length,
width, and thickness, respectively. The test was performed at a
universal testing machine (INSTRON 5965, USA) with a gage length
of 20 mm, a grip distance of 35 mm, and a loading velocity of 5 μm/s.
The surface of EMC was sprayed with white ceramic patterns to track
changes using the DIC method (ARAMIS, GOM, Germany). 3D-
DIC cameras with a resolution of 4096 × 3000 were calibrated with a
camera angle of 23.9°, and the distance between the camera and the
specimen was set to 450 mm. The elastic modulus of EMC was
measured with respect to the rapid cooling setpoint at room
temperature. The CTE of the EMC specimen was measured using
TMA. The size of the specimen was set to 20 mm × 5 mm × 1 mm
for the expansion mode of TMA (TMA 402 F1, NETZSCH,
Germany). The temperature was raised by 5 °C/min from 20 to 250
°C to measure the dimensional change of the specimen. The details of
the results are shown in Figure S2 and Table 1.
A rheometer and a dielectric sensor were used to analyze the

rheological properties of the EMC, such as the cure starts, the lowest
viscosity, gelation, and solidification during the CCC. The cure state
(cure start and cure end) of EMC was analyzed using an interdigital

Figure 1. Experimental procedure and bonding temperature with
respect to cure cycle.
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dielectric sensor. The interdigital dielectric sensor (Lacomtech,
Republic of Korea) measures a dissipation factor, which is the ratio
of the energy loss by the mobility of dipoles and ions in the EMC
according to the direction of the alternating field, and the dissipation
factor is related to the cure state.28,29 In this study, the dissipation
factor, D, was obtained in the EMC material using a commercial LCR
meter (U1733C, Agilent, USA), which utilized an alternating current
at 1 kHz frequency. As shown in Figure S1b, the interdigital dielectric
sensor and K-type thermocouple were attached side by side to the
center of the Cu substrate and embedded in the center of the EMC.
The EMC was cured in the CCC to measure the cure start point of
the EMC. The viscoelastic properties of the EMC were measured
using a plate-type rheometer (HAAKE MARS, Thermo Fisher
Scientific, USA). For viscosity measurements in the CCC, the EMC
specimen had a diameter of 20 mm and thickness of 1 mm. When the
upper plate was oscillating in a constant range of 1° and constant
frequency of 1 Hz, the viscosity, storage, and loss modulus data of the
EMC were obtained. From these data, the lowest viscosity, gelation,
and solidification point of the EMC were found. The lowest viscosity
indicates the point at which the viscosity reaches the lowest value, the
gelation indicates the intersection of the storage and loss modulus,
and the solidification is the point at which the viscosity reaches the
maximum value after the gelation.30,31 The details of the results are
shown in Figure S3.
2.3. Effective Cure Shrinkage (ECS) of the EMC. In cure

shrinkage, the distance between the molecules is reduced by cross-
linking during curing, resulting in a volume reduction of the EMC.
Cure shrinkage occurs at the same time as the cure starts; however,
after gelation of the EMC, a transition from a liquid to a solid state
occurs, and the mechanical strength (i.e., modulus) of the EMC is
developed.32,33 Therefore, as the warpage of the EMC/Cu bi-layer
package was affected by cure shrinkage after gelation, which is called
effective cure shrinkage (ECS), the ECS of EMC can be measured to
calculate the bonding temperature.32,34 To measure the ECS, the
uncured EMC was sandwiched between the two silicon slides as
shown in Figure S4, and the sizes of the uncured EMC specimen and
Si cover were set to 5 mm × 5 mm × 0.07 mm and 10 mm × 10 mm
× 0.2 mm, respectively. The Si cover prevents EMC from sticking to
the sensing probe during curing and ensures uniform pressure on the
EMC. The ECS of the EMC was measured in the CCC using TMA.
The load was set to the minimum value of 0.001 N, at which no resin
flow was caused by pressure.35,36 The ECS was determined by the
dimension change in the gelation temperature according to the
following equation:

