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Abstract: The Micro-Electro-Mechanical Semiconductor (MEMS) sensor packages are an advanced multi-
material composite system. These packages comprise polymeric materials like prepregs, solder-mask, insulation,
and conductive adhesives. Prepregs are glass fiber reinforced epoxy laminates. Only alow material sensitivity to
environmental influences will ensure the sensors' reliable performance during their application lifetime. To this
end, the potentially applied materials undergo defined thermal and moisture-dependent material characterization.
In this contribution, theinfluence of moisture and temperature has been studied for five different prepreg materials,
which are commonly applied as a substrate material in a MEM'S sensor. The measured thermal and moisture
dependent material properties are the basis for a numerical diffusion analysis and a virtual hygro-thermo-

mechanical reliability assessment.

Keywords:. Thermo-mechanical characterization, Hygroscopic swelling, Therma and moisture expansion,

Tensile tests.

1. Introduction

The use of MEMS sensor packages has
revolutionized the automotive, home, and building
applications (HABA) and Internet of Things (loT)
industries [1, 13]. However, increasing demands on
their functionality and reliability necessitates
improved packaging materials concerning thermal and
moisture changes. The temperature and moisture are
the essential parameters associated with the electronic
packages reliability and performance [2]. The
materials involved in MEMS sensor packages show
significant effects like thermal expansion and
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hygroscopic swelling when exposed to harsh
environmental loads. Due to these effects, during the
application of the packages, stresses are introduced.
The induced stresses cause deformation,
potentially delamination, and cracks in the materials
[4, 11]. In this contribution, the dependence of thermal
distribution and moisture absorption in five different
prepregs, commonly used in MEMS sensors, is
analyzed. The prepreg materials serve as a substrate
material for a MEMS sensor build-up. The moisture
absorption and thermal mismatch dueto the difference
in the coefficient of thermal expansion (CTE) of the
individual materials significantly impact the MEMS
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sensor package reliability [7]. Therefore, the
characterization of thermal effects, moisture
absorption, and diffusion in these packages need to be
accounted for modeling the sensor package's
reliability behavior. In doing so, the prepreg materials
have been extensively studied using different
temperature and moisture dependent material
characterization techniques. The obtained moisture
and temperature-dependent material properties are
prepared to be used in hygro-thermo-mechanical
simulations [4, 5] to assess the deformation and stress
conditions changes. This information serves as vital
information for material and design optimization to
eliminate moisture-related failures.

2. Experimental

An extensive thermo-mechanical and hygroscopic
material characterization was performed to understand
the materials behavior under different temperature
and moisture loads. These characterization techniques
involve understanding the therma distribution,
moisture absorption, and its impact on the physical,
chemical, and mechanical properties of the prepreg
materials. Different thermal and moisture dependent
characterization techniques like dynamic mechanical
analysis (DMA), thermo-mechanical analysis (TMA),
gravimetric humidity conditioning, Coefficient of
Moisture Expansion (CME), and humidity dependent
Young's modulus were performed. Five different
prepregs, CCL-1037, CCL-1078, PP1-1037,
PP2-7628 and PP3-1037, were considered for the
characterization. They vary in their matrix material,
fabric reinforcement type and thickness. Thethickness
of the prepregsvaried from60 pmto 1.5 mm [13]. The
following sections explain briefly the different
measurement techniques used:

2.1. Temperature-Dependent Young's
Modulus

The temperature-dependent Y oung's Modulus (E)
for the prepreg materials was measured using tensile
tests and DMA. The temperature-dependent tensile
tests were performed for the defined temperatures
23°C, 100 °C, 180 °C and 250 °C using Zwick Z010
(Zwick Roell AS, Ulm, Germany) universal test
system. The acquisition of strains was performed
using the digital image correlation (DIC) method. The
measured Young's modulus E was compared with
results from Dynamic Mechanical Anaysis (DMA)
performed using Mettler Toledo DMA (Mettler-
Toledo, Columbus, Ohio, USA) in a tensile mode
under controlled displacement load. The materials
were tested at a frequency of 1 Hz and over a
temperature range of -100 °C to 300 °C with a2 K/min
heating rate.

