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ABSTRACT

This paper presents a wafer-level MEMS vacuum pack-
aging process by using RTP (Rapid Thermal Processing)
aluminum-to-nitride bonding. The measured quality factor
of a vacuum-packaged comb-resonator is 1800±200 corre-
sponding to a 200mTorr vacuum inside the packaged mi-
cro cavity. Both long-term and accelerated vacuum stabil-
ity tests are conducted to characterize the durability of
the packages. It is found that the vacuum quality has
not degraded over a period of 9 weeks under regular en-
vironment and over a period of 24 hours under a harsh
environment(130oC, 2.7atm and 100% RH) in the autoclave
test. In an effort to address the issue of post-packaging fre-
quency tuning, a pulsed laser deposition method is devel-
oped by using either indium or aluminum as the deposition
material for frequency tuning. A maximum of 18.1% re-
duction in frequency has been achieved and a first-order,
linear model is found adequate to explain the frequency
tuning results.

INTRODUCTION

Vacuum packaging is an enabling technology for MEMS
resonators to ensure high precision performances. For ex-
ample, MEMS resonators have the advantages over conven-
tional microelectronics for narrow bandwidth (high quality
factor) applications in wireless communications[1]. Since
the dominant energy loss of mechanical resonators in the
micro scale is the air damping effect[2], vacuum packag-
ing is key to achieve high quality factor. For example, the
quality factor of comb-shape resonator is around 20-40 as
measured in air and can be as high as 50000 in a 10−7Torr
vacuum[2].

Various vacuum packaging processes have been reported
and drawbacks for practical implementation can be identi-
fied in previous approaches. For example, extra lithography
and processing steps are required in a wafer-level, silicon ni-
tride vacuum encapsulation process[1]. In the approach of
localized resistive heating and bonding process, difficulty
in wafer-level packaging[3] is identified. Recently, wafer-
level RTP(Rapid Thermal Processing) bonding process for
MEMS packaging applications is proven to be effective and
easy for implementation with proven long-term stability

[4, 5]. This paper advanced the RTP bonding technology
further by demonstrating the feasibility of MEMS vacuum
packaging.

In another packaging related issue, post-packaging trim-
ming by means of pulsed laser deposition (PLD) is ad-
dressed. The background of the work comes from pro-
cess variations in making microstructures, such as local
geometrical variations and local mechanical property vari-
ations. As a result, it is difficult to precisely control
the dynamic characteristics of micro resonators and post-
fabrication tuning is required. Several researches in the
area of MEMS resonator tuning have been reported on two
resonator components: spring and mass. In the spring
tuning mechanisms, either thermal joule heating[6, 7] or
electrostatic force pulling[8] have been proposed. In the
mass tuning mechanisms, the MEMS resonator mass can
be modified by localized CVD deposition[9]. A new ap-
proach for frequency tuning by using PLD(Pulsed Laser
Deposition) is demonstrated in this paper. It has the ad-
vantages of precise process control, versatility and can be
easily implemented into the packaging process as compared
with previously demonstrated methods.

VACUUM PACKAGING PROCESS AND
RESULTS

Figure 1(a) shows the schematic illustration of the RTP
MEMS vacuum packaging process. Comb-shape microres-
onators are chosen as the vacuum packaging examples in
this paper and a standard surface-micromachining process
is used to fabricate these microresonators. One major de-
sign addition is that an integrated sealing ring using silicon
nitride as the topmost layer in incorporated for the purpose
of aluminum-to-nitride bonding[5]. The glass cap wafer is
deposited and patterned with 4 µm-thick aluminum sealing
rings. The aluminum ring width ranges from 100 to 250 µm
and bonding area ranges from 600x600 to 1000x1000 µm2.
Before the vacuum packaging process, both the device and
cap wafers are baked in vacuum at 300oC for various pe-
riods to dry out water and gas species adhere at the sur-
face. Afterwards, the device and cap wafers are flip-chip
assembled immediately and loaded into a quartz chamber
as shown in Fig. 1(b). and put into a RTP chamber. The
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Figure 1: Experimental setup for RTP vacuum packaging.
(a): The schematic diagram of the vacuum packaging pro-
cess using RTP Al-to-nitride bonding. (b): Quartz cham-
ber for RTP vacuum packaging.

base vacuum estimated at 10 mTorr inside the quartz cham-
ber is achieved by using a mechanical pump. After heating
for 10 seconds at 750oC, the aluminum-to-nitride bond is
formed.

