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Abstract— This paper demonstrates a post-fabrication tech-
nique for creating highly compliant structures inside a her-
metic, wafer-scale encapsulation process. Single crystal silicon
micro-tethers were fabricated alongside compliant structures to
temporarily provide additional anchoring and increased device
rigidity during the fabrication process. This technique mitigates
in-process stiction for compliant devices by tethering the large,
free-moving structures during fabrication. After successful fab-
rication, the micro-tethers can be selectively removed by two
methods. The first method utilizes a potential voltage difference
across the device. Joule heating can be concentrated in the micro-
tether and the device separated after supplying requisite heat
energy. The second method utilizes mechanical fracturing where
a large external force is applied to separate the device from the
tether. Micro-tethers in this paper were attached to differential
resonant beam accelerometers, and were designed for detachment
by each method: Joule heating and mechanical fracture. Our
results show that the 40µm thick device can be successfully
detached by both methods, indicated by the device sensitivity
increase from ∼100 Hz/g to ∼400 Hz/g. [2018-0091]

Index Terms— DRBA, epi-seal, fuse tethering, joule heating,
MEMS accelerometer, micro-tethering, silicon fracturing, stiction
mitigation, wafer encapsulation.

I. INTRODUCTION

MEMS inertial sensors have received increasing interest
in recent years over a wide range of applications.

Silicon MEMS inertial sensors can be batch fabricated
using well-developed CMOS micromachining technology.
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This means that large numbers of MEMS sensors can be
co-fabricated and directly integrated with CMOS technology,
providing low manufacturing costs and low noise performance.
Additionally, these inertial sensors can be fabricated on the
micro-scale, resulting in small footprints on the order of a
few millimeters. Commercial use of MEMS technology has
been traditionally limited, with roots related to applications
in the automotive industry. However, with recent emerging
technologies such as smart phones, the internet of things
(IoT), wearable devices, gaming, and augmented/virtual real-
ity, MEMS inertial sensors have begun to see a much wider
range of consumer applications [1]–[6]. MEMS technology is
well suited for such applications due to their small size, low
cost, and CMOS integration.

In addition to the consumer market, MEMS inertial sensors
have received attention for navigation grade applications due to
recent advancements in MEMS technology. High performance,
navigation grade MEMS inertial sensors have been demon-
strated in recent years [7]–[10]. These high-performance sen-
sors are critical for the miniaturization of dead reckoning and
inertial navigation systems.

One such advancement towards miniaturized high per-
formance inertial sensors is a MEMS packaging technol-
ogy known as Epi-seal. The Epi-seal process is capable of
hermetically packaging inertial sensors at the wafer-scale.
Packaging at the wafer-level allows for batch hermetic
sealing of the devices with minimal footprint. Previ-
ous studies have demonstrated the extreme robustness of
the Epi-seal fabrication process, showcasing little to no
aging [11], [12] or fatigue [13]. Other studies have shown
navigation grade performance of the MEMS inertial sensors
fabricated in this process [14]–[16]. Many of these features
may be attributed to the sealing process which occurs inside
an epitaxial silicon reactor. The devices are sealed at a very
high temperature (∼1100C) which smooths the single crystal
silicon sidewalls due to hydrogen annealing [17]. Addition-
ally, the devices are sealed in a hydrogen ambient environ-
ment, which can be diffused out of the wafer encapsulation
creating a low pressure operational environment less than
1Pa [18].

The devices in this study were fabricated using the Epi-seal
fabrication technology. The predominate challenge to fabricat-
ing high performance, highly sensitive MEMS inertial sensors
in any MEMS process, including Epi-seal, is stiction. Stiction
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is the event when two surfaces come into contact and adhere,
typically with catastrophic consequences regarding device
operation.

Stiction may occur during device fabrication, known as
in-process stiction, which can be caused by capillary forces
during removal of sacrificial materials, large inertial forces
from process steps such as spin coating or wafer han-
dling, or electrostatic forces [19]–[21]. Stiction may also occur
post-fabrication and is known as in-use stiction. Common
sources of in-use stiction are large inertial and electrostatic
forces.

Stiction and stiction preventative measures in MEMS have
been studied in depth over many years [22]–[24]. Unfortu-
nately, due to the CMOS cleanliness standards and extremely
high sealing temperature of the epitaxial furnace, many of
the in-process stiction preventative measures are incompatible
with the Epi-seal technology. Passive and active anti-stiction
measures, such as bump, spring, and resonant stops have been
demonstrated in the Epi-seal process which may mitigate both
in-use and in-process stiction of devices [21], [25]. However,
these techniques only mitigate in-plane stiction where stiction
surfaces reside side-by-side. The device geometries of many
inertial sensors are highly compliant in the out-of-plane direc-
tion, resulting in devices which are compromised by out-of-
plane stiction. This problem is exacerbated in Epi-seal by the
extremely smooth SCS surfaces-particularly during the releas-
ing of sacrificial silicon dioxide with vapor phase hydrofluoric
acid (vHF), which is followed by high temperature sealing at
1100C in the epitaxial silicon reactor.