=
H

H

H
ECS

Gelation curing Gelation cured

Gelation curing (1)

where εECS is the ECS of the EMC, HGelation curing is the initial thickness
at gelation in the curing process, and HGelation cured is the thickness at
gelation after curing. The calculated εECS represents isotropic ECS
because EMC is a randomly distributed silica (spherical shape)
reinforced epoxy composite material.
2.4. Curvature and Bonding Temperature of the EMC/Cu Bi-

layer Package. The curvature of the EMC/Cu bi-layer package was
measured according to temperature using 3D-DIC (ARAMIS, GOM,
Germany).37 The EMC/Cu bi-layer package was sprayed with a white
ceramic pattern for tracking patterns using the DIC method in the
same way as the modulus measurement.
During the cure cycle, bonding between EMC and Cu occurs at a

temperature higher than room temperature. When the EMC/Cu bi-
layer package is cooled to room temperature after the cure cycle is
completed, residual stress is generated owing to the ECS of the EMC

and CTE mismatch between the EMC and Cu, which results in
curvature of the EMC/Cu bi-layer package. As shown in Figure 2,

when the temperature increases again, the curvature induced by CTE
mismatch and EMC’s ECS decreases to zero at a specific temperature,
and this temperature is defined as zero-curvature temperature with
ECS (Tzero − curvature w/ECS). In this case, Tzero − curvature w/ECS has a lower
than bonding temperature (Tbonding) because ECS only affects the
curvature, not the bonding phenomenon between the two materials.
When ECS is not considered, the zero-curvature temperature
(Tzero − curvature w/o ECS) corresponds to Tbonding since the curvature is
only determined by CTE mismatch-induced residual stress.
Accordingly, when ECS is considered, the zero-curvature temperature
is shifted to a lower value because the curvature is additionally
affected by the permanent residual stress resulting from ECS.38

Therefore, in order to proceed with rapid cooling shortly before the
bonding temperature of the EMC/Cu bi-layer package, the bonding
temperature using Timoshenko theory considering ECS of the EMC
was calculated as follows:23,38
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= +T T Tbonding zero curvature w/ECS shift (4)

where k is the curvature of the EMC/Cu bi-layer package, material 1
and 2 are the EMC and Cu, m is the thickness ratio of the EMC to the
Cu (h1/h2), n is the modulus of the EMC to the Cu (E1/E2), h is the
total thickness of the EMC/Cu bi-layer package (h1 + h2), εECS is the
effective cure shrinkage, and α1, αaverage_1, α2 are the CTE (before Tg)
and average CTE of EMC and CTE of Cu, respectively. The detailed
derivation of the equation is presented in the Supporting Information
(Figures S5 and S6, eqs S1−S15).
2.5. Interfacial and Internal Strain of the EMC/Cu Bi-layer

Package. To verify the analytical bonding temperature considering
the ECS in the CCC, the interfacial strain between the EMC and Cu
was measured using a Fiber Bragg Grating (FBG) sensor.39−41 For the
measurement of the interfacial strain, the dimensions of the specimen
were the same as those of the EMC/Cu bi-layer package. The FBG
sensor was attached to the center of the Cu substrate, and the EMC
was stacked on it to measure the strain of EMC close to the interface
between the two materials, as shown in Figure 3a. In addition, an FBG
sensor and a thermocouple were attached to the center of the Cu
substrate, as shown in Figure 3b, to measure the strain of the Cu

Table 1. Coefficient of Thermal Expansion of the Cured
EMC at CCC

EMC (Tg = 145 °C) Cu

Elastic modulus (GPa) 30.72 (25 °C); 1.85 (150 °C) 110
CTE (10−6/°C) 8.2 (<Tg); 26.5 (>Tg) 17

