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Investigation of Stress in MEMS Sensor Device
Due to Hygroscopic and Viscoelastic Behavior
of Molding Compound

Yeonsung Kim, Dapeng Liu, Hohyung Lee, Ruiyang Liu, Dipak Sengupta, and Seungbae Park

Abstract—The stresses due to moisture saturation on
microelectromechanical systems (MEMS) sensor devices after
exposure to temperature cycling have been addressed.
Moisture-, temperature-, and time-dependent material property
of molding compounds for the MEMS devices were characterized.
To determine the coefficient of hygroscopic swelling of a mold-
ing compound and diffusivity (D) of water in the molding
compound, dimensional change and weight loss of moisture
saturated samples at various temperatures were monitored by the
digital image correlation method combined with a weight scale.
To obtain the viscoelastic property of the molding compound,
a series of stress relaxation tests was performed using dynamic
mechanical analysis (DMA). To explain the moisture-induced
viscoelastic behavior, a simple assumption was introduced based
on the temperature of glass transition point (Tg) shift from the
DMA result. The experimental data were utilized in numerical
simulations to estimate the temperature- and moisture-induced
stress on MEMS sensor devices subjected to temperature cycles.

Index Terms— Hygroscopic swelling coefficient, microelectro-
mechanical systems (MEMS), moisture diffusion, molding
compound, viscoelasticity.

I. INTRODUCTION

ECENTLY, a large number of microelectromechanical

systems (MEMS) sensor devices are being used in
industrial, instrumentation, and vehicle safety and support
systems. Many of these applications demand high-precision
sensors in standard semiconductor packages regardless of the
external environment such as temperature excursion and rela-
tive humidity (RH) change. However, epoxy-based molding
compound, a major packaging material for many MEMS
sensor devices, has mechanical and materials characteristics
affected by temperature and moisture. Molding compound
absorbs moisture and swells when it is exposed to a humid
environment [1]. On the other hand, the silicon chips and
lead frame are impermeable to moisture. This mismatch of the
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hygroscopic strain generates stresses at the interface between
molding compound and chips as well as the lead frame.
In addition, the discrepancy in the coefficient of thermal
expansion (CTE) and modulus of dissimilar materials in the
same package induces thermomechanical stresses to the sensor
when the MEMS package is subjected to the reflow process or
thermal cycles. If hygroscopic and thermomechanical stresses
combine together during temperature cycling, it may result in
a signal shift of the system’s sensor because its structure is
highly sensitive to stress. In severe cases, the delamination or
catastrophic failure so-called popcorning might happen [2].
Therefore, it is important to know the hygroscopic and
thermomechanical stresses of molding compound to assure the
performance and reliability of MEMS sensor device.

The moisture sorption characteristic of molding compounds
has been one of the critical issues in designing the electronics
parts and predicting its reliability. In [17] and [19]-[21],
moisture diffusion properties of polymeric material were
experimentally investigated. Volumetric expansion of
materials by moisture ingression can be defined by the
coefficient of hygroscopic swelling (CHS) [1]. Many
efforts have been devoted to measure the CHS of molding
compounds throughout a wide temperature range [1], [3]-[5].
Zhou et al. [25], [27] and Zhou [26] have investigated
the effect of nonuniform moisture distribution on CHS
characterization. Park et al. [5] and Jang et al. [6] have
demonstrated that digital image correlation (DIC) technique
can be successfully adopted to determine molding compound
CHS. To cope with the initial moisture loss of the sample,
Kwak [7] developed a new DIC measurement setup
eliminating a heating up process. The experimental data are
used for analysis to estimate the moisture-induced strains
and stresses. The moisture diffusion can be calculated by
implementing the fundamental concepts of heat transfer and
hygroscopic swelling strain can be treated as an additional
thermal strain in simulation [4], [7], [12], [20], [23],
[24], [28]. Some alternative approaches were also proposed.
For example, one approach for ANSY'S users is to use fluence,
one type of body load that ANSYS software provides, to
account for the swelling effect [12]. Fan and Zhao [28]
studied the stress due to combined thermal, hygroscopic
swelling, and vapor pressure loads using this method.