2.2. Thermo-Mechanical Analysis(TMA)

The in-plane CTE was measured using Q400 TCT
(Dantec Dynamics, A/S, Skovlunde, Denmark), which
utilizes the DIC measurement technique to acquire a
change in strain with an increase in temperature.
Furthermore, the thermal conductivity A(T)
measurements were performed using Light Flash
Anaysis (LFA). LFA utilizes a non-destructive and
contact-free approach to measure the thermal
diffusivity a(T). The measurement was performed
using — Netzsch LFA 467 HyperFlash® (Netzsch
GmbH, Selb, Germany). Based on this approach, the
thermal conductivity can be computed using (1):

A(T) = a(T) ¢p (T) p(T), 1)

where density o(T) and heat capacity c,(T) were
measured using high-resolution balance and
differential scanning calorimetry (DSC), respectively.
The dimensions of the material samples and test
parameters for in-plane CTE and thermal conductivity
measurements were considered according to [4, 12].

2.3. Gravimetric Humidity Conditioning

The moisture dependent properties like moisture
diffusion coefficient D and saturated mass Mg for the
prepregs were measured using the gravimetric
humidity conditioning method [5]. Apart from
conditioning the prepregsin a distilled water bath [3],
a climate chamber was used to measure the moisture
uptake at 85°C and 85% RH (Relative Humidity)
[13]. Before starting the humidity conditioning, the
prepregs were conditioned in a temperature oven at
125 °C until they were completely dried (constant
weight). To monitor the weight change during the
conditioning, the prepregs were repeatedly removed at
predefined points in time from the plastic container or
the climate chamber. The prepregs surface was
cleaned using paper tissue, and they were weighed
using a high precision balance. The prepregs tend to
follow single Fickian diffusion law above their glass
transition temperature Tq. But, at a temperature below
Ty, these materials follow a non-Fickian or dua
Fickian diffusion model [7]. In this contribution, the
experimental conditioning curves were analytically
approximated using single and dua Fickian
diffusion models.

2.4. Coefficient of Moisture Expansion
(CME)

The hygroscopic swelling strains & developed
during the gravimetric humidity conditioning are
supposed to have a linear relationship with the change
in moisture concentration AC [5, 13] according to (2):

e = BAC, @)
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where S is the CME. The effect of hygroscopic
swelling strains €7 in the prepregs is measured using a
Digita Image Correlation (DIC) approach. In this
process, the hygroscopic strains are monitored during
drying at defined temperature levels [4]. The moisture
changes or changes in concentration are measured
using a high-resolution balance. The CME
measurements are carried out on the prepregs, which
have reached their maximum mass saturation during
the humidity conditioning process. The desorption of
the saturated material samples was carried out at
70°C,90°C, 120 °C, 140 °C and 160 °C for six hours.
The CME (p) is computed from a linear curve fit
between the hygroscopic swelling strains £* and the
change in concentration AC.

2.5. Humidity Dependent Young's Modulus

To assess the humidity effects on Young's
modulus, humidity-controlled tensile tests were
performed on the prepregs [13]. Before the humidity
dependent testing, the prepregs were dried in a
temperature chamber at 125 °C for 24 hoursin thefirst
step and conditioned using a climate chamber in the
second step. The defined temperature and humidity
levels were 23 °C (50 % and 85 % RH), 60 °C (50 %
and 85 % RH) and 85 °C (50 % and 85 % RH). The
tests were performed using a Weiss Technik climate
chamber and an Instron 4505 universal testing system.
For the strain data acquisition, a Mercury 3D DIC
system was used.

The dimensions of the tensile specimens were
prepared according to 1SO 527 — 1BA [14]. Fig. 1
shows the test setup used for the measurement of
humidity dependent tensile tests for the prepregs. The
Change in Young's modulus (E) due to absorption of
moisture was also measured by performing DMA.

Fig. 1. Experimental setup for the humidity-controlled
tensile test with climate chamber and aMercury 3D DIC
system [13].

The prepregs materials pre-conditioned by
immersing in distilled water were considered. The
saturated materials were subjected to testing in DMA.

The testing parameters for DMA measurement
remained the same as considered in thermo-
mechanical characterization. These DMA
measurements were performed for CCL-1078 prepreg
materials due to the difficult measurement technique,
and the moisture from the conditioned materials are
lost during the clamping and stabilization of the
measurement system.

3. Verification Simulation

To determine the moisture absorption in prepregs
numerically, a verification simulation model was set
up in Abagus (Abagus 2017, Dassault Systemes
Simulia Corp., Providence, USA) using a mass
diffusion analysis at test specimen level. As Abagus
uses Fick's law to model the mass diffusion analysis
[8, 9], this analysis was numerically solved using a
dual Fickian diffusion model approach [3]. The block
diagram in Fig. 2 depicts the modeling approach for
the verification simulation.