Figure 2. Curvature of the EMC/Cu bi-layer package w/o and w/
effective cure shrinkage (ECS).
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substrate. The interfacial strain between EMC and Cu was analyzed
by subtracting the strain of the Cu substrate from the strain of EMC
close to the interface to exclude the effect of the Cu expansion. In
addition, the internal strain of the EMC/Cu bi-layer package
specimen was measured to compare the thermal residual internal
strain with respect to the rapid cooling setpoint by embedding an
FBG sensor and a thermocouple within the EMC layer, as shown in
Figure 3c. The polyimide-coated single-mode FBG (Fiberpro,
Republic of Korea) sensor was used. The wavelength, grating
reflectivity, and gauge length of the FBG sensor were 1550 nm,
>90%, and 10 mm, respectively.
2.6. Measurement of the Peel Strength of the EMC/Cu Bi-

layer Package Using a 90° Peel Test. A 90° peel test was
performed to measure the peel strength of the EMC/Cu bi-layer
package with respect to the rapid cooling setpoint.42 The dimensions
of the specimens and testing conditions were based on D6862-11.43

The peel tests were carried out with an MTS 600 mechanical testing
machine using a 20 N load cell with a 90° peeling angle. The Cu
substrate was fixed to a 90° jig, and the EMC was fixed to the pull-off
table. The displacement was applied to the jig in the upward direction
and the pull-off table in the right direction, and the displacement
speed was set at 0.1 mm/s. The peel strength was calculated by
dividing the average load by the width of the specimen, as follows:

i
k
jjj y

{
zzz =average peel strength

N
m

average load (N)
bond width (m) (5)

2.7. Degree of Cure of EMC. The differential scanning
calorimetry (DSC) method was used to analyze the degree of cure
of the EMC with respect to the rapid cooling setpoint. Small samples
of 9−11 mg of the EMC were used for DSC (Q20, TA Instruments,

USA) measurements under dynamic scanning.28 A dynamic DSC run
was performed by scanning the heat flow from room temperature to
250 °C at 1, 2, 5, and 10 °C/min to measure the total heat generation.
The average of the total heat generation according to the ramp was
used to calculate the degree of cure. The degree of cure was estimated
by comparing the area of the exothermic peak observed in the DSC
curve of the EMC during heat processing. To analyze the EMC
degree of cure with respect to the rapid cooling setpoint using the
total heat generation, the residual heat generation of the cured EMC
was measured by increasing the temperature from room temperature
to 250 °C at 5 °C/min.

3. RESULTS AND DISCUSSION
3.1. Bonding Temperature of the EMC/Cu Bi-layer

Package. Figure 4a shows the thickness change of the EMC in
CCC measured by TMA to analyze the ECS of the EMC. The
average ECS was approximately 0.02%, according to eq 1,
which is similar to values in the other works dealing with cure
shrinkage of EMC.44,45Figure S1c shows the actual EMC/Cu
bi-layer package fabricated in the CCC, and the curvature in
the convex form appears at room temperature. Figure 4b shows
the measured curvature of the EMC/Cu bi-layer package
fabricated in CCC according to temperature and the
comparison of zero-curvature and bonding temperature of
the EMC/Cu bi-layer package from Timoshenko theory w/o
and w/ ECS, and the experimental results are summarized in
Figure 5
The curvature occurred in a convex form until the zero-

curvature temperature because the CTE of the Cu was larger
than that of the EMC, and the zero-curvature of the EMC/Cu
bi-layer package appeared at approximately 107.5 °C. The
analytical zero-curvature temperature of the EMC/Cu bi-layer
package based on eq 2 considering the ECS (w/ ECS) was
109.8 °C, which is similar to the measured temperature. Using
the analytical zero-curvature temperature, the analytical
bonding temperature of the EMC/Cu bi-layer package was
calculated as 145.8 °C according to eqs 3 and 4. On the other
hand, when Timoshenko theory was applied without
considering the ECS (w/o ECS), the analytical bonding
temperature was 132.6 °C, which is the same as the analytical
zero-curvature temperature because there is no Tshift. Figure 6
shows the interfacial strain profile between the EMC and Cu
layer in CCC measured using an FBG sensor to confirm the
bonding temperature of the EMC/Cu bi-layer package. There

Figure 3. Measurement of the interfacial strain of the EMC/Cu bi-
layer package using the FBG sensor; (a) strain of EMC close to the
interface between EMC and Cu, (b) strain of Cu, (c) and internal
strain of the EMC/Cu bi-layer package.