Viscoelasticity is a distinguishing characteristic of a material
such as a polymer. It has two aspects involving the time
and temperature dependencies. Due to this nature of molding
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compounds, the stress generated in the MEMS package is
influenced by the temperature cooling rate [8]. Thus, the
viscoelastic property should be taken into consideration in
MEMS package simulations. In [9] and [10], viscoelasticity
effects on MEMS were investigated in depth. Recently,
a design optimization of an MEMS pressure sensor based
on the hygroscopic stress of the packaging material was
studied [11]. The moisture absorption of polymeric material
undergoes changes that affect their mechanical performances.
The relaxation point of the material shifts to lower
temperatures, while increasing its water contents due to
the plasticization effect, resulting in a temperature shift of
the glass transition point (7g) to lower temperatures [13].
The time-water content superposition was suggested to
construct the master curve to explain the hygroviscoelastic
behavior under the water environment [13]-[15].
Yoon et al. [12] presented a nonlinear analysis scheme
to evaluate the integrated impact of thermal and hygroscopic
deformations for polymeric materials. However, a rigorous
investigation about the combined effect of both hygroscopic
and viscoelastic characteristics of molding compound on
MEMS has not been published.

The primary focus of this paper is to investigate the
hygrothermoviscoelastic behavior of a molding compound and
its impact on MEMS sensor device. To determine CHS of the
molding compound and diffusivity (D) of water in the molding
compound, the moisture soaking test was performed first.
Then, the dimensional change and weight loss of moisture in
the saturated samples at various temperatures were monitored
by DIC method and a weight scale, respectively. To obtain
a viscoelastic property of the molding compound, a series of
stress relaxation tests was performed using dynamic mechani-
cal analysis (DMA). 3-D finite element analysis (FEA) model
was established based on the experimental results and the
hygrothermally induced stress of MEMS sensor was predicted.

II. THEORETICAL BACKGROUND
A. Moisture Diffusivity and CHS

The moisture diffusion of a polymeric material can be
defined by Fick’s second law, which is described by

C =V.(DVC) D

where C is the moisture concentration (mg/mm’) and D is
the diffusivity (mm?/s). For an isotropic material, the equation

yields
’Cc  o*C

et azz). @
The above equation can be solved using a standard separation
of variable method for the rectangular block sample. It yields
an expression for the local moisture concentration as a
function of time, position, and diffusivity. However, it is
impossible to measure the local moisture concentration
gradient in the sample. Thus, the weight change of sample
as a function of time measured by exposing a dry sample
to a humid environment or drying out the moisture saturated
sample. Then, an analytical solution for the weight gain or loss

oC (azc
=D
ot

with respect to time can be obtained by integrating the local
moisture concentration over the volume of the sample [17].
The moisture and saturated weight gains are defined as

W(t) — Wary

w(t)(in %wt) = x 100 3)
dry
Weat — W,
weat(in %wt) = —2 9% 5100 @)
dry

where W(t) is an instantaneous weight of sample. Wy is
the saturated weight and Wy is the dried weight of sample,
respectively. The analytical solution of Fickian diffusion is
well reviewed in [16] and [21]. In case of the moisture loss,
the analytical solution of (2) is expressed as

—Dt
W(t) IR R eXp(L%qv>
s Z.: 2 ZO QL+ 1)22m + 1)2(2n + 1)2 ©)
where
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(6)

Here, Legy is an equivalent length scale, xo, yo, and z¢ are the
length, width, and thickness dimensions, respectively [17].
The diffusivity is determined by the nonlinear regression fit
of the experimental data and (5). The moisture concentration
and saturated moisture concentration are defined by

cy = VO — Wary %)

\%
Wsat — Wdry

Cot = ———— ®)

where V is the volume of specimen. The relationship between
diffusivity and temperature is known to follow the Arrhenius
equation, which is expressed as

D = Dgexp ( RQT) )

where Do is the diffusivity constant (mm?%/s), Q is the

activation energy (J/mol), R is the universal gas constant

(8.3145 J/molK), and T is the absolute temperature (K).
Hygroscopic strain can be defined as

Ehygro = BC

where f is CHS (mm?/mg). In case of desorption, the moisture
concentration and hygroscopic strain of the saturated sample
are measured in the isothermal condition with respect to time.
The linear relationship between the hygroscopic strain and
moisture concentration can be defined as CHS [4].