Figure 2 shows the measured spectrum of a vacuum-
packaged, double-folded beam comb-drive resonator by us-
ing a micro-stroboscope[10]. The central resonant fre-
quency is at about 18625 Hz and the quality factor is
extracted as 1800±200 corresponding to a pressure level
about 200 mTorr inside the package[1]. In order to monitor
the long-term stability of the vacuum packages, the quality
factors of various devices are recorded up to 9 weeks, as
shown in Fig. 3. Three vacuum-packaged micro resonators
are tested. The quality factors of the resonators are 1800,
400 and 200, corresponding to different pre-baking time in
vacuum of 12, 4 and 0 hours, respectively. It can be ob-
served in Fig. 3 that the quality factor increases when the
pre-baking time period in vacuum increases. Furthermore,
the vacuum levels hold up well under the regular operation
environment because the value of the quality factor remains
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Figure 2: The spectrum of a vacuum packaged comb-
resonator measured by a microstroboscope. The quality
factor is extracted as 1800±200 corresponding to a pres-
sure of 200 mTorr inside the package.

the same within experimental error bars. However, in or-
der to determine an optimal pre-baking procedure, further
investigations are necessary.
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Figure 3: Long-term stability tests up to 9 weeks. Three
sets of vacuum packaged resonators with different pre-
baking procedures are tested. The resulting Q inside the
package increases with pre-baking time.

In addition to the regular operation environment, it is
important to characterize the vacuum quality under harsh
environment. Vacuum-packaged comb-resonators are put
into harsh autoclave testing environment(130oC, 2.7 atm
and 100%RH) for accelerated testing. The high pressure,
high temperature and steam conditions could raise corro-
sion against the bonding interface and accelerate the gas
diffusion process into the vacuum cavity. The spectrum
of a comb resonator before and after a 24-hour continu-
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ously harsh environment testing are shown and compared
in Fig. 4. In this case, the quality factor maintains at 200
after 24 hours of storage in the autoclave testing chamber.
Since the slight differences between the two spectrum are
within the normal experimental errors, a conclusion may
be drawn that this harsh environment test does not affect
the vacuum seal.
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Figure 4: Accelerated testing results of a vacuum-packaged
comb-resonator. The quality factor stays at 200 after 24
hours in the autoclave chamber under 130oC, 2.7atm and
100% RH.

To further characterize the bonding quality, 60 MEMS
packages formed by RTP Al-to-nitride bonding were sent to
Sandia National Laboratory for MIL-STD-883E hermetic-
ity testing[11]. The packaged devices are first tested us-
ing the gross leak check by using a combination of mass-
increase and bubble-check testing methods. Samples are
immersed into 60 psi FC-72 fluid for 3 hours and weighted
afterwards. An increase in weight will confirm a leakage
into the packages. The samples are also heated over the
FC-72 boiling temperature and the observation of bubble
formation inside the packages will also confirm the leak-
age. After the packages have passed the gross leak tests,
helium fine leak tests are performed. The packaged devices
are first baked at 150oC for 2 hours to dry out water and
put into a chamber with pressurized 60 psi helium for 2
hours. The packages are tested using a helium detector of
a 10−8 atm-cc/sec scale. All 60 packages have passed the
MIL-STD-883E gross and fine leak tests. The helium fine
leak rate was found less than 5 × 10−8 atm-cc/sec. The
examination on the quality of the bonding interface is con-
ducted under SEM. Figure 5 shows the SEM photo of the
silicon substrate where the bonding interface is examined
after forcefully breaking the aluminum-to-nitride bond. It
is observed that the glass debris is attached to substrate
and fractures are formed in the silicon bulk. Part of the
glass wafer is also fractured and attached to the silicon
substrate as a strong bond is accomplished.

Figure 5: SEM microphoto of the silicon substrate after the
Al-to-silicon nitride bond is forcefully broken. Bulk glass
is found on the silicon substrate.

