IEEE TRANSACTIONS ON COMPONENTS, PACKAGING AND MANUFACTURING TECHNOLOGY, VOL. 4, NO. 10, OCTOBER 2014

1589

Optimal Material Properties of Molding
Compounds for MEMS Package
Yeonsung Kim, Hohyung Lee, Xin Zhang, and Seungbae Park

Abstract— In this paper, an optimization study of molding
compounds for a microelectromechanical systems (MEMS) sensor
package has been performed. A comprehensive finite element
analysis model was established for the MEMS sensor package
to assess the stresses and deformations when the package was
subjected to temperature loading. A series of stress relaxation
tests were performed to characterize the viscoelastic material properties of a molding compound over temperature with
dynamic mechanical analysis. A master curve for the molding
compound was constructed by a proper shift function and the
Prony pairs were obtained by curve fitting to be implemented
in the simulation. To validate the simulation result, the thermal
behavior of the MEMS package was measured. The digital image
correlation technique was employed to observe the real-time
deformation of the package exposed to temperature loading.
The out-of-plane deformation of the package was compared with
the simulation result. With the validated simulation model, the
optimization study was conducted. By the process simulation,
it has been shown that most of the thermal stress on the MEMS
sensor chip was generated during the cooling process. Thus,
a detailed cooling profile was developed by the transient heat
analysis and applied to the parametric study. The modulus,
coefficient of thermal expansion (CTE), and glass transition
temperature (Tg ) of molding compound were investigated. The
result shows that a low modulus, low CTE, and low Tg
molding compound can minimize the thermal stress on MEMS
sensor die.
Index Terms— Master curve, microelectromechanical systems
(MEMS), molding compound, relaxation modulus, viscoelasticity.

I. I NTRODUCTION

M

ICROELECTROMECHANICAL systems (MEMS)
sensor devices are widely used in electronics to
measure displacement, acceleration, pressure, and so on. The
output of the MEMS sensor is, however, often disturbed
by thermomechanical and mechanical stresses since the
MEMS structure is highly sensitive to the stress. The
shift of initial null point of output by stress results in
lowering the accuracy and degrading the performance of the
MEMS sensor [1], [2]. The MEMS packages consist of various
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materials that have different thermomechanical properties.
A discrepancy in material properties of component materials
induces the internal stresses acting on sensor device during
assembly process and under thermal cycling by operation.
Thus, it is essential to understand the thermomechanical stress
development and change during the manufacturing process
and temperature cycle of MEMS sensor package to ensure
its accuracy and reliability. The MEMS sensor products
are usually encapsulated by plastic molding compound to
protect the sensor die from the environment. One of the
most distinguishing characteristics of the plastic molding
compound is viscoelasticity. Polymer-based material such as
plastic molding compound exhibits an intermediate behavior
between a solid and a liquid. Due to the viscoelasticity,
plastic molding compounds show both temperature and timedependent behavior. Since the plastic molding compound
comprises a significant portion of the MEMS sensor
package, the viscoelasticity should be considered for
more accurate estimation of stresses and strains inside the
package.
Molding compound effects on packaging stress and warpage
has been one of the critical issues in the microelectronics
industry. Amagai [3] characterized the molding compound
to enhance solder joint reliability and warpage of CSP.
Srikanth [4] investigated warpage of package during cooling process after the molding. Tsai et al. [5] studied the
molding compound-induced residual/thermal deformation and
stress in plastic IC packages during the fabrication processes.
Alpern et al. [6] reported metal deformation and passivation crack of chip due to molding compound. To implement viscoelastic material properties of molding compound
in finite element analysis (FEA), characterization study was
performed in [7]. However, compared with the papers addressing the packaging and thermal stress for other ICs, not
many papers have been published so far for MEMS sensor devices. Zhang et al. [1], Rudolf and Kim [2], and
Krondorfer et al. [8] reported papers on packaging stress of
MEMS sensors and its effect on device offset to increase the
performance. Joo and Choa [9] measured the real-time deformation of MEMS gyroscope sensor subjected to temperature
change using moire interferometry. In spite of the sensitivity
of MEMS sensor devices, optimization studies about molding
compound viscoelasticity for MEMS are still absence.
In this paper, the effects of the molding compound material
properties on MEMS device stress was investigated by FEA.
The deformation of sensor die was observed to evaluate
the effect of molding compound during a given temperature