(10)

B. Viscoelasticity

Molding compound has a dual nature of material
characteristics, which exhibits both elastic and viscous
behaviors. While the elastic response is instantaneous,
the viscous response occurs over time. Due to this viscous
characteristic, the molding compound shows a time-dependent
behavior. It has been presented that the MEMS sensor signal
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Fig. 1. Sixteen lead SOIC MEMS package.
(b) Cross-sectional image.

(a) Package image.

is very susceptible to the temperature cooling rate during
assembly process [8]. The stress relaxation test is performed
to characterize this time- and temperature-dependent material
property. The constant strain is applied on the sample and
stress change is monitored for a certain time. In addition,
this test is repeated under various temperatures. With the
assumption of simple thermorheological behavior of the
mold compound, a master curve is constructed by shifting a
series of relaxation curves at different temperatures from the
reference temperature along the log time scale axis [18]. The
master curve is fitted with Prony series, which is expressed as

n
t t i
E([) — 0_) — Eoo + E Eiexp (——), T, = ﬁ
0 .

& T E;

(11)
i=1
where E(t) is the relaxation modulus, o (¢) is the stress as
a function of time, &g is the constant strain, and E is a
fully relaxed modulus. Here, E; and 7; are referred to be a
Prony pair, which is employed to describe the viscoelasticity
in many FEA software. E; is the elastic modulus, #; is the
viscosity, and 7; is the relaxation time of ith Prony pair.

The shift distance of curves at various temperatures used
to construct the master curve is fitted with the shift function.
Williams—Landel-Ferry (WLF) equation is one of the most
common shift functions and is written as

Ci(T — Ty)
Cr+ (T — Tp)
where logar is the shift distance. C1 and C» are constants.
Tp is the reference temperature.

logar = — (12)

III. EXPERIMENT
A. Specimens

Fig. 1 shows the MEMS sensor package studied in this
paper. The package is 16 lead small outline integrated
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circuit (SOIC) type, which has body dimensions of
10.0 mm x 7.5 mm x 2.3 mm (except lead frame). It has an
MEMS sensor die and ASIC die. Both the dies are mounted on
to a lead frame using a die attach adhesive. Then they are wire
bonded and encapsulated by the molding compound, which
is cured at 175 °C. The condition of post mold cure (PMC)
process is 4 h at 175 °C. The dimensions of the MEMS
die is 1.8 mm x 1.6 mm x 0.6 mm and the ASIC die is
2.5 mm x 2.5 mm x 0.5 mm. The MEMS die has a cap
to protect the MEMS structure, which is attached with seal
glass. The dimension of the cap is 1.8 mm x 1.24 mm X
0.4 mm. The thicknesses of die attach adhesive, lead frame,
and seal glass are 0.02, 0.26, and 0.02 mm, respectively. The
specimen is an inverted type package to avoid electromagnetic
interference. Thus, MEMS and ASIC are facing the board side
in Fig. 1(b).

For property measurement purposes, the molding compound
was fabricated into a bar shape. The same PMC condition
of assembly process was applied after fabrication. For the
moisture diffusivity and hygroscopic strain measurement,
the bar samples were cut and polished to dimensions of
10 mm x 10 mm x 1.6 mm (L x W x T). The sample
variation was £0.05 mm. The specimen dimensions for the
stress relaxation test were 30 mm x 13.14 mm x 0.87 mm
(L x W x T). The die attach adhesive samples were also
built for CTE and relaxation modulus measurement with
dimensions of 30 mm x 8.73 mm x 0.98 mm (L x W x T).