The simulation model is initially started with the
heat transfer simulation. The resulting nodal
temperature is used in a mass diffusion simulation to
access the conditioning's temperature effects as a
predefined boundary condition. The mass diffusion
model was solved using two parallel single Fickian
mass diffusion analyses using the analytically fitted
parameters moisture diffusion coefficient D and
saturated mass Msx as boundary conditions. The
resulting single Fickian moisture concentrations were
saved asfield variables and were summed up using the
USDFLD subroutine. The resulting temperature
distribution and moisture concentration were used in a
subroutine UEXPAN to compute the total volumetric
strains due to moisture uptake and thermal effects.

T(x,t)

Mass diffusion
Simulation Simulation

T(AN /x.f)

Fig. 2. Verification simulation modeling approach [4].

Heat transfer

Hygro-thermo-
mechanical simulation
Using USDFLD and UEXPAN

4. Results and Discussion

The results obtained from thermo-mechanical and
hygroscopic material characterization are discussed in
this section. Initialy, the results obtained for in-plane
CTE o(7) and therma conductivity A(T) are
discussed, followed by hygroscopic material
characterization results[13].
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Fig. 3 shows the in-plane CTE oAT) results
obtained for the prepreg materials. The CCL-1037 and
CCL-1078 show a similar CTE trend for the overall
temperature range of -50 °C to 250 °C. The CCL-1037
has a higher resin content of 27 % than CCL — 1078
(23%). Therefore, CCL-1078 has a lower CTE in the
initial temperature range (-50 °C — 150 °C). Also, a
lower CTE vaue was measured for PP1-1037
compared with other materials. The PP2-7628 and
PP3-1037 showed a higher CTE value in the initial
temperature ramp. On close observation, the CTE
values decrease due to Ty for both materials. The CTE
values for PP3-1037 is higher than other prepreg
materials. Therefore, PP3-1037 is a poor material
choice as a substrate in microel ectronic packages. The
maximum difference of 20% in al the materids
emphasize the importance of the material choice.

Fig. 4 illustrates a wide range of thermal
conductivity A(T) values for the considered prepreg
materials. The A(T) values measure the ability of the
material to conduct heat. The CCL-1037 and CCL-
1078 show a similar trend for the measured
temperature range.
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Fig. 3. Thein-plane CTE (7)) measured for different
prepregs as a function of temperature.
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Fig. 4. The thermal conductivity A(T) measured
for different prepregs as a function of temperature.

Furthermore, both PP1-1037 and PP2-7628 depict
a higher A(T). Heat transfer through these prepreg
materials occurs at a higher rate compared with other
prepregs. Additionally, PP3-1037 shows relatively
lower A(7); thisis mainly attributed to this prepregs
substandard matrix material.

The gravimetric humidity conditioning results for
prepregs show a temperature and humidity dependent
moisture uptake trend for the considered prepregs.
Fig. 5 represents the typical moisture uptake curve for
the prepregs conditioned at 85 °C and 85% RH. A
maximum moisture uptake of nearly 0.8% was
observed in PP3-1037 material, and a minimum of
0.5 % was found in CCL-1078.
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Fig. 5. Typica moisture gain trend and curve fit using an
analytical solution (dual Fickian diffusion model)
for prepregs at 85 °C and 85 % RH [13].

Figs. 6, 7 and 8 depict the typical moisture gain
trend obtained by immersing the prepregsin adistilled
water bath and conditioning them at 90 °C, 60 °C and
23°C. The PP3-1037 materia absorbed the maximum
moisture (1.3%) compared with other prepreg
materials at al conditioning temperatures. This
prepreg is made up of substandard matrix material,
which tends to absorb more moisture during the
humidity conditioning.

Alternatively, a minimum of 0.6 % of moisture
absorption was noticed in CCL-1078 material. The
prepregs CCL-1037 and CCL-1078 have similar
matrix material but differ in their resin content, fabric
reinforcement type, and thickness. The absorption of
moisture in CCL-1037 is higher than in CCL-1078.
The increase in absorption in CCL-1037 is due to the
presence of higher resin content than CCL-1078.

The materials PP1-1037 and PP2-7628 have a
similar moisture gain trend but differ in maximum
moi sture absorbed. From Fig. 6 and Fig. 7, amaximum
of 0.7 % and nearly 1 % was observed for PP1-1037
and PP2-7628 prepregs, respectively. Conseguently,
Fig. 5 - Fig. 8 depict that the dual Fickian diffusion
model fits the experimental data's overall behavior.
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Fig. 6. Typical moisture gain trend and curve fit using an
analytical solution (dual Fickian diffusion model)
for prepregs at 90 °C immersion [13].
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Fig. 7. Typical moisture gain trend and curve fit using an
analytical solution (dual Fickian diffusion model)
for prepregs at 60 °C immersion [13].
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Fig. 8. Typical moisture gain trend and curve fit using an
analytical solution (single and dual Fickian diffusion
model) for prepregs at 23 °C immersion [13].

