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Abstract—An approach to low-cost, wafer-level packaging of
microelectromechanical systems (MEMS), e.g., microresonators,
is reported. The process does not require wafer-to-wafer bonding
and can be applied to a wide range of MEMS devices. A sacrificial
polymer-placeholder is first patterned on top of the MEMS component of interest, followed by overcoating with a low dielectric
constant polymer overcoat. The sacrificial polymer decomposes
at elevated temperature, and the volatile products from the sacrificial material permeate through the overcoat polymer leaving
an embedded air-cavity around the MEMS structure. Thus, the
device is released from the sacrificial polymeric material, housed
in a protective overcoat. The protected MEMS device can then be
handled and packaged like an integrated circuit. The electrical
characteristics of the microresonators before and after packaging
were essentially the same, showing the packaging scheme does not
alter the device performance. This approach is applicable to both
surface and bulk micromachined devices.
Index Terms—Encapsulation, microelectromechanical, microresonators, packaging, polymer-based, silicon, wafer-level.

I. INTRODUCTION
HE development of a low-cost, high-volume packaging
technique for microelectromechanical systems (MEMS) is
an important challenge since packaging can constitute a significant fraction of the overall manufacturing cost. Micromechanical devices such as resonators, gyroscopes, and accelerometers
are packaged so as to provide physical protection and electrical
connections to the movable device. Encapsulation provides a
more robust device for transportation and handling without altering the performance of the devices. Several MEMS packaging techniques have been reported involving wafer-to-wafer
bonding and thin-film sacrificial-based sealing methods [1]–[8].
The integrated circuit packaging industry relies on standard,
low-cost materials, and automated tooling to package devices
such as lead-frame packaging. In order for MEMS technologies
to achieve high-volume, commodity status (and impact), a
packaging methodology with similar attributes is necessary.
In this paper, we demonstrate an approach to low-cost MEMS
packaging by use of sacrificial polymers. The encapsulation
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of the MEMS device would allow safe transportation and give
the MEMS device attributes much like an integrated circuit.
A wide variety of MEMS devices (for example, resonators,
RF-MEMS switches, and accelerometers) may be applicable
to this packaging approach. In this approach, a sacrificial
polymer is first patterned on the MEMS structure, with an
exact geometry to encase the MEMS device, followed by overcoating with a protective polymer. Once the overcoat polymer
is in place, the sacrificial material is thermally decomposed
in a tube furnace, and its volatile, gaseous products permeate
through the overcoat polymer releasing the MEMS device. The
advantages of this encapsulation approach compared to other
MEMS packaging techniques are that it is a low-temperature
process that can be used for packaging a wide variety of
MEMS including metallic structures, it produces a low-profile
encapsulating cover, and can be performed on any substrate.
Thermal decomposition of sacrificial polymer is performed
through a solid perforation-free capsule, which eliminates the
steps needed in some other sacrificial-based techniques to seal
a perforated [4], [5] or porous [7] cover. It does not require
high-temperature deposition and etching of sacrificial materials
[2], [5], [7] and is stiction-free. The overcoat geometry can be
scaled according to application to tailor different sizes from
microscale to millimeter-scale. The polymer packaging does
not require wafer-to-cap alignment and bonding [1]–[3], [8].
Sacrificial polymers can serve as temporary placeholders
and can be photochemically or physically patterned to the
desired shapes and geometry of the area to be encapsulated
[9]–[13]. After patterning, the devices were encapsulated by a
polymer overcoat whose decomposition temperature is higher
than the sacrificial polymer. Once the overcoat has been cured,
the structure is heated to the decomposition temperature of
the sacrificial polymer which creates a buried air-cavity. Previously, air-cavities have been used in electrical interconnects
because they lower the effective dielectric constant of the
matrix [9]–[13]. The formation of overcoated air-cavities via
sacrificial polymers can be easily adapted to other devices.
The same approach was used to from air-gaps in compliant
sea-of-leads chip-to-substrate interconnects designed to meet
future I/O needs [14]. The fabricated air-gaps were used for
out-of-plane ( -axis compliance) mechanical performance.
The inclusion of air-cladding regions around optical waveguides provided high core-to-cladding refractive index contrast
providing optical confinement [15]. A critical attribute of the
temperature for forming the air-gap is that the electrical and
optical structures are not distorted during the fabrication. A
functional overcoat was formed over air channels made by
use of a sacrificial polymer as part of a microfuel cell [16]. In
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this case, the overcoat dielectric served as the proton exchange
membrane of the fuel cell. Several other approaches to the
formation of air-gaps have been reported. Suh et al. used a
dendritic material as a dry-release sacrificial material in the
fabrication of cantilever beams [17]. Gleason and Lee reported
the fabrication of air gaps using the hot-filament chemical
vapor deposition of polyoxymethylene as a sacrificial layer
[18]. Harnett et al. demonstrated the use of polycarbonates
as a sacrificial material in fabricating nanofluidic devices by
electron beam lithography [19]. The fabrication of buried air
channels is useful for the creation of vias in multilevel wiring
boards, microdisplay boards with high resolution, and ink-jet
printer heads.
Microfluidic reactors incorporating air gaps can be used
for miniature-scale chemical syntheses, medical diagnostics,
and microchemical analysis and sensors [20], [21]. Chuang
et al. reported the fabrication of embedded microchannels and
microfluidic structures by employing dosage-controlled UV
exposure on a thick SU-8 resist and antireflection coating on the
bottom surface to prevent the reflection UV light from inducing
exposure [22]. These applications require the formation of
buried microchannels in several different materials at a variety
of temperatures.
Micromechanical beam resonators are used in a variety of
sensing and frequency filtering systems and also can find application in resonant sensors such as chemical sensors, pressure
sensors, gyroscopes, and accelerometers [23]. The packaging
of resonators is important, as the resonant beam is sensitive
to moisture, dust, and other particles in the atmosphere which
interfere with beam movement. Thus, encapsulation of these devices is important to facilitate the handling, transportation, and
usage of these devices in nonvacuum conditions. This paper reports a general-purpose packaging method for MEMS devices.
The packaging method is demonstrated on micromechanical
beam resonators fabricated on 100-mm silicon-on-insulator
(SOI) substrates. The Q-factor and the frequency of the resonators before and after packaging are reported, and show that
the resonator packaging does not alter the device performance.
Polymer encapsulation is an intermediate packaging scheme,
and can be sufficient for MEMS devices that do not require
hermetic packaging, such as accelerometers, tunable capacitors, or magnetic sensors. Hermiticity and vacuum operation
can be obtained by coating thin-film metal overcoats onto the
polymer package. Chromium, gold, aluminum, and titanium
with thickness of 0.5–4 m have been deposited on top of
Avatrel to form a metal–organic membrane [24].