2156-3950 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

1590

Fig. 1.
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Models to describe the viscoelastic behavior. (a) Maxwell model. (b) Generalized Maxwell model.

and time profile. The viscoelasticity of molding compound
was characterized by the stress relaxation test using dynamic
mechanical analysis (DMA) and the master curve was obtained
by the proper shift function. To model the viscoelasticity
using FEA, the master curve was fitted with Prony function.
To verify the simulation results, the real-time deformation of
MEMS device exposed to thermal loading was monitored by
digital image correlation (DIC). The validation between the
out-of-plane deformation of MEMS device by DIC and FEA
was carried out. Then, optimization study was conducted with
the validated FEA model. The simulation was performed to
investigate the stress development and warpage change of the
MEMS sensor die during the assembly process. The cooling
profile from the postmold cure (PMC) temperature to room
temperature was obtained by transient analysis and subsequently utilized in the optimization simulation. The optimization study was assessed in terms of stress of sensor die. The
influence of modulus, coefficient of thermal expansion (CTE),
and Tg of molding compound on sensor chip stress was studied
in detail.

where σ (t) is the stress as a function of time, E is the
elastic modulus, η is the material coefficient of viscosity,
and τ is a time constant. This model illustrates a single
relaxation time. A generalized Maxwell model shown in
Fig. 1(b), which consists of a number of Maxwell elements
connected in parallel, is used to approximate the real behavior
of a viscoelastic material. Each spring and dashpot has their
own elastic modulus and viscosity. Such a system can be
modeled as



n

t
.
(2)
E i exp −
σ (t) = ε0 E ∞ +
τi

II. V ISCOELASTICITY AND T IME -T EMPERATURE
S UPERPOSITION

This representation is called the Prony series. In this equation,
E i and τi are referred to as a Prony pair, which is used in
many simulation software tools to describe the viscoelasticity.
Based on the assumption of a thermorheologically simple
material [7], time and temperature effects on viscoelastic
materials can be accounted for using a simple curve known
as the master curve. A single relaxation curve at a certain
temperature merges with another relaxation curve at higher
temperature after a certain amount of time. Thus, the master
curve can be constructed by shifting relaxation curves at
different temperatures along the log time scale axis. This
is called time-temperature superposition. There are several
functions to describe the shift distance. In this paper, a
third-order polynomial shift function is adopted, which is
expressed as

Viscoelastic materials are in the intermediate state between
solid and liquid that possesses both elastic and viscous characteristics. The viscoelastic behavior can be expressed with
Hookean springs and Newtonian dashpot, which correspond
to pure elastic and pure viscous property, respectively. Due
to the viscosity, viscoelastic materials exhibit both time and
temperature-dependent properties. To measure this characteristic of the viscoelastic material, stress relaxation, or creep tests
are often implemented. The Maxwell model is commonly used
to describe stress relaxation of viscoelastic materials. Fig. 1(a)
shows the Maxwell element and the behavior of this model can
be expressed as


η
t
, τ=
(1)
σ (t) = Eε exp −
τ
E

i=1

Here, i represents the number of number of elements connected in parallel, E i is the modulus of the i th element,
ε0 is the imposed strain at t = 0, and E ∞ is the fullyrelaxed modulus. Finally, the relaxation modulus can be
expressed as


n

t
σ (t)
.
(3)
= E∞ +
E i exp −
E(t) =
ε0
τi
i=1

log αT (T ) = C1 (T − T0 )+C3 (T − T0 )2 +C3 (T − T0 )3 (4)
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Stress relaxation test result of molding compound.