Furthermore, in Fig. 8, the dotted lines represent
the single Fickian diffusion model's nonlinear fit. The
fit from the single Fickian model cannot follow the

experimental data trend in the initia region. The
obtained saturated mass Ms: and the diffusion
coefficient D obtained from dua Fickian fit were
further  used in  "Hygro-thermo-mechanica
simulations' [4, 5] and in the verification simulation
model to compute the total concentration change
numerically. To summarize, from the typical moisture
gain trend, both the diffusion coefficient and saturated
mass increase with an increase in temperature
and humidity.

For the Coefficient of Moisture Expansion (CME),
the change in concentration AC measured using
desorption or drying process is depicted in Fig. 9. It
can be observed that the prepreg PP3-1037 and
PP2-7628 show the highest concentration change of
nearly 1.2% compared with PP1-1037 (0.8 %),
CCL-1078 (0.6 %) and CCL-1037 (1 %).
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Fig. 9. Change in moisture concentration AC for prepregs
from the desorption process at 70 °C, 90 °C and 120 °C
for six hours[13].

The moisture desorption concentration trend isin
good agreement with the moisture absorption
trend (Fig. 5 - Fig. 8) during the gravimetric
humidity conditioning.

The desorption measurements were also carried
out at 140 °C and 160 °C for six hours.

The measured hygroscopic swelling strains £*for
the prepregs are depicted in Fig. 10. The swelling
strains are very low for al the prepregs considered.
However, sdignificant shrinkage of 0.12% was
observed for prepreg PP2-7628 at 70 °C. Moreover,
the CCL-1037 and CCL-1078 did not show any
hygroscopic swelling strains at al conditioning
temperatures. Henceforth, the desorption and
hygroscopic swelling measurements were not
performed at 70°C. The prepreg PP2-7628 and
PP3-1037 follow a similar temperature trend, i.e., the
swelling strains decrease with an increase in
temperature. Conversely, PP1-1037 shows the
opposite trend. This effect is mainly caused by the
different glass transition temperature (Tg) regions for
the prepregs. The prepregs PP1-1037, PP2-7628
and PP3-1037 have a Ty of 270°C, 170°C and
150 °C, respectively.
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While the considered conditioning temperaturesto
measure CME isbelow the Ty level for PP1-1037, they
are within the onset of the transition region for
PP2-7628 and PP3-1037. Therefore, a different
temperature dependence trend can be observed for
these materias [8].

The computed CME (f) at different temperatures
for the prepregsis depicted in Fig. 11. Asthe prepregs
CCL-1037 and CCL-1078 did not show any swelling
strains, no CME is presented for these materialsin the
figure. The figure also depicts the decrease in CME's
value with an increase in temperature for PP2-7628
and PP3-1037. The decrease is mainly in the glass
transition region for both the prepregs.
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Fig. 10. The measured CME at different temperatures
for the prepregs [13].
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Fig. 11. The measured CME at different temperatures
for the prepregs[13].

The results obtained from humidity-controlled
tensile tests for the considered prepregs are presented
exemplarily. They are compared against the results
from thermo-mechanical DMA, the temperature-
controlled tensile test results. (See Figs. 12-16). The
solid lines in Fig. 12 - Fig. 16 represent the DMA
curve measured at 1 Hz, the square symbols represent
Y oung's moduli measured using a temperature oven,
and the dot symbols and the star symbols represent

Young's moduli measured using a climate chamber
with acontrolled humidity level of 50 % RH and 85 %
RH respectively.

Overdl, Young's moduli E obtained from
temperature-controlled tensile tests are in good
agreement with DMA results a increased
temperatures for the prepregs considered for both
Warp (0°) and 45° test specimens. Discrepancies at
room temperature for CCL-1037, CCL-1078, PP2-
7628 and PP3-1037 can be attributed to possible
unstable humidity conditions when not using the
climate chamber.

To quantify relative humidity effects, the prepregs
were tested at 50 % RH and 85 % RH conditions at
temperature levels of 23°C, 60°C and 85°C. A
decreasein Young's moduli E for all the prepregs was
observed at 50 % RH and 85 % RH, respectively, at al
considered temperature levels.
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Fig. 12. Comparison of controlled humidity tensile tests
with DMA and tensile tests in temperature oven for CCL-
1037 prepreg (normalized to maximum modulus) [13].
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Fig. 13. Comparison of controlled humidity tensile tests
with DMA and tensile tests in temperature oven for CCL-
1078 prepreg (normalized to maximum modulus) [13].