Figure 4. Analysis of chemical shrinkage and warpage using the conventional cure cycle (CCC); (a) thickness change of EMC, (b) curvature of
EMC/Cu bi-layer package manufactured.
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was no change in the interfacial strain as the temperature
increased up to the gelation point, indicating that the bonding
of EMC and Cu did not occur. Accordingly, the intersection
point of the trend line before and after the increase in
interfacial strain is expressed as the bonding temperature,
which is 145.8 °C, almost the same as the analytical bonding

temperature (144.6 °C) of the EMC/Cu bi-layer package.
From this result, it can be confirmed that the ECS should be
considered to determine the bonding temperature based on
Timoshenko theory. In addition, Figure S7 shows the
curvature and bonding temperature of the EMC/Cu bi-layer
package fabricated in the CCC with respect to EMC’s
thickness. The curvature decreased as the EMC’s thickness
increased, but in the analytical bonding temperature, no
significant change was observed with respect to the EMC’s
thickness. This is because the rheological property changes of
EMC are identical within the same cure cycle.46

Considering the previous results, the rapid cooling shortly
before the bonding temperature in the CCC may significantly
affect the lowering of the bonding temperature between the
EMC and Cu in the modified cure cycle.20 Accordingly, to
investigate the effect of rapid cooling on the bonding
temperature, rapid cooling was performed at 100 °C (near
the cure start), 120 °C (near the temperature showing the
lowest viscosity), 140 °C (shortly before the actual bonding
temperature), and 160 °C (near the solidification temper-
ature).
3.2. Curvature, Bonding Temperature, Modulus, and

Degree of Cure of the EMC/Cu Bi-layer Package with
Respect to the Rapid Cooling Setpoint. Figure S8 shows
the curvature changes according to the temperature of the
EMC/Cu bi-layer package specimens fabricated at various
cooling setpoints. The curvature and zero-curvature temper-
ature of the specimens fabricated in the modified cure cycles
were reduced compared to the CCC regardless of the rapid
cooling setpoint. Figure S9 shows the comparison between the
analytical zero-curvature temperature considering the ECS and
the measured zero-curvature temperature with respect to the
cooling setpoint, and it can be seen that the two results are
very similar. Figure 7a shows the measured curvature at room
temperature and the analytical bonding temperature of the
EMC/Cu bi-layer package with and without consideration of
ECS with respect to cure cycles. The analytical bonding
temperature without consideration of the ECS was substan-
tially lower than that with consideration of the ECS with
respect to the rapid cooling setpoint.
The curvature and analytical bonding temperature w/ ECS

of EMC/Cu bi-layer package fabricated with a rapid cooling
setpoint of 140 °C, just before the bonding temperature (144.6
°C) of the CCC considering ECS, was significantly reduced by

Figure 5. Comparison of zero-curvature and bonding temperature of
the EMC/Cu bi-layer package from Timoshenko theory w/o and w/
ECS and experimental results of the specimen fabricated in CCC.

Figure 6. Interfacial strain of EMC and Cu in the conventional cure
cycle.

Figure 7. Mechanical behavior of the EMC/Cu bi-layer package with respect to the rapid cooling setpoint; (a) measured curvature and analytical
bonding temperature w/o and w/ ECS, (b) modulus and degree of cure of the EMC with respect to the rapid cooling setpoint.
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26% and 22% compared to those fabricated with CCC. From
these results, it can be confirmed once again that ECS must be
considered in order to determine a rapid cooling setpoint to
reduce curvature. Figure 7b shows the EMC modulus and the
degree of cure with respect to cure cycles. The EMC modulus
and degree of curing applied with the modified cooling cycles
were almost similar to those applied with the CCC, which
means that rapid cooling did not affect the EMC modulus and
degree of cure.

