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ABSTRACT

Microelectromechanical Systems (MEMS) packaging is
over 80% of the cost of a typical MEMS device because there are
no standard packaging methods, and each device requires
unique packaging. Recently several MEMS devices have
illustrated the desire to have a liquid filled cavity within the
MEMS device for applications such as biomedical sensors,
tunable energy harvesters, or liquid cooling microelectronics.
However, embedded liquids in silicon pose a challenge when it
comes to packaging. This paper illustrates a novel concept of
using a conformal parylene coating to cap or encapsulate the
liquid. The concept is validated using various liquids such as
various viscosity silicone oils as well as Galinstan a Ga-based
liquid metal. The study investigates the packaging reliability
through a series of systematic accelerated life-time testing,
elevated temperature testing, accelerated soak testing, and
mechanical testing (shock and resonant frequency testing). Mass
changes were monitored and compared to control (no capping),
glass epoxy bonded packaging, and silicone spray coating
encapsulation. The results demonstrate the superior mean-time-
to-failure of the parylene capping method compared to the other
methods. The results confirm that parylene can be used to
package embedded liquids in silicon or 3D printed structures.

Keywords: Microelectronics, MEMS, Packaging, Parylene,
Embedded Liquid

1. INTRODUCTION
Microelectromechanical Systems (MEMS) packaging along
with microelectronics packaging is a critical component to the
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performance of the device, and for MEMS packaging there are
no standard packaging techniques as each device has specific
packaging needs [1]. Some MEMS and microelectronics devices
could benefit from the potential to embed liquid inside of the
device, but to date this concept has been limited by the high
packaging challenges associated with embedded liquids.
Applications including microfluidics such as lab on chip [2],
microelectronic  cooling using flowing liquids [2, 3],
microthrusters [4], atomizers [5, 6] all require a packaging
method that allows liquid to be embedded in micro-channels
without leakage. Recently energy harvesters have also
demonstrated advantages when integrating embedded liquids to
increase bandwidth [7-10] or tuning resonant frequencies [11-
13]. However, so far these types of devices are limited to
research labs as packaging embedded liquids is challenging as
leakage can lead to catastrophic failure for the device and its
electronics. These applications could be used for anything from
implants to consumer electronics. Therefore, the packaging
needs to be able to withstand leak testing but also it must be able
to withstand vibrations (especially for kinetic energy harvesters).

Typical, packaging for these types of devices includes glass
or polymer cap bonding or silicone encapsulation packaging but
these are not ideal as they often require thick layers adding to the
mass of the system, which for energy harvesters can significantly
alter the resonant frequency and affect performance.

Parylene is a conformal chemical vapor deposited polymer
that is deposited at room temperature. It has numerous
advantages over other polymers such as: pinhole free, low water
absorption, relatively good thermal properties (dependent on
type of parylene), thickness range from 200 nm to 50 pm,
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transparency etc... It has also been widely used previously in
MEMS packaging [14-16] as well as encapsulation layers [17-
19]. It has also been used previously as a capping layer for
embedded nanomagnets in silicon [20-24]. Recent efforts have
demonstrated its potential use in packaging implantable pressure
sensors covered in high viscosity silicone oil [19, 25, 26].

This study investigates the feasibility of creating a thin-film
parylene-based capping layer for embedded liquids. The study
investigates various liquids from silicone oil with varying
viscosities to gallium-based liquid metals. We investigated the
effects of concavity and filling ratios. The study within the paper
also investigates the reliability of the packaging by putting
various test devices under various accelerated air evaporation
testing, soak testing, as well as mechanical vibration testing.

2. MATERIALS AND METHODS
2.1 Concept

The concept of using a conformal coating of parylene to
encapsulate a pressure sensor soaked in silicone oil was
previously investigated for implantable applications [25, 26].
However, this study involves embedding liquids into a silicon
cavity, and capping the entire cavity in parylene to prevent liquid
leakage. The basic concept is illustrated in Figure 1.