B. Moisture Weight Loss, Hygroscopic Strain,
and CTE Measurement

In this paper, the diffusivity of desorption was characterized
in order to investigate the stress of the moisture saturated
MEMS component exposed to thermal cycling. Accordingly,
observations were concluded on the hygroscopic shrinkage
of the moisture saturated sample after exposure to high
temperatures. Although the die attach adhesive is also
permeable to water, the molding compound was assumed to
be an only material influenced by moisture in this paper. Since
experimental results from material property characterization
showed that the modulus of molding compound was much
higher (more than x20) than that of die attach adhesive,
the hygroscopic stress and strain generated from molding
compound may be dominant. Moreover, a majority of the
package volume is comprised of mold compound. Therefore,
the stress change of MEMS due to hygroscopic stress and
strain from die attach adhesive can be neglected.

To determine the time required to achieve full saturation
condition, four molding compound samples were dried
at 120 °C for 72 h and placed in an environmental chamber
controlled to 85 °C and 85% RH. The weight of each sample
was periodically monitored using a high precision electronic
scale until the fully saturated condition was achieved.
The resolution of the scale was 0.01 mg. Fig. 2 shows the
weight gain with respect to time. The results indicate that
samples need to be placed in an environmental chamber
with 85 °C/85% RH for 84 h to achieve full saturation. These
conditions were applied to additional samples, some which
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Fig. 2. Moisture absorption plot with respect to time.
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Fig. 3. Moisture weight gain (bullets) and Fickian curves (lines) of moisture
desorption test under various temperatures.

were used for measuring moisture diffusivity and others for
measuring hygroscopic strain.

To characterize the moisture diffusivity, the saturated
specimens were placed in the preheated oven with the
isothermal conditions: 85 °C, 95 °C, 105 °C, 115 °C,
125 °C, and 150 °C. To observe the weight loss, the specimen
was taken out of the chamber and placed on the high precision
electronic scale. After the measurement, the specimen was
placed back into the chamber. The error due to this measure-
ment procedure and reheating of sample when it was placed
back into the oven can be negligible [19]. Each sample was
measured at each temperature point. The experimental data
of the weight loss with respect to time are plotted in Fig. 3.
The solid lines represent the analytical Fickian fit (3) deduced
by the nonlinear regression method. The result shows the
discrepancy between Fickian fit and experimental data in the
later stage of test, especially in low temperatures. The moisture
weight gain is almost constant at the later stages of exposure.
It might be attributed to the imperfect drying condition at low
temperatures [19]. Fig. 4 shows the Arrhenius fit of measured
diffusivity constant at each temperature. The results follow the
Arrhenius relationship well.

1.00E-04

9.00E-05 -1

8.00E-05 -

TOE03 1 P =3039.83083 mm¥s

6.00E-05 O =60884.53465 J/mol

5.00E-05 -1

4.00E-05 A

Diffusicity (mm?/s)

3.00E-05 A
O Experiment

2.00E-05 - —— Arrhenius fit

1.00E-05 A

0.00E+00

350 360 370 380 390 400 410 420 430
Temperature (K)

Fig. 4. Arrhenius curve.

DIC, which is a form of photogrammetry, is a noncontact
full-field optical measurement technique in which both the
in-plane and out-of-plane displacements can be computed by
the pictures of the target object at the initial and deformed
stage [22]. This is attained by correlating thousands of iden-
tical pixels (facets) on the object of measurement, which are
considered as strain gauges. Implementation of DIC technique
for CHS measurement has been well established [5], [6].
Unlike other conventional techniques, such as thermome-
chanical analyzer (TMA), the full-filed deformation of the
specimen can be obtained by DIC. Therefore, the local strain
variation in the sample due to the spatial property deviation
can be removed. On the other hand, TMA only measures
the deformation in a limited area of the sample where the
probe is located, which might result in misinterpretation of
strain. Another technical challenge of the CHS measurement
using TMA and thermogravimetric analysis is the moisture
loss during ramp up temperature prior to measuring. Thus,
the DIC method, with preheated chamber proposed in [7], was
implemented in this paper. In this method, the specimens of
identical dimension were placed in the preheated chambers.
The deformation measurement by DIC and weight loss
measurement were performed simultaneously. Thereby, the
technical challenges previously mentioned can be effectively
minimized. DIC setup is shown in Fig. 5. The white speckles
were applied on the specimen surface by a spray to generate
facet before they were placed in the oven to dry.