This decrease is mainly attributed due to the
presence of moisture in the prepregs during the
humidity conditioning. The Y oung's modulus E value
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for 85 % RH isrelatively smaller than E at 50 % RH.
The lower value of E is mainly due to the presence of
higher moisture content at 85 % RH than at 50 % RH
a the same temperature. This hydration difference
explains the difference as excess moisture lowers the
mechanical strength and stiffness of the prepregs. An
increased humidity level leadsto areduced stiffness.
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Fig. 14. Comparison of controlled humidity tensile tests
with DMA and tensile tests in temperature oven for PP1-
1037 prepreg (normalized to maximum modulus) [13].
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Fig. 15. Comparison of controlled humidity tensile tests
with DMA and tensile tests in temperature oven for PP2-
7628 prepreg (normalized to maximum modulus) [13].

The Young's Modulus E obtained by performing
DMA of the pre-conditioned material (CCL-1078) is
shown in Fig. 13 with black (0°) and red (45°) dotted
lines. CCL-1078 absorbs nearly 0.6 % of moisture
during the pre-conditioning using gravimetric
humidity conditioning. A deviation in the Young's
moduli values of 1% in the temperature range
of -80 °C — 150 °C was observed for both 0° and 45°
directions test specimen. Furthermore, the increase in
temperature from 150 °C desorbs moisture in the
specimen. Therefore, the modulus E above 150 °C
follows the DMA trend at 1 Hz without any pre-
conditioning. Additionally, Y oung’s moduli measured

by DMA are in close agreement with those from
humidity-controlled tensile tests.

The prepreg PP2-7628 is most commonly used in
MEMS and PCB manufacturing. This prepreg has a
higher resin content compared with other prepreg
materials. Therefore, this material absorbs more
moisture and affects the material's strength by
lowering Y oung'smoduli E (see Fig. 15for 0° (Warp))
compared with DMA and temperature-controlled
tensile results tests.

Fig. 16 shows the tensile test results obtained for
PP3-1037. The temperature-controlled tensile tests
were only performed at room temperature of 23 °C.
Therefore, the results from humidity dependent tensile
tests are compared with E values at 23 °C and with
DMA aong 0° (Warp) and 45° test specimens.

The results from the verification simulation have
been depicted in Fig. 17.
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Fig. 16. Comparison of controlled humidity tensile tests
with DMA and tensile tests in temperature oven for PP3-
1037 prepreg (normalized to maximum modulus) [13].
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Fig. 17. Comparison of moisture absorption curve between
experimental, analytical, and numerical simulation using
humidity conditioning simulation for CCL-1037
and PP2-7628 [13].

The verification simulation was performed at the
specimen level for the prepregsimmersed in adistilled
water bath and conditioned at 90 °C. The solid red
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lines represent the result obtained from a verification
simulation; the black dotted lines represent the curve
from the analytical fit, and the black and blue squared
symbols represent the experimental humidity
conditioning curves for CCL-1037 and PP2-7628,
respectively. The verification simulation using the
dual Fickian diffusion model agrees with both
experimental and analytical fit curves overall
behavior. Therefore, this verification simulation
model serves as a basis to the hygro-thermo-
mechanical modeling [4, 5] approach. The verification
simulation was also performed for all the five prepregs
considered in this contribution. Overall, the simulation
results agree with the experimental data and the
analytically fit parameters for all the prepregs.

5. Conclusions

In this research work, the results from thermo-
mechanical and hygroscopic material characterization
for five different prepreg materials are presented. The
thermal material properties like in-plane CTE oT)
and therma conductivity A(T) help predict the right
material choice for the substrate in microelectronic
packages. Based on the experimental gravimetric
conditioning for al the prepregs, a dua Fickian
moisture diffusion model was defined. The measured
moisture diffusion coefficient D and saturated mass
Msx are in good agreement with the analytical fit and
verification simulation.

Furthermore, the measured in-plane CTE oT) and
calculated CME values § serve as amaterial property
to analyze the thermal and moisture mismatch in the
MEMS sensor package in further reliability studies.
The measured humidity and temperature-dependent
Young's moduli provide critical information on shifts
in the prepregs mechanical properties due to moisture
absorption and thermal distribution, respectively. The
measured experimental data will be used in a
numerical simulation to determine the moisture and
temperature-induced deformation and stresses in a
MEMS sensor package. Thereby the measured
material behavior is the crucial basis for a reliable
sensor system design.
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