Fig. 2. MEMS sample. (a) Cross-sectional image. (b) Schematic view of
MEMS.

where αT is a shift distance from the reference temperature
of each relaxation curve at different temperature (T ), T0 is a
reference temperature. The C1 , C2 , and C3 are constants to be
obtained from curve fitting.
III. S AMPLE
The test vehicle used for this paper is shown in Fig. 2.
The package is a land grid array type 3-axis accelerometer
with dimensions of 3 mm × 5 mm × 1 mm (W × L × T ).
The package consists of a MEMS die, an application specific
integrated circuit (ASIC), substrate, and molding compound.
The dimensions of the MEMS die is 1.3 mm × 1.5 mm ×
0.3 mm and the ASIC is 2.25 mm × 1.45 mm × 0.2 mm. The
thickness of the die attach adhesive is 15–20 μm. The MEMS
sensor is covered with a silicon cap to protect the MEMS structure. During the manufacturing processes, the MEMS die and
ASIC are mounted on the substrate by die attach adhesive and
wire-bonded, then finally encapsulated by the plastic molding
compound. The process temperature of the die attach, wire
bonding, and molding process is 175 °C. The PMC condition
is 4 h at 175 °C.
IV. E XPERIMENT
A. Stress Relaxation Test
Bar type test samples of the molding compound were
fabricated by Analog Devices, Inc. The same PMC condition of the manufacturing process was applied. For the
stress relaxation test, the samples were cut and polished into
60 mm × 13 mm × 1 mm (L × W × T ) bars. The DMA
was chosen as the method to perform the stress relaxation
test. The test was conducted in the three point bending mode.
It is recommended to use the three point bending mode rather
than the single cantilever loading mode due to the clamping
effect, which usually results in an extracted value of relaxation
modulus that is lower than the actual value. In addition,
the surface of the molding compound bar was ground to
be flat and uniform to achieve good alignment between the

Fig. 4. Master curve from the stress relaxation test data and Prony fit by
curve fitting program.

bending fixture and sample [10]. The stress relaxation test was
conducted at 15 °C intervals starting at 20 °C and going up
to 125 °C, as well as at 130 °C and 145 °C. The ramp rate
was 5 °C/min. After waiting 5 min at the target temperature
for temperature stabilization, a strain of 0.02% was applied
for 15 min (10 min for 130 °C and 145 °C), followed by a
10-min recovery time. The result is shown in Fig. 3.
To generate the master curve, the relaxation curves in
Fig. 3 were plotted with respect to the log time scale. Then,
the individual relaxation curves were shifted with respect to
the reference temperature of 20 °C. Fig. 4 shows the constructed master curve. To apply these viscoelastic properties
in ANSYS, the Prony pairs of the master curve and shift
function are required. Hence, the Prony series having 12 Prony
pairs was programmed in a curve fitting program that was
then fitted to the master curve. The Prony pairs from the
curve fitting are listed in Table I. The solid line in Fig. 4
shows the Prony fit. Meanwhile, as previously mentioned,
the third-order polynomial function was employed to fit the
shift distance of the relaxation curves at various temperatures.
There are common shift equations, such as Williams–Landel–
Ferry and function in Arrhenius form (Tool–Narayanaswamy
function in ANSYS). Those functions usually choose Tg as the
reference temperature. However, a better fit can be achieved
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TABLE I
P RONY PAIRS FOR THE M ASTER C URVE OF M OLDING C OMPOUND

Fig. 5. Shift distance plot for the master curve with reference temperature
of 20 °C and polynomial fit.

by a polynomial function regardless of Tg in many cases. The
shift distance of individual relaxation curve and the third-order
polynomial fit are shown in Fig. 5. The curve fitting program
was also used to fit the shift distance. Three parameters of
polynomial function were determined to be C1 = 0.06034,
C2 = −0.00136, and C3 = 1.38822 × 10−5 . Since ANSYS
does not support the embedded polynomial function, a userdefined subroutine was used [11].

Fig. 6.

3-D DIC system setup.

Fig. 7.

In-plane thermal strain of molding compound.