The saturated specimen was placed in a preheated oven and
the in-plane deformation of its surface was captured. After
placing in the preheated chamber, the specimen expanded until
it reached to the isothermal temperature. Then, it started to
shrink due to moisture loss. Typically, it takes about 1-2 min
and this initial expansion was not included in CHS calculation.
After this initial expansion, the image was captured every
5 min. Then, the hygroscopic strain was calculated by
DIC analysis. Like the weight loss measurement, each sample
was tested at each temperature. The resolution of the strain
measurement was +0.004%. The hygroscopic strain with
respect to time during moisture desorption process is plotted
in Fig. 6. Based on the test results of weight loss and the
strain measurement, the hygroscopic strains as a function of
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moisture concentration were calculated and plotted in Fig. 7.
The corresponding CHS is listed in Table I. The results show
that as temperature increases, CHS also increases. This trend
is more significant above the glass transitions phase. As shown
in Fig. 6, the hygroscopic strain at 105 °C is higher than that
at 115 °C and 125 °C, so the CHS at 105 °C exhibits a sudden
increase. It might be attributed to an abrupt material property
change near Ty.
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TABLE I
DIFFUSIVITY AND CHS
Temperature (°C) D (mm?/s) CHS (mm’/mg)
85 3.46E-06 0.133
95 5.28E-06 0.149
105 1.28E-05 0.188
115 2.19E-05 0.163
125 2.95E-05 0.166
150 9.29E-05 0.228
0.0050
0.0045 4
0.0040 4
0.0035 4 CTE 2 : 44 ppm/°C
0.0030 A
£
£ 0.0025
7
0.0020 A
0.0015 A
CTE1: 13 oC O Experiment
0.0010 A . 11,
pp ——Linear fit
0.0005 4
0.0000 T T
0 50 100 150 200
Temperature (°C)
(a)
0.035
0.030 A
(0]
0.025 4
CTE : 153 ppm/°C
= 0.020 - PP
‘=
&
£ 0.015 4
0.010 4 .
O Experiment
0.005 1 ——Linear fit
0.000 - T T
-50 0 50 100 150 200
Temperature (°C)
(b)
Fig. 8. CTE measurement result. (a) Molding compound. (b) Die attach
adhesive.

In addition, the CTE of dried specimen was characterized
using DIC. By measuring the in-plane deformation of the
specimen during temperature increase, the material strain in
terms of temperature can be obtained. CTE is determined by
the linear slope of a function between the in-plane defor-
mation and temperature. Fig. 8(a) shows the in-plane strain
measurement results and the CTE. Similarly, the CTE of the
die attach adhesive was also characterized by DIC and plotted
in Fig. 8(b).

C. Stress Relaxation Test

DMA was utilized to evaluate the relaxation modulus.
A series of stress relaxation tests has been executed for
dried molding compounds in the three point bending tests at
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Fig. 10. Master curve. (a) Molding compound. (b) Die attach adhesive.

various temperatures. The span length was 20 mm. The test
was conducted at every 20 °C from 20 °C to 180 °C. The
temperature increase rate was 5 °C/min. After 5 min, for the
temperature stabilization, a constant strain of 0.1% of the span
length was applied for 25 min, followed by 10-min recovery
time. The stress relaxation test result is shown in Fig. 9 and the
established master curves are plotted in Fig. 10. The shift dis-
tance and the WLF shift fit are shown in Fig. 11. In addition,
the relaxation modulus of die attach adhesive was

6 4
O Data
4 o
5 —— WLF fit
S 07
<& 2 A
o0
=)
= -4
6] T 100°C
3 Cl1:-22.7755
C2: -258.8707
-10 4
-12 T T T
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Temperature (°C)
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2
0 4
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-2 4
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4
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& g
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Cl1: 82.85527
-1491 C2:465.48732
-16 4
-18 T T T T T T T
-60 -40 -20 0 20 40 60 80 100
Temperature (°C)
(b)
Fig. 11. Shift distance and WLF fit. (a) Molding compound. (b) Die attach
adhesive.