II. EXPERIMENTAL
The overcoat polymer was Avatrel 2195, an epoxy-based
polynorbornene copolymer (Promerus, LLC, Brecksville, OH).
Avatrel is a negative-tone photosensitive material. The sacrificial polymer was Unity 2303, a carbonate-based polymer
(Promerus, LLC). The process steps and materials used in the
packaging of the MEMS structures will be presented in the next
section.

TABLE I
DESIGN PARAMETERS OF THE FABRICATED MICRORESONATORS

Fig. 1. Fabrication sequence for the formation of MEMS package via reactive-ion etching of nonphotosensitive sacrificial polymers.

III. POLYMER-PACKAGING PROCESS DETAILS
The polymer-based packaging of microresonators was
achieved by two approaches: patterning via reactive-ion etching
(RIE) the sacrificial polymer and patterning via photosensitive
sacrificial polymer. The fabricated microresonator’s design
parameters like physical layout size, design resonant frequency,
and mode of excitation are listed in Table I.
The fabrication sequence for the formation of MEMS
package via reactive-ion etching of nonphotosensitive sacrificial polymers is shown in Fig. 1. First, a nonphotosensitive
Unity 2303 was spin-coated on to the wafer where an array of
micromechanical beam resonators are prefabricated for packing
(Step a). The Unity film was soft-baked at 110 C for 10 min
on a hotplate, and the thickness of the film was measured.
Next, plasma-enhanced chemical vapor deposition (PECVD)
silicon dioxide (1 m) was deposited on the Unity sacrificial
polymer film at 100 C. The SiO was used as a hard mask
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Fig. 2. Fabrication sequence for the formation of MEMS package via photopatterning photosensitive sacrificial polymers.