B. CTE Measurement
The CTE of the molding compound was characterized
by DIC. The DIC, which is a form of photogrammetry,
is a non-contact, full-field optical measurement technique in
which both the in-plane and out-of-plane displacement can
be computed by pictures of the target object at the initial
and deformed stage [15]. This is accomplished by correlating
thousands of facets on the sample surface that act as strain
gauges. The facets were generated on the sample surface by
a white spray, and the experimental setup is shown in Fig. 6.
The measurement resolution of the in-plane and out-of-plane
displacement was about 0.5 μm. By measuring in-plane deformation of the specimen, the material strain as a function of
temperature can be obtained. The in-plane CTE is determined
by taking the slope of the strain versus temperature graph.
Fig. 7 shows the in-plane strain measurement result of the
molding compound by DIC. The in-plane CTE of the molding
compound is 9 ppm/°C below Tg , and 31 ppm/°C above Tg .
The material properties used for FEA are listed in Table II.
C. Out-of-Plane Deformation
The real-time deformation of MEMS under thermal loading
was measured by DIC. Fig. 8 shows the profile of the thermal

loading used for the experiment. The thermal behavior of the
package from room temperature to the reflow temperature
was investigated. The mold side of the package was measured
and the out-of-plane deformation data along a diagonal line
was extracted to compare with the simulation. The result is
shown in Fig. 9. Due to the letters etched on the mold surface,
the smooth plot of out-of-plane deformation could not be
obtained. In addition, it has to be noted that deformation at
25 °C was assumed to be zero. However, in the samples, initial
deformation at room temperature may exist because of the cure
shrinkage of molding compound after PMC process. During
the PMC process, due to the polymerization of epoxy and
fillers, the formation of highly cross-linked polymers results in
a significant decrease in the specific volume [14]. However, the
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TABLE II
M ATERIAL P ROPERTIES

V. S IMULATION

Fig. 8.

Temperature profile for the out-of-plane deformation measurement.

The ANSYS 14.5 was used to perform the simulation.
Fig. 10 shows the FEA model for the MEMS sensor device.
The model was mapped-meshed with a 3-D brick element
(SOLID185). The XYZ displacement of bottom-left edge node,
YZ displacement of bottom-right edge node, and Z displacement of top-right edge node on the bottom surface of the model
were constrained as a boundary condition to remove rigid
body motions. Since the temperature of the PMC process was
175 °C, this value was used as the reference (no deformation)
temperature. The analysis started at 175 °C and the model was
cooled to 25 °C in 1000 s, which corresponds to the end of
the PMC process. Then, it was maintained at 25 °C for 9000 s
(2.5 h) and then the simulation followed the thermal cycling
profile in Fig. 8. The simulated warpage along the diagonal
of the mold surface is shown in Fig. 9. Since the initial
deformation (cure shrinkage effect) was already removed in
the experimental result, the warpage curves from simulation
were plotted with respect to 25 °C to compare the simulated
and experimental results. As shown in Fig. 9, good agreement
with experiment was obtained from the simulation. Based on
this validation study, it can be concluded that even though
there might be initial deformation, the warpage trend and travel
distance in Z-axis can be predicted accurately with this model.
VI. O PTIMIZATION S TUDY

Fig. 9.

Out-of-plane deformation of MEMS sensor device.

deformation caused by the cure shrinkage was not considered
in this paper. The out-of-plane deformation relative to 25 °C
was a parameter used to validate the simulation. After the
measurement, the deformation of the sample was replotted
with respect to 25 °C to remove the effect of cure shrinkage.
This approach is valid because the cure shrinkage is an
additional deformation and constant through the temperature
change.

With the validated FEA model, a parametric study was
conducted. In this experiment, the primary focuses were the
stress of sensor chip. The σ y at the center of the top surface of the sensor die was investigated because the in-plane
stress of the sensor chip may worsen the performance of the
MEMS device. The σx showed about 10% lower value than
σ y at the same point. First, the change of warpage and stress
was investigated under the temperature profile mentioned previously. To observe the viscoelastic material effect, two types
of models were analyzed. One model used the viscoelastic
material property for molding compound and the other used
a temperature-dependent elastic material property. In Fig. 3,
the initial modulus of each stress relaxation test was used
for the elastic modulus value at that temperature since the
instantaneous modulus of stress relaxation test (t = 0) should
be identical with Young’s modulus as seen in (1). The warpage
change of sensor die is shown in Fig. 11. Compared with
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MEMS sensor device FEA model. (a) MEMS. (b) Inside structure.