Figure 1 (top) shows the SEM of a representative Epi-seal
MEMS inertial sensor. The encapsulated system can be seen
with aluminum metal layers for electrical contact and routing.
The encapsulated accelerometer was cleaved to show the proof
mass of the differential resonant beam accelerometer (DRBA).
Figure 1 (bottom) shows an enhanced picture of the DRBA
proof mass, revealing the proof mass silicon which has been
fused to the silicon handle layer. The root cause for this
catastrophic device failure was out-of-plane stiction, followed
by high temperature annealing of the silicon-silicon contact
interface, causing fusion of the two surfaces.

The results of the preliminary investigation were that very
poor yield was achieved for the Epi-seal DRBA MEMS inertial
sensor. The poor yield performance was caused by stiction due
to large out-of-plane compliance. Conventional anti-stiction
measures such as bump stops were implemented, yet failed
to reduce stiction. It remains desirable to fabricate highly
sensitive inertial sensors, thereby requiring the fabrication
of highly compliant structures. For these reasons, a micro-
tethering technique was developed which would be suitable
for mitigating the in-process stiction of the highly compliant
MEMS inertial structures.

II. MICRO-TETHERING

Silicon tethering, or micro-tethering, is a technique devel-
oped to aid in the fabrication of compliant MEMS struc-
tures by temporarily fixing large released areas to secondary
anchoring locations during fabrication. Temporarily fixing
these mechanical structures during fabrication helps to prevent

Fig. 1. SEM of encapsulated differential resonant beam accelerome-
ter (DRBA). (Top) Cleaved encapsulated device showing the accelerometer
proof mass. (Bottom) Zoomed image of accelerometer proof mass. Image
shows silicon proof mass was fused to the silicon handle wafer during
fabrication, resulting in catastrophic failure of the MEMS device.

critical stiction events which typically plague these devices.
Post-fabrication detachment of the mechanical structures from
their temporary anchors may be achieved by two methods.
The first method is known as fuse tethering, where a potential
voltage difference is applied across the device. The device
and silicon tether are designed such that Joule heating is
concentrated in the device tether. When sufficient heat energy
has been applied, the device is released from the tether.
The second method is simply mechanical fracture of the silicon
tether, which results in release of the MEMS structure from
the temporary fabrication anchors.

The first implementations of fuse-tethering can be traced
back to applications in CMOS Erasable Programmable Read-
Only Memory (EPROM) where polysilicon fuses were fabri-
cated and destroyed to create digitally programmed EPROMs
[26]. More recently, MEMS fabrication techniques have been
utilized to study and understand silicon fuses for MEMS appli-
cations [27]–[29]. However, these applications investigated
2μm thick polysilicon fuses with applications towards micro-
resonator trimming.
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Fig. 2. Device schematic for the tethered differential resonant beam
accelerometer. The released DRBA is doubly anchored at the two voltage
terminals, VH and VL . Joule heating is achieved by applying a potential
voltage difference across the high and low voltage terminals. Encapsulation
heat probe is also shown.

TABLE I

SUMMARY OF DRBA DIMENSIONS

Selective, post-fabrication detachment of silicon structures
through mechanical fracture has been demonstrated in [30].
A mechanical probe was physically pushed into a silicon
structure which had been notched in the out-of-plane direction
using DRIE. The notch in the silicon acted as a stress
concentrator and post-fabrication detachment of the silicon
features was achieved with sufficient force. This implemen-
tation, however, would be precluded by encapsulated MEMS
systems. In addition, individual disassembly in this fashion
would be very time consuming and costly for batch fabricated
MEMS devices.

In this paper we will detail a micro-tethering technique
that is suitable for the fabrication of thick, encapsulated
MEMS structures, in particular inertial sensors. The micro-
tether acts as a temporary mechanical support which prevents
in-process stiction of the inertial proof-mass. The tether is then
selectively fused post-fabrication to release the proof-mass
from the second anchor. The schematic in Figure 2 shows how
the encapsulated micro-tether was implemented. The DRBA
geometry used in this study is similar to that of accelerometers
reported in [31] and [32] and furthers studies presented in [33].
The large, released proof mass of the DRBA was fabricated
with a micro-tether attaching the proof mass to a secondary
anchor location. The secondary anchor prevented stiction of
the proof mass to the substrate floor during fabrication. After
successful fabrication, the proof mass was designed to be
detached from the temporary anchor by two methods. This
is done to achieve high sensitivity operation of the single

anchored DRBA as well as to prevent stress induced frequency
fluctuations from the double-anchored structure [34].

The first method of detachment investigated was by fusing
of the micro-tether with sufficient Joule heating. Joule heating
was supplied by a potential voltage difference applied at the
voltage terminals located at either end of the device. A silicon
contact probe between the encapsulation and the device silicon
was included to ensure Joule heating of the silicon tether could
be monitored from outside the encapsulation. The second
method for detachment was by mechanical fracture of the
silicon micro-tether with a large external force along the lateral
plane of the MEMS device. A large external force to the
structure results in large deflection of the proof mass - inducing
high stress and fracture in the micro-tether, and ultimately
release of the accelerometer proof mass.