for subsequent patterning of the sacrificial polymer. Metal,
such as Ti, Al, or Ti–Au can also be used for this purpose. The
hard mask was patterned by standard photolithography using
Shipley Microposit 1827 photoresist and MF 319 developer
(Step b). The SiO was wet etched using buffered oxide etch,
BOE (1:6 HF/H O). Reactive-ion etching was used to etch the
exposed Unity polymer followed by etching of the remaining
SiO hard mask (Steps c and d). The RIE polymer etch conditions are as follows: 15 sccm Ar, 40 sccm O , power 400 W,
pressure
250 mTorr at 35 C. A thin layer of PECVD SiO
was deposited on top of the Unity patterns before encapsulation
to provide good mechanical strength of the air-cavity after the
sacrificial polymer was removed by decomposition (g). The
Unity patterns were encapsulated using Avatrel polymer overcoat. The Avatrel was patterned to open the bond pads (Steps
e and f). After encapsulation of the patterned Unity polymer,
decomposition was carried out in a Lindbergh tube furnace in a
nitrogen atmosphere (Step g) at 280 C. The decomposed Unity
polymers produce gaseous products that permeated through the
Avatrel overcoat polymer releasing the MEMS device enabling
further electrical characterization and testing of the device
performance after packaging.
The fabrication sequence for the formation of MEMS
package by use of a photosensitive sacrificial polymer is
outlined in Fig. 2. First, a thick sacrificial polymer layer (approximately 10 m) of Unity 2303P was spin-coated (Step a).
The wafer was then soft-baked on a hotplate at 110 C for 10
min, and the thickness of the polymer film was measured. The
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deep UV exposures (248 nm, 1 J/cm ) were performed using
a Karl Suss MJB 3 mask aligner by selectively masking the
resonator beams (Step b). Exposure doses were measured by
using a Karl Suss Ultra-Violet intensity meter (model 1000)
radiometer with a 248-nm probe. The film was bake-developed
at 110 C for 8–10 min to decompose the exposed area (Step c).
m SiO ) was deposited before enA thin protection layer (
capsulation to provide additional mechanical strength. This was
followed by the encapsulation of the sacrificial material using
a polymer overcoat, Avatrel and subsequent photopatterning
(Steps d and e). The unexposed area of the sacrificial polymer
that is covering the beams was decomposed by heating at 170 C
to 260 C to form air-cavities where the beam resonators were
concealed (Step f).
The sacrificial material used in the RIE and photopatterned methods was a polycarbonate-based polymer [25]. The
nonphotosensitive version was formulated by dissolving the
polymer in a solvent without the photoactive compound. The
nonphotosensitive version of the polycarbonates decomposes
between 250 C and 300 C and the absence of the photosensitive compounds reduces the chances of residue. The polycarbonates can be photopatterned by the addition of a photo-acid
generator (PAG), to the polymer solution. Introduction of a
PAG such as diphenyliodonium or triphenylsulphonium salts,
into the polycarbonates, results in a UV-sensitive material.
Upon irradiation to UV light, the onium salts undergo a photolysis reaction. The organic cation of the PAG decomposes
and a strong acid is generated. The protonic acid initiates and
catalyzes the degradation of polycarbonate in the subsequent
heating step at a lower temperature than the nonphotosensitive
polymer thus enabling photopatterning via bake development.
The remaining Unity can be decomposed thermolytically by
activating the PAG at 180 C. A detailed study related to
the sacrificial photosensitive polycarbonates, the operating
mechanism of the acid-catalyzed decomposition, and residue
analysis has been reported [25]. Incorporation of the PAG into
the formulation simplifies the photopatterning process and also
lowers the decomposition temperature to 100 C–120 C for
UV exposure and 180 C for thermally activated PAG. Negligible residue is formed when the photosensitive polycarbonate
is used after decomposition at 170 C–180 C range. When
nonphotosensitive polycarbonate was decomposed at 260 C,
no visible residue was observed under an optical microscope.
After exposure to 1 J/cm irradiation at 248 nm, the photosensitive polymers patterns were decomposed at two different temperatures, 260 C and 180 C for 2 h. The activation and thermal
decomposition of the PAG is shown in Fig. 3. Energy dispersive X-ray fluorescence (EDS) was used to analyze the residue
after thermal decomposition of the polymer. From the EDS data
shown in Table II, it is clear that the sample decomposed at
260 C had thinner residues than the one decomposed at 180 C.
At high temperatures, lower fluorine content (3.54 %) was detected. The fluorine is a by-product of the pentaflourobenzene
moieties in the PAG that remain after the decomposition of the
PAG. The presence of pentafluorobenzene, as shown in Fig. 3,
was detected by the mass spectral characterization studies in a
previous study [25]. When the samples were not UV exposed
and decomposed at 260 C for 2 h, the fluorine was 2.25%.
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TABLE II
EDS RESULTS OF THE ELEMENTAL COMPOSITION OF THE RESIDUAL MATERIAL
REMAIN AFTER DECOMPOSITION OF SACRIFICIAL MATERIALS