the viscoelastic model, the elastic model responses instantly
to the temperature change. The warpage of the viscoelastic
model is less than that of the elastic model and a decrease
of warpage at room temperature is observed due to the time
effect. The results imply that the deformation and stress of
the MEMS package is overestimated when the only elastic
material properties are used for the molding compound. The
stress change of sensor die is shown in Fig. 12 with a negative
value denoting a compression stress. Unlike the warpage
change, the stress at the center of the sensor die surface is
almost constant in the temperature range over the stress-free
temperature. In addition, it shows a very low value close to
zero. This can be attributed to the low modulus of the molding
compound over Tg . In Figs. 4 and 5, the modulus of the
molding compound is <1 GPa over 125 °C. Although the
sensor chip deforms, the low modulus of molding compound
in high temperature does not restrict it so that stress does
not occur in the sensor die. As observed in Figs. 11 and 12,
a significant change of deformation and stress accumulates,
when the MEMS package is under the cooling condition.
Specifically, most of the stress develops in the range from the
PMC temperature to room temperature. Therefore, simulations
to minimize the stress of sensor die were performed in this
temperature region.
Park et al. [12] studied the effect of cooling rate on the
stress of MEMS packages. It has been shown that the cooling
rate has a great impact on the stress of MEMS packages
due to the intrinsic time-dependent features of polymer-based
materials such as molding compound (Fig. 13). Slow cooling
can reduce the stress generation on the MEMS chip. However,
it may be not practical to modify the cooling rate because
of the subsequent increase in manufacturing cost and time
in the production line. Thus, it is still important to find the
optimal material properties of molding compound to minimize the thermally-induced stresses and strains inside the
MEMS package.
To predict the viscoelastic behavior accurately, the temperature profile for the cooling process was generated by a transient

Fig. 11.

Warpage history of sensor chip.

Fig. 12.

Stress (σ y ) history at the center of sensor chip.

heat analysis [12]. If the nonuniformity of the package inside
is neglected, the temperature change of MEMS package is
expressed by
Ah(T − T∞ ) = −ρV c

dT
dt

(5)

where T∞ is the environmental temperature, ρ is the density,
V is the volume of the package, A is the package surface area,
c is the specific heat, and h is the heat transfer coefficient for
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Stress-time curve effect of different cooling rate on thermal stress

Fig. 14.
Temperature profile for the cooling process (PMC to room
temperature).

natural convection in air. This equation yields


ρV c
t
T − T∞
, τ=
= exp −
Ti − T∞
τ
Ah

(6)

where Ti is the initial temperature and τ is called time
constant. The time constant is independent of temperature.
Finally, this equation can be expressed by


t
T = (Ti − T∞ )exp −
(7)
+ T∞ .
τ
Based on the manufacturing condition, τ was assumed to be
100 s. The temperature profile constructed by (7) is shown
in Fig. 14. This curve was used for the analysis to optimize
the molding compound material properties. The total time
simulated was 259 200 s (72 h). The effects of modulus, CTE,
and Tg of molding compound were investigated in this paper.
Even though this paper concentrates on the change of a single
engineering property of the molding compound, it has to be
noted that there are relationships between the many material
properties of a molding compound. The major constituents of
molding compound are the silica filler and epoxy. Since the
silica filler has a much higher modulus and lower CTE than
the epoxy, as the amount of silica filler increases, the modulus
of the molding compound also goes up. On the other hand, the
added filler content makes the CTE decrease. Some works in
the literature, notably [13], have proposed expressions of the

Fig. 15.

Master curves by modulus change of molding compound.

Fig. 16.