TABLE 11
PRONY PAIRS OF THE MOLDING COMPOUND

i Ei/E, T

1 0.040086 0.00284
2 0.061685 0.09544
3 0.051816 1.07389
4 0.137576 10.97108
5 0.107145 104.67782
6 0.121312 434.37762
7 0.120439 434.73504
8 0.101512 3065.44095
9 0.164514 12118.43676
10 0.047320 259531.7945
11 0.022634 6074150
12 0.006793 8875370000

E, (MPa) 20712.96263

characterized with the identical condition in the temperature
range from —40 °C to 80 °C. The master curve and shift
fit are plotted in Figs. 10 and 11. The Prony pairs are listed
in Tables II and III. Ey is the instantaneous modulus when
time is zero.
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TABLE III
PRONY PAIRS OF THE DIE ATTACH ADHESIVE

i Ei/EO Ti
1 0.057977 0.04066
2 0.084608 0.33913
3 0.120664 2.36345
4 0.102022 24.90482
5 0.051822 318.07815
6 0.054827 1456.59888
7 0.083160 6787.83588
8 0.099344 75803.58316
9 0.083345 3105960
10 0.105378 103861000
11 0.047853 8948410000
12 0.045569 1.31E+13
E, (MPa) 1733.89353
25000
20000 - e
= -~
a
S
2 15000 4
=
=]
=)
=
o 10000 A
o0
<
s
z Dried
5000 N
—-=-- Saturated (grease coated) D
— — Saturated and baked (grease coated) -
0 T T T
0 50 100 150 200
Temperature (°C)
Fig. 12. Storage modulus curves of the dried, saturated, and baked

(120 °C for 5 h) molding compound.

The characterization of relaxation behavior of moisture
saturated molding compound is one of the most important
objectives of this paper. As shown in Fig. 9, the sample is
exposed to high temperatures for several hours during the
stress relaxation test, therefore maintaining constant moisture
concentration during test is a critical issue. In [13]-[15], the
high thermal grease or epoxy adhesive had been coated on
the sample surface to prevent moisture diffusion. To examine
the moisture and high thermal grease effect on material
behavior, preliminary DMA tests have been performed with
three specimens: 1) dry sample; 2) grease coated saturated
sample; and 3) grease coated saturate sample baked in an
isothermal chamber at 120 °C for 5 h. A strain of 0.1% was
applied with 1-Hz frequency in the three-point bending mode.
The result is shown in Fig. 12. Assuming that the onset of large
drop of storage modulus is Ty, the saturated status exhibits
approximately 10 °C lower T, than the dry condition. And the
modulus increases about 6% in the saturated condition. The
slope of baked specimen corresponds with dry specimen slope,
which implies that the grease cannot capture the moisture
inside the sample during test.

To explain the relaxation modulus change with respect
to moisture loss in the simulation, a simple assumption

951

0 0.005(m)

i

0.0025

Fig. 13. FEA model and diagonal to obtain the out-of-plane deformation.
TABLE IV
MATERIAL PROPERTIES

Material E (GPa) CTE (ppm/°C) v
Silicon 163 2.6 0.22
Lead frame 129 16.6 0.34
Molding compound Table 2 Fig. 8 (a) 0.29
Die attach adhesive Table 3 Fig. 8 (b) 0.35
Seal el below 135 °C 50 7 0.29
CABIAS  above 135°C 40 15 0.44

was made. As shown in Fig. 12, the T, decreased about 10 °C
when the sample was saturated with moisture. Based on this
observation, the relaxation test result of the dry sample was
shifted. For instance, the relaxation behavior of dry sample
at 100 °C was assumed to be the same with the saturated
sample at 90 °C. However, the modulus change in DMA test
in Fig. 12 was not considered in this assumption. Since this
amount of discrepancy is usually observed due to sample
alignment or other factors. This shift assumption will be
further discussed in the following section.