Fig. 4. Representative SEM image of the (a) unpackaged 2.6-MHz SOI beam
microresonator and (b) and (c) images of the Unity 2303 patterns on the microresonators via etching method.

Fig. 3. Photolytic/thermolytic decomposition mechanism of the PAG.

The PAG goes through the same decomposition mechanism,
Fig. 3, whether decomposed photolytically or thermolytically.
The UV-exposed sample gave higher fluorine content than the
non-UV-exposed sample when the samples were both heated
at 260 C for 2 h. It appears that the more efficient acid generation method using both photolytic (when UV exposed) and
thermolytic (when the temperature reaches the decomposition
temperature of the PAG) increases the rate of acid generation
and fluorine-based byproduct residue. The carbon and oxygen
content were lower in samples that were heated at 260 C, compared to those heated to 180 C. As can be seen from the data
when the samples decomposed at 260 C, there is higher percentage of Si as compared to those decomposed at 180 C. At
higher temperature, the thermal decomposition of the polymer
and PAG into small, volatile products is more efficient.

Fig. 5. (a) SEM image of a single fully packaged microresonator and (b) its
cross-sectional image via photopatterning method.

Fig. 4 shows SEM micrographs of the unpackaged resonator,
array of resonators patterned with Unity 2303, and a 2.6-MHz
resonator patterned with Unity 2303 via RIE. Fig. 5 shows an
expanded view of a single packaged microresonator and a crosssectional image of the resonator surrounded by an air-cavity.
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Fig. 7. Plot of Avatrel thickness versus beam oscillation time upon heating at
different temperatures.

Fig. 6. Frequency response of the 2.6-MHz SOI beam microresonator (a) before and (b) after packaging in vacuum chamber heated at 200 C after 2 h of
waiting time; the IF bandwidth is 10 Hz, the ac voltage is 0 dBm, and the polarization voltage is 50 V.

IV. ELECTRICAL CHARACTERIZATION AND
PERMEABILITY EVALUATION
The microresonators packaged via RIE patterning (Fig. 1)
were tested under vacuum. The resonator pads were directly
probed, and an ac signal was applied using an Agilent network
analyzer. A dc polarization voltage of 50 to 80 V was applied
to the substrate by direct probing. Fig. 6 shows the frequency
response of a sample 2.6-MHz microresonator in vacuum before and after packaging. A Q-factor of 4500 was measured
for a sample resonator before and after packaging. The Q of
these beam resonators in vacuum is limited by support loss
and thermoelastic damping [26], [27]. Some of resonators were
tested one month after polymer encapsulation, and no change
was observed compared to resonators that were tested right
after encapsulation.