3) Conformal Parylene Coating

liquid

1) Etch cavity into Silicon 2) Fill Cavity with liquid

FIGURE 1: SCHEMATIC OF THE CONCEPT OF FILLING A
CAVITY WITH LIQUID AND USING PARYLENE AS A CAPPING
OR ENCAPSULATION LAYER FOR EMBEDDED LIQUID
PACKAGING.

2.2 Fabrication Process

Silicon wafers were used to create the test structures, but 3D
printed structures could also be used. Oxide was grown on the
wafers and patterned to have 2 x 2 x 0.05 cm square cavities.
The cavities were created using Deep Reactive Ion etching
(DRIE) using the parameters previously described [27] and
shown in Fig. la. Then liquid was dispensed into the cavity.
Various liquids were investigated, consisting of four different
viscosities of silicone oil (Sigma Aldrich) (100, 1k, 10k, and
100k cP). In addition to silicone oil Galinstan a Ga-based liquid
metal was also used to illustrate the potential to encapsulate an
electrically conducting liquid with large density (>6 g cm™) and
low viscosity (~ 2 cP). The cavities were filled to varying
thicknesses ranging from 20-100% fill volume of the cavity.

Parylene-C was deposited using the Gorham methods using
an (SCS Labcoater) as previously described [28]. Parylene-C
was selected as it is the most common type of parylene and the
deposition rate is higher than other parylenes allowing for thicker
layers. Thickness of 20 um was deposited. A silane (A-174)
adhesion layer was coated on the substrates. A pressure of 25 mT
was used to deposit the Parylene.

Control samples consisted of no packaging or capping layer,
only liquid filled cavities. To compare the reliability of the
parylene encapsulation two other methods were investigated.
The first method used glass slides that were bonded to the liquid
filled cavities using a room temperature cured epoxy to bond the
glass to the silicon cavity. The other method investigated was the
use of silicone encapsulation (Q-ballz Smooth On), which was
spray coated on the liquid filled cavities in n=5 layers for a total
thickness of approximately 100 um.

2.3 Reliability Testing
2.3.1 Evaporation Testing

Air evaporation testing was performed at three different
temperatures (room temperature (~20°C, 50°C, and 80°C). The
elevated temperature of 50°C was selected as it is approximately
the glass transition temperature of Parylene-C. However, since
silicone oil has a very slow evaporation rate at room temperature
accelerated testing was performed up to 80°C [29]. The
evaporation testing was performed in an oven with an air
environment.

Twelve cavities of each liquid were filled (4 x 3 array)
(cavities were filled between 20-100%). The reason for the
variation of filling was to determine if the parylene capping layer
would create a solid capping film on various amounts of filling.
Liquids investigated were silicone oil (100, 1,000, 10,000, and
100,000 cP) were filled and coated with parylene as described
above. Other test devices consisted of a control (no capping layer
filled with each type of silicone oil (3 cavities each). A test
structure with a silicone encapsulation (spray deposited), and a
glass slide epoxy bonded capping layer was also tested. Testing
was performed by weighing the test structures and determining
any change in weight due to evaporation.

Accelerated temperature testing was performed to calculate
the acceleration factor using the Arrhenius equation (1):

Eq 1

AF = e[T(T_ll_le)] (1)

Where AF is the acceleration factor, k is the Boltzman constant,
T; and T, are the lower and higher temperatures in K, and E, is
the activation energy, which for the evaporation study was -0.7
eV [30]. The AF was used to determine the mean time to failure
(MTTF).

FIGURE 2: MECHNICAL RESONANT FREQUENCY TESTING
IMAGE SHOWING ACCELEROMETER, CANTILEVER, AND 2 X
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2 CAVITY TEST STRUCTURE WITH SILICONE OIL AND
PARYLENE CAPPING LAYER.