IV. SIMULATION
A. Validation Study

Commercial FEA software, ANSYS 14.5, was utilized in
this paper. Beginning with version 14, ANSYS is capable
of simulating diffusion and related behaviors, such as
hygroscopic swelling [23]. In [4], [7], [12], [23], and [24], the
heat transfer analogy was used to predict moisture diffusion.
Fig. 13 shows the FEA model used for these simulations. The
element SOLID 226 and 227 were implemented to build the
model. XY Z displacement of one edge node, Y Z displacement
of another edge node, and Z displacement of the other edge
node on the top surface of the MEMS were constrained as
a boundary condition to remove rigid body motions. Since
the temperature of the PMC process was 175 °C, it was
determined to be the reference temperature (no deformation
temperature or stress free temperature). Material properties are
listed in Table IV. Except for the molding compound and the
die attach adhesive, material properties were obtained from the
literatures. For the validation of simulation, the out-of-plane
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Fig. 14. Comparison of out-of-plane deformation between the test data and
FEA results. (a) Experimental result. (b) Simulation result.

deformation of MEMS sensor device was measured by
DIC and compared with the simulation result. The simulation
model was cooled from 175 °C to 25 °C. The relative
deformation to 25 °C was analyzed to remove the effect of
cure shrinkage. This approach is valid because the focus of this
paper is the relative stress comparison and the cure shrinkage
is an additional deformation and constant through the
temperature change [10]. The out-of-plane deformation data
were extracted from the diagonal of the bottom surface, which
is the side closer to both the MEMS and ASIC dies (Fig. 13).
The result is plotted in Fig. 14. The simulation results did
not identically match the experiment due to the infinitesimal
amount of deformation. However, it has been confirmed
that the out-of-plane deformation range over the temperature
can be accurately predicted by simulation. In addition, the
FEA stress and displacement data were imported to the
MEMS sensor and package interaction (MPI) simulations at
Analog Devices, Inc. (ADI). The result of MPI was internally
validated with device offset.

B. Temperature Cycle With Moisture Effect

To evaluate the effect of moisture on the MEMS device
under stress, temperature cycling was simulated. After the
sample was cooled to 25 °C from 175 °C (stress free
temperature), it absorbed moisture and reached the saturated
condition. Then, the sample went through the temperature
cycling in which moisture desorption process occurred simul-
taneously. The saturated concentration (Cgy) of 0.004 mg/mm3
measured at the 85 °C/85% RH condition was also utilized
for 25 °C. It has been discussed that there is no strong
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relationship between saturated concentration and temperature
below 100 °C [24]. Each cycle consists of ramp up and ramp
down processes with a rate of 2.5 °C/min, 125 °C dwelling for
15 min, and 25 °C dwelling process for 15 min. To implement
the fully saturated condition at 25 °C in the simulation, the
transient effect on diffusion field was turned OFF at 25 °C and
the saturated condition was applied on the surface of the mold
(fully saturated boundary condition). This step was solved to
generate a fully saturated steady-state solution. After the model
was saturated, the moisture concentration at the surface of
mold was changed to zero (fully dried boundary condition) and
the time integration on diffusion field was turned ON to include
the transient effect of moisture diffusion. This is the first step
of the desorption process. The transient effect on structural
fields remained off during the whole simulation. The amount
of moisture in the mold was calculated and plotted in Fig. 15.
It is obvious that the desorption rate at high temperatures is
much greater than at low temperatures. After two cycles, about
a half of the moisture still remains in the molding compound.

While the CHS can be handled with ANSYS 14 or later
version by inputting a material property called coefficient of
diffusion expansion, taking the moisture impact on viscoelastic
behavior is a more challenging issue in simulation. It has been
observed that dry and moisturized mold compound behave
differently in both the stress relaxation test [13]-[15] and
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dynamic test (Fig. 16). Prior researchers have proposed the
idea of time—water content superposition, trying to describe
the relationship between moisture content and stress relaxation
using shift functions such as WLF. Despite the efforts in
experimental observation, this effect has not been adequately
studied from a simulation/modeling perspective. In this paper,
to illustrate the moisture impact on viscoelasticity, the
T, changed shift function was introduced. Instead of perform-
ing a series of stress relaxation tests, the new shift function
was estimated for saturated sample based on the amount
of T, shifted from the DMA test. The storage modulus and
loss modulus can be calculated from the Prony series by
performing a Fourier transform [18]