The beam resonator shown in Fig. 5 is completely encapsulated (overcoated) by Avatrel polymer. There is no vent hole for
degassing the resonator cavity. Thus, in order to create a vacuum
in the enclosed cavity surrounding the beam resonator in Fig. 5,
the sample was placed in an evacuated chamber and the air was
allowed to permeate through the overcoat material. The vacuum
chamber was maintained at 0.1 mTorr, and the oscillation occurred when the pressure surrounding the resonator decreased
below 4 Torr. For a 20- m-thick Avatrel overcoat, it took 2 h
for the gas pressure surrounding the resonator beam to decrease
to a value where the beam could oscillate. The permeability of
the overcoat Avatrel increases at elevated temperature. When
the packaged resonator was heated to 150 C and degassed in
a vacuum chamber, it only required 1.5 h for the beam to resonate due the higher permeability of air through the overcoat
(i.e., degassing of the cavity). A series of resonators were packaged with different Avatrel overcoat thicknesses and degassed
in a vacuum chamber. Fig. 7 shows a plot of Avatrel thickness
versus time in the vacuum chamber to achieve beam oscillation
at different temperatures (25 C, 100 C, and 150 C). The time
to degas the enclosed cavity decreased at higher temperatures
and decreased with thinner overcoats. It is clear from the plot
that the onset beam oscillation time is reduced at lower thickness of Avatrel and upon heating the substrate at higher temperatures [24].
Permeability of a gas (nitrogen) with total mass of , inside an air-cavity encapsulated with Avatrel overcoat with thick, and area,
, with pressure difference of ,
ness,
is defined as [28]
(1)
is the gas flow rate through the polymer cap. With
where
different Avatrel overcoat thicknesses (20, 10, 7, and 4 m), the
permeability of nitrogen gas through the Avatrel overcoat for
packaged resonators was calculated to be 0.89, 1.29, 1.57, and
g/cm-s-Torr), respectively (Table III).
1.40 (
During polymer encapsulation, the buffer oxide layer thickness is between 0.5 to 1 m [29], while Avatrel overcoat is usually thicker than 10 m. Therefore, changing the SiO buffer
thickness from 0.5 to 1 m did not change the measured permeability of Avatrel for different batches of resonators.
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TABLE III
PERMEABILITY AT DIFFERENT AVATREL THICKNESSES

Fig. 9. SEM images of (a) an array of packaged microresonator and (b) a single
microresonator via photopatterning method.

microresonator was quantified by measuring the mechanical
quality factor Q
(2)
where

Fig. 8. SEM images of the Unity 2303 patterns on the microresonators (a and
b) via photopatterning method.

V. EVALUATION OF PACKAGE PERFORMANCE
The microresonators packaged by using the photosensitive
polymer were tested while in wafer-form inside the vacuum
probe station. An array of photopatterned resonators using
10 m of Unity 2303 were fabricated, Fig. 8, and tested.
Fig. 9 shows the array after packaging and a top view of a
single packaged resonator. Fig. 10 shows an optical micrograph
of the top of packaged resonator. The Avatrel overcoat is
transparent so that the released resonator beam can be seen
under the Avatrel. The dc polarization voltage used to test the
resonators was 50 to 80 V. A network analyzer was used in
a two-port configuration. The operating performance of the

is the overall energy applied to the resonator,
is the dissipated energy,
is the resonance frequency,
and BW is the measured bandwidth. Table IV compares the
resonant frequency and the Q factor of the resonators before
and after packaging. On average, the fundamental resonant
frequencies of the tested microresonators decreased about 1.3%
after packaging. This experiment proves that thermal decomposition of the Unity sacrificial polymer and the packaging
process does not alter the device performance significantly.
Some degradation in Q factor after encapsulation is believed to
be due to small residues of the sacrificial polymer on the beam
surface, which can increase the surface loss.
The packaging yield (fraction of the packaged beams which
resonated) was greater than 80% in our laboratory environment,
The reduction in yield after packaging may be due to the nonideal shape of the air-cavity in some resonators because of the
misalignment or lithography errors, and not due to the packaging process. Additional studies addressing vacuum encapsu-
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TABLE IV
( ): FUNDAMENTAL RESONANT
RF RESPONSES BEFORE AND AFTER PACKAGING OF MICRORESONATORS.
(
): QUALITY FACTOR (
)
FREQUENCY OF THE UNPACKAGED (PACKAGED) RESONATOR
OF THE UNPACKAGED (PACKAGED) RESONATOR

Q Q

f f

Q

VI. CONCLUSION
A low-cost, high-volume polymer-based wafer-level packaging of microresonator devices was demonstrated. The packaging technique does not involve wafer bonding or wet-etching
of SiO sacrificial thin layers. The packaging technology involves the thermal decomposition of a sacrificial polymer that
results in organic volatiles upon heating and permeation through
a dielectric overcoat. A Q factor of about 4500 was measured before and after packaging for a typical 2.6-MHz beam resonators.
This wafer-level packaging can be applied to a wide variety of
MEMS devices including gyroscopes, accelerometers, tunable
capacitors, and RF MEMS switches.
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