2.3.2 Soak Testing

Soak testing was performed by submerging the test
structures in water that was heated to 80°C for accelerated
testing. Testing structures consisted of the same type as used in
air evaporation testing. However, we also investigated parylene
capping of liquid metal (Galinstan) as this has been used in
numerous electronic applications as it is liquid at room
temperature. Test structures were weighed to determine any
change in weight caused from leaking or absorption.

2.3.3 Mechanical Testing

Mechanical reliability testing was performed by putting a 2
X 2 cavity array test structure with silicone oils and various
capping methods on the end of a piezoelectric cantilever as
shown in Figure 2. Two different tests were performed using an
electrodynamic vibration shaker. The first test consisted of
shaking the test structure and cantilever at resonant frequency for
1 day at various accelerations and then measuring their change
in mass to determine if there was any leakage. The second test
performed was a shock test which consisted of impulse shocks
from 0-50 g.

3. RESULTS AND DISCUSSION

Figure 3 illustrates the ability to create a parylene-C capping
layer on various liquids from low viscosity silicone oil (100-
1000 cP) (Fig. 3a), which illustrates a smooth parylene layer that
is near wrinkle free. The figure shows capping of convex and
concave films for various filling ratios. Figure 3b illustrates the
ability to create a parylene capping film on top of a viscous 100k
cP silicone oil. The image shows significant wrinkling due to
stress of the film [25, 31], but a solid parylene film was still
created. Figure 3c illustrates the ability to create a parylene
capping layer on Galinstan (liquid metal), even when the liquid
metal did not completely fill the cavity the parylene was
conformally coated to encapsulate the metal, thus reducing the
parylene volume. Figure 3d shows the silicone spray
encapsulation film covering the silicone oil.

Room temperature evaporation testing results are
demonstrated in Figure 4. The results demonstrate that parylene
capping test structures had no significant change in mass over
the 50-day testing period indicating there was no significant
evaporation of the liquids. Although silicone oil has a low
evaporation rate the control with no capping layer demonstrated
significant decrease in mass (>5%) after 16 days, and it
continued to decrease over time reaching nearly 13% decrease
over the 50 days. The spray on silicone encapsulation film test
devices also demonstrated a significant decrease of up to 4.2%
over 50 days. The glass packaging films had similar results as
the parylene capping method.

The elevated temperature air evaporation testing results are
demonstrated in Figure 5. The results show a significant decrease
in mass (~30% at 80°C (18 days) and 15% at 50°C (30 days)).
The silicone encapsulation and glass packages also had

significant decrease in mass. The glass test structures were
bonded with low temperature epoxy which likely melted at high
temperatures, which could potentially be resolved by using
higher temperature grade epoxy. However, the parylene-capped
test structures showed no significant change in mass. The 100 cP
silicone oil did show a 0.9% decrease in mass at 18 days of 80°C
whereas the 100 kcP oil only showed 0.5% decrease in mass
under the same test. This demonstrates that high viscosity liquids
with parylene capping are likely to have a longer lifetime.

Low Viscosity Silicone Oil (100-1000 cST)

FIGURE 3: IMAGE ILLUSTRATING PARYLENE-C CAPPING
LAYER CAPABILITY ON VARIOUS LIQUIDS AND
VISCOSITIES.
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FIGURE 4: AIR EVAPORATION RESULTS FOR 20°C TESTING
ILLUSTRATING MASS CHANGES AS A FUNCTION OF TIME.
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Using the Arrhenius equation and the criteria that a 5% loss
is considered failure, we predict the MTTF to be approximately
51 years at room temperature. More samples and longer testing
periods are required to get a more accurate estimation. Images of
the testing structures after 80°C air testing are shown in Figure
6. The parylene capped structures look similar to the initial
images, but the glass capped packages demonstrate air bubbles
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indicating leaks in the bonds, and the silicone spray
encapsulation packaging likely dissolved which led to leakage.
Air Evaporation 50°C Air Evaporation 80°C
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FIGURE 5: EVAPORATION RESULTS FOR ELEVATED
TEMPERATURE TESTING ILLUSTRATING MASS CHANGES AS
A FUNCTION OF TIME.
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FIGURE 6: IMAGES OF THE TEST STRUCTURES AFTER 80°C
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FIGURE 7: SOAK TESTING AT 80°C WITH MASS CHANGES
AS A FUNCTION OF TIME.