III. FUSE TETHERING

Once the inertial sensors have been successfully fabricated
utilizing micro-tethers, the silicon tether must be detached
from the accelerometer proof mass. The first method of fuse
tethering will be discussed in this section. Figure 2 shows
the micro-tethering schematic with the MEMS accelerom-
eter proof mass attached to a second anchor with a thin
silicon tether. For fusing, a high and low voltage terminal
(VH and VL) can be applied to the device bias contact and
the tether electrical contact, respectively. By passing an elec-
trical heating current, the tether can be super-heated. Once
sufficient heating has been supplied, the tether will melt and
disconnect the accelerometer proof mass for single-anchored,
high sensitivity operation.

A. Simulation

COMSOL simulations were conducted during the design
of the tethered accelerometer system to ensure concentrated
heating of the silicon tether. Figure 3 shows the simulation
results for the coupled thermo-electric system. In Figure 3 we
can see the thermal response of the structure when a potential
voltage difference of 1V is applied. The DRBA has long,
thin resonator beams and a notched base which the proof
mass pivots on. Simulations suggest that very little voltage
drop across the stem of the DRBA should be expected, and
that the majority of the design’s electrical resistance and heat
generation is concentrated in the silicon tether.

Joule heating in an electrical medium is directly propor-
tional to the current flowing through a structure and the
structure’s electrical resistance. The total resistance of the
tethered DRBA can mostly be attributed to the thin, sili-
con tether. Simulations in Figure 3 demonstrate the desired
effect of concentrated heat generation and super-heating of
the silicon tether. Assuming ambient temperatures for the
boundary conditions, the silicon tether is shown to reach
temperatures around 305K for a potential difference of 1V,
which supports plausibility for the encapsulated systems with
reasonable voltages.

B. IV Studies of Encapsulated Silicon Bridges

A series of encapsulated silicon bridges were fabricated in
the Epi-seal process as prototypes to confirm findings shown
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Fig. 3. COMSOL simulation of the thermo-electric coupled system. The
thermal response of the DRBA due to Joule heating is shown. Electrical
resistance of the structure was concentrated in the silicon micro-tether,
inducing localized heat generation.

in Figure 3, and to further explore the design space. Silicon
bridges ranging 2μm, 3μm, and 6μm in width and 25μm,
50μm, 100μm, and 200μm in length were fabricated. Each
silicon fuse was fabricated with two probe contacts to simulate
the tethered DRBA test case.

The current-voltage relationships for each set of geometric
parameters were studied, along with various levels of doping
(device resistivity). Figure 4 shows a representative result of
the measurement. A high voltage terminal was applied to one
end of the device using an Agilent E3622A DC power supply.
The low voltage terminal was routed through an Agilent
35501A digital multi-meter to measure current through the
silicon bridges before routing the DC electrical input to ground
potential. Electrical shorts of the silicon bridge to nearby
silicon sidewalls and encapsulation layers was also carefully
monitored. Quasi-static measurements were taken in Figure 4
(top) by averaging ten current measurements with one second
intervals between measurements. Error bars in the figure depict
the variation in the measured data.

Figure 4 (top) shows the current-voltage relationship for a
2μm × 25μm × 40μm silicon micro-bridge. In addition to
current measured through the silicon fuse, current diversions
caused by shorting of the silicon bridge to nearby encap-
sulation silicon was carefully monitored. The relationship
depicted demonstrates the ideal current-voltage relationship for
Joule heating and tether separation. As the voltage difference
applied to the micro-bridge increases, the resulting current, and
heating, through the fuse increases. Current and Joule heating
continues to increase until the silicon bridge reaches a point of
instability at 3.7V. At this point a brief period of shorting to the
encapsulation was observed until ultimately current could no

Fig. 4. (Top) Current-voltage relationship of a 2μm × 25μm × 40μm
encapsulated silicon micro-bridge. Current through the silicon fuse was
measured as well as any leakage current to surrounding silicon sidewalls and
encapsulation layers. Successful fusing of the silicon bridge was achieved with
3.7V at ∼120mA. After fusing, current could no longer flow in the electrical
system. Inset: silicon bridge resistance as a function of the average applied
electric power. (Bottom) Dynamic response of a 2μm × 100μm × 40μm
silicon bridge to a step input of 20V over 600s. The high voltage terminal was
stepped up to 20V at t ∼ 300s. Shorting current to surrounding encapsulation
silicon was also monitored. Inset figure shows silicon fuse response at t ∼
300s when the high voltage terminal was turned on. Instability of the silicon
bridge was observed near ultimate failure.

longer be passed through the silicon bridge due to separation
of the voltage terminals. The dynamic response of the silicon
bridges was also investigated in addition to the quasi-static
current response. Figure 4 shows the dynamic response