POST-PACKAGING FREQUENCY
TUNING BY PLD
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Figure 6: Schematic diagram showing the frequency tuning
process by post-packaging PLD.

The working principle of the PLD frequency tuning pro-
cess is illustrated in Fig. 6. After the MEMS packaging
process is completed by using RTP Al-to-nitride bonding,
a pulsed laser(6 nano-second, 532nm, 0.6mJ) is introduced
to locally vaporize the metal thin film that was deposited
on the Pyrex-glass packaging cap. The same bonding ring
material such as aluminum can be used as the PLD depo-
sition material. A shuttle plate is designed as part of the
resonator to allow the re-deposition of the donor metal such
that a reduction in resonant frequency is expected. Un-
der a high intensity and short pulse laser irradiation, the
metal vapor can be built up at the metal film-glass interface
[12, 13]. Before the metal film layer is melted through-out,
the vapor pressure is high enough to push and separate the
rest of the metal film for deposition on to the accepting
substrate as in the illustration.
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Both indium and aluminum have been used as the fre-
quency tuning donor metal materials in this work. Figure.7
shows the SEM micrograph of a resonator after the PLD
process by using indium as the deposition material. A
chunk of indium is deposited on to a shuttle plate of a mod-
ified comb-shape resonator that has one side of the folded-
beam structure replaced with a shuttle plate. Figure 8
shows the measured spectrum of a resonator before and af-
ter the PLD tuning process and a -1.2% of frequency change
is observed. The quality factor after the PLD process seems
to increase as shown in this figure and further investigation
is required to understand the fundamental mechanism. It
can be shown from a linear spring-mass vibration model
that frequency change, ∆f , mo and m has the following
relation,

∆f =
f − fo

fo
=

√
mo

mo + ∆m
− 1 (1)

where fo and f are the natural frequency of the microres-
onator before and after PLD, respectively. In this work,
mo, the original mass, is calculated using comb-resonator
layout and ∆m, the mass increment, is estimated by us-
ing an image processing software and SEM microphotos to
estimate the deposition area and thickness. As shown in
Fig. 9, a linear correspondence is observed as predicted by
a the linear undamped spring-mass model(dashed line). A
maximum frequency change of -18.1% is achieved.

Shuttle Plate

PLD Indium

Anchor

Figure 7: SEM microphoto of a MEMS resonator with mass
deposited by PLD indium.

CONCLUSIONS

In this paper, MEMS vacuum packaging process based
on RTP aluminum-to-silicon nitride bonding has been de-
scribed. The quality factor of a vacuum-packaged comb-
resonator has been measured as 1800±200 corresponding to
a pressure about 200mTorr inside the package. The effect
of pre-baking period in vacuum prior to bonding has been
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Figure 8: Spectrum measured by a microstroboscope of a
resonator before and after PLD frequency tuning process.

(mo/(mo+∆m))0.5 - 1

∆f
 (

%
)

-20

-15

-10

-5

0

0 0.05 0.1 0.15 0.2

Figure 9: Experimental results showing a linear corre-
spondence of frequency shift(∆f, in %) with respect to
(mo/(mo + ∆m))0.5 − 1 as predicted by an undamped
spring-mass model.

shown to have great effects on the vacuum encapsulation
level. It is found that the quality factor increases with in-
creasing pre-baking time under vacuum environment. The
long-term stability tests of the vacuum packages have been
carried out for up to 9 weeks. The Q remains stable
over time and it indicates the vacuum quality has not de-
graded. Furthermore, vacuum-packaged comb-resonators
have been placed in an autoclave chamber(130oC, 2.7 atm
and 100%RH) for 24 hours for accelerated testing. It is
found that the quality factor stays at 200 and the the vac-
uum quality inside the package has not been affected by
the harsh environment.

A post-packaging frequency tuning technique by PLD
has been demonstrated by using either indium and or alu-
minum as the donor material. The spectrum of a MEMS
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resonator is measured before and after the PLD frequency
tuning process and a maximum resonant frequency re-
duction of 18.1% on a modified comb-shape resonator is
demonstrated. It is found that a first-order, undamped
spring-mass vibration model explains well for the PLD tun-
ing experimental results.
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