Elevated temperature soak testing results are demonstrated
in Figure 7. The control cavities had catastrophic failures in all
of the cavities as expected as there was no protection layer to
prevent the leakage of the silicone oil. As with the elevated
temperature air testing the glass and silicone encapsulation
demonstrated significant decrease leading to failures, which is
likely due to the heat. The Liquid metal with parylene coating
had 1 of the 12 cavities failed at day 9 which shows a significant
loss in mass, but afterwards the mass held constant. The cavity
that failed had a tear in the parylene which caused the LM to leak
out completely but only from 1 cavity. Most of the parylene-
capping test structures demonstrated an increase in mass by up
to 21% for 100 cP and 6% for higher viscosity silicone oils. The

reason for the increase in mass is likely due to water absorption
of the parylene, as the mass increase happened early in the testing
and then saturated. However, there was no significant decrease
in mass, this means that the parylene capping did not show any
signs of silicone oil leakage during the test.

Images of the capping layers after the 18-day soak test are
shown in Figure 8. The image shows significant warpage and
wrinkles in all the films which is likely due to the coefficient of
thermal expansion mismatch between the parylene (35 ppm/°C)
compared to silicone oil (1% /°C). However, since parylene-C
has an elongation to break of approximately 200% the film can
stretch as illustrated in the image. However, the wrinkles in the
parylene-capping layer did not seem to affect its leakage
performance in silicone oil and only 1 cavity failure occurred for
liquid metal.

Galinstan Parylene Coating Parylene (100 cST) Parylene (1000 cST)
v E = 7
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FIGURE 8: IMAGE OF PACKAGES AFTER 80°C SOAK TEST (18
DAYS).

Mechanical testing results are important to determine if the
parylene capping film can withstand vibrations and shocks
without delaminating or tearing. The results for both tests are
shown in Figure 9. Resonant frequency testing at various
accelerations illustrates that the control sample without capping
showed a gradual decrease in mass at various accelerations, and
above 1.75 g’s the silicone oil was completely removed from the
cavity, but significant leakage (>5% in mass) was demonstrated
at 0.4 g. The viscosity of the liquid does have a significant
influence as the 100 cP silicone oil failed at lower acceleration
than the 100k cP (>5% at 1 g). The spray on silicone
encapsulation test structures also failed at 1.5 g. However, the
parylene-capped structures with 100 and 100k cP silicone oil
demonstrated no significant change in mass or resonant
frequency up to 2 g. Higher accelerations were not possible as it
would have broken the cantilever.

Shock testing of the 100 cP silicone oil and parylene-
capping film demonstrated no significant leakage with only
0.53% loss in mass at 50g. Higher acceleration testing was not
possible on our system.

Resonant Frequency Shock Testing
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FIGURE 9: RESULTS OF THE MECHANICAL RELIABILITY
TESTING AT RESONANT FREQUENCY (A) AND SHOCK (B).
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4., CONCLUSION

This study investigated a novel method of embedding
liquids into cavities while protecting them from leakage using a
parylene capping film. Parylene-C was used in this study due to
the ability to apply a thicker layer, but varying thickness was not
investigated in this study. In addition, higher temperature
parylene could be used in the future to avoid wrinkles and
thermal mismatches, which could be necessary for high-
temperature operations. However, based on the results parylene-
C should be a good capping layer for room-temperature
applications. In summary a parylene capping film was
successfully deposited onto various liquids and liquids with
various viscosities. The capping layer held up to accelerated
temperature testing in air and submerged soaking as well as
mechanical testing. This indicates that this could be a very
effective packaging method for preventing liquid leakage in
MEMS packaging.
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