Modulus effect on the chip stress.

total material properties of packaging material as a function of
silica filler content and Tg . The interaction of material properties, however, was not considered in the simulation because
there are many epoxy resin systems having different material
characteristics and the purpose of this paper is to present the
optimal trend of each engineering property to reduce the chip
stress.
First of all, the modulus effect was evaluated. The original
master curve in Fig. 4 was modified and input to the cooling
simulation. Fig. 15 shows the adjusted master curves for this
simulation. The result of the cooling simulation is shown in
Fig. 16. To observe the effect of time clearly, logarithmic scale
was used for the x-axis. When the package is cooling down,
the chip is under compression stresses due to the relatively
higher CTE of molding compound and substrate than the
chip. Please note that the negative sign denoting compressive
stress was removed for convenience in the following results.
As shown in Fig. 16, the stress exhibits the maximum when
the temperature reaches room temperature (at about 600 s in
Fig. 14) and goes slowly down as time passes. Compared with
the temperature, the time has much less impact on the stress
seen by the chip. The low modulus of molding compound
induces less stress on the chip than one with a high modulus.
In addition, the temperature-dependent elastic model with no
viscoelasticity was also analyzed for comparison. As shown in
Fig. 16, the maximum thermal stress from the elastic model
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Fig. 19.
Fig. 17.

Tg effect on the chip stress.

Thermal strain change (CTE change).

the stress difference between curves after cool down is less
than the result of modulus and CTE. Even though the low
Tg material can alleviate the MEMS stress, caution should
be exercised when selecting a low Tg molding compound.
The reason for this is because if Tg is in the operating
temperature range of the component, the stress level of
chip will keep changing depending on the temperature cooling rate. This will be investigated in more detail in future
studies.
VII. C ONCLUSION

Fig. 18.

CTE effect on the chip stress.

(labeled elastic) is about 35% higher than the viscoelastic
model (labeled initial E) around 600 s. This significant discrepancy may mislead engineers into overestimation of the
thermal stress on the chip.
To see the impact of CTE, the strain from the experiment
was also shifted from the experimental data. The thermal strain
change for the simulation is shown in Fig. 17. The slope of
each curve was used as the CTE for the subsequent simulation.
Similarly, the stress plots in Fig. 18 show that the least
thermal stress is observed when the molding compound has
the lowest CTE. In both cases (Figs. 16 and 18), based on the
temperature profile in Fig. 14, the thermal stress is almost zero
above Tg and it increases significantly when the temperature
passes Tg and goes down to the environmental temperature.
Therefore, it can be concluded that the modulus and CTE
around and under Tg are key parameters to reduce the thermal
stress.
The effect of Tg was also analyzed. By adding or subtracting
a certain value to or from x-axis (temperature) of the shift
function in Fig. 5, Tg was shifted. In this case, the CTE
was also adjusted in accordance with Tg . The simulation
result is shown in Fig. 19. The lowest Tg generates minimum
stress. As mentioned earlier, the modulus of molding compound decreases above Tg . Accordingly, less thermal stress
is developed when the molding compound has a lower Tg .
Contrary to previous results, the stress generation starts at
different time due to the different Tg in Fig. 19. However,

An optimization process for the viscoelastic properties of
molding compound material for MEMS sensor package has
been studied. The FEA was performed to reduce the thermal stress on the MEMS sensor chip. The viscoelasticity of
molding compound was characterized and modeled in the
FEA. Comparison of the MEMS package warpage between
experiment and simulation indicates good accuracy of the simulation results. Results of the process analysis indicate that the
majority of the thermal stress is generated during the cooling
process. Specifically, the stress development as the component
is cooled from the stress free temperature (PMC temperature)
to room temperature is significant. It also can be seen that
the die stress is close to zero above the PMC temperature.
Therefore, the cooling profile from the PMC temperature to
room temperature was constructed based on simulation results
of a transient heat analysis and was used for the optimization
study. The optimization results show that low modulus, low
CTE, and low Tg material properties of molding compound
can reduce the stress on the sensor chip. It is also shown that
a purely elastic model for molding compound exaggerates the
thermal stress in the simulation. For more accurate estimation
of the stress, other factors on molding compound, such as
cure shrinkage, hydroscopic swelling, and residual stress will
be addressed in future studies.
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