3.3. Residual Internal Strain and Peel Strength of the
EMC/Cu Bi-layer Package with Respect to the Rapid
Cooling Setpoint. Figure 8 shows the internal strain profile
during the cure cycle measured by the FBG sensor with respect
to the rapid cooling setpoint. The CCC was divided into four
regions according to the steps to analyze the internal strain
profiles, as shown in Figure 8a. Region 1 (Ramp) shows the
heating process from room temperature to 175 °C. In this
region, the tensile strain was generated by the applied pressure

Figure 8. Internal strain profile of the EMC/Cu bi-layer package during the cure cycle with respect to rapid cooling setpoint: (a) CCC, (b) rapid
cooling at 100 °C, (c) rapid cooling at 120 °C, (d) rapid cooling at 140 °C, and (e) rapid cooling at 160 °C.
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and positive CTE of the EMC and Cu. Region 2 (Cure) shows
the isothermal dwelling process at 175 °C for 2 h without
pressure. In this region, the strain gradually decreased slightly
owing to stress relaxation. Region 3 (Cooling) shows the
cooling process from 175 °C to room temperature, and the
strain was reduced. Region 4 (Demold) shows the demold
process of the EMC/Cu bi-layer package specimen from the
mold. After demold, the strain change occurred due to the
curvature.
The modified cure cycle with respect to the rapid cooling

setpoint was divided into six regions according to the steps, as
shown in Figure 8b−e. In Region 1 (Ramp), the internal strain
change was similar to that of CCC. Region 1a (Rapid cooling)
shows the strain change that occurred during the rapid cooling.
The compressive strain was mainly generated by thermal
contraction during the rapid cooling. In Regions 1b to 4, a
profile similar to that of CCC was observed. The thermal
residual internal strains of each cure cycle were calculated by
subtracting the strain at the demold region from the average
strain in the cure region. Figure 9 represents the residual

internal strains and peel strength of the EMC/Cu bi-layer
package with respect to the rapid cooling setpoint. Similar to
the trend in the curvature results, the residual internal strain of
the modified cure cycle decreased regardless of the rapid
cooling setpoint. The specimen fabricated in a modified cure
cycle with rapid cooling at 140 °C showed the lowest residual
strain, which was reduced by 26% compared to the specimen
fabricated in the CCC. The peel strength of the EMC/Cu bi-
layer package showed a similar tendency to that of the residual
internal strain. The peel strength of the specimen in a modified
cure cycle with rapid cooling at 140 °C increased by
approximately 40% compared to that of the specimen
fabricated in the CCC. Consequently, it was confirmed that
the reduction of the bonding temperature led to reduced
curvature, reduced residual internal strain, and improved peel
strength of the EMC/Cu bi-layer package.

4. CONCLUSIONS
In this study, we applied modified cure cycles with rapid
cooling to enhance the reliability of the EMC/Cu bi-layer
package. The effects of the rapid cooling were investigated by
measuring the bonding temperature, residual strain, peel
strength, and curvature. Based on these results, the following
conclusions were drawn:

1) The analytical bonding temperature considering the cure
shrinkage of the EMC was calculated by measuring the
curvature of the EMC/Cu bi-layer package fabricated by
the CCC and verified through the interfacial strain
measurement of EMC and Cu using the FBG sensor.

2) When the specimen was rapidly cooled before the
experimentally-determined bonding temperature for the
CCC, the residual internal strain and curvature
decreased by 26% and 27%, respectively, and the peel
strength increased by 40% compared to the specimen
fabricated in the CCC.

3) The modulus and degree of cure of the EMC were
constant regardless of the cure cycles.

4) The reduction in residual strain and curvature and the
improvement in peel strength are attributed to the
reduced bonding temperature of the EMC/Cu bi-layer
package fabricated in the modified cure cycle.

From these results, it should be noted that the exact
prediction of the bonding temperature considering the
effective cure shrinkage makes it possible to find the optimum
cooling setpoint and consequently enhance the reliability of
the EMC/Cu bi-layer package. For future works, a rapid
heating and cooling device using carbon nanotubes will be
applied to the modified cure cycle to replace the rapid cooling
using liquified nitrogen.
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