n 00
E(w) = Eno +iw2/ E;exp (—iwt)dt. (13)
. 0
i=1
By separating the real and imaginary parts, we obtain
2,2
a;tiw
E; = Eo| a0 + — 14
(T )
and
a;iTio
=E 15
0 Z 1+ r?0? (15)

where o is the angular frequency, Es; and E; are the storage
and loss modulus, respectively. a; = E;/Ey is the normalized
modulus in the Prony series. Therefore, if the reference
temperature (7p) is decreased in the WLF shift function (12)
by ATy while C1, C3, and Prony series remain same, the stress
relaxation curves would shift leftward by the corresponding
amount in the logarithm time scale. In addition, the storage
modulus and loss modulus will shift down in temperature
exactly by ATy. To demonstrate this effect, the modulus
temperature curve (Fig. 16) was plotted for dry and saturated
mold material by a theoretical calculation. It is clear that the
T, shift effect is very similar to the trend observed in
experiments. Using the moisture data in Fig. 15, the shift
function for the molding compound was changed in each load
step

CUT — [Ty — ATo(O)l}
Co +{T — [Ty — ATH(O)]}

The amount of T, shift (ATp) was set proportionally to the
amount of average moisture concentration. For the saturated
condition, the shift of 10 °C was applied.

The moisture impact combined with viscoelasticity on
MEMS stress during thermal cycles is shown in Fig. 17. Three
different cases were compared: 1) a simple model with no
moisture effect at all (viscoelasticity only); 2) a model con-
sidering both the viscoelasticity and hygroscopic effect; and
3) a model considering the viscoelasticity, hygroscopic
swelling, and T, shift. The normal stress in x-axis at the
center node of the top surface of MEMS was plotted. The time
with negative sign in x-axis is an arbitrary time before the
temperature cycling is started. The initial point indicates the
stress at 25 °C after the cool down process from 175 °C.

logar = — (16)
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Fig. 18. MEMS stress change between the initial point and after temperature
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The expansion of molding compound due to moisture absorp-
tion alleviates the compressive stress from the cool down
process before temperature cycling. After temperature cycling,
three notable phenomena can be observed. First, the
compressive stress reduces in the temperature cycling due to
the stress relaxation effect of molding compound. The most
significant change happens in the first cycle. Second, the
hygroscopic swelling behavior results in smaller compressive
stress, yet the effect becomes less significant as the moisture is
lost due to thermal cycling. Finally, when the T shift effect is
considered, the stress change is greater. As a result, the stress
after cycling is smaller.

This simulation result should give an indication of how
much the MEMS device output deviates from its initial
null output. Assuming that the starting points of the graph
in Fig. 17 are the initial device outputs after the PMC
process, more signal shift is generated with moisture after
the temperature cycling than when only viscoelasticity is
considered. The stress changes between the initial point and
after two temperature cycles are shown in Fig. 18. This signal
shift can be minimized by robust sensor design or proper
packaging material selection.

V. CONCLUSION

The stresses of a moisture saturated MEMS sensor device
subjected to temperature cycles have been analyzed. The
moisture-dependent characteristics of molding compound
were investigated. To measure CHS of molding compound, the
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dimensional change of moisture saturated molding compound
at various temperatures was observed using DIC method.
In addition, the weight loss at the same condition was
monitored by weight scale to determine diffusivity of water in
the molding compound. The viscoelasticity of molding com-
pound was characterized by stress relaxation test. To explain
the moisture-induced viscoelastic behavior, a simple
assumption was introduced based on T, shift of DMA
result. The results were utilized in the numerical simulation
to evaluate MEMS stress. When the sample was saturated
at 25 °C and subjected to temperature cycling, it has been
demonstrated by the following.

1) The compressive stress reduces in the temperature
cycling due to the stress relaxation effect of molding
compound.

2) The hygroscopic swelling behavior results in smaller
compressive stress.

3) When the T shift effect is considered, the stress change
is greater so the stress calculated after temperature
cycling was concluded to be the smallest.

Compared with the initial compressive stress after the PMC,
a smaller stress generates a larger signal shift in the MEMS
sensor device. Therefore, the result implies that a greater
MEMS signal change occurs when the hygroscopic behavior
affects the viscoelastic properties of the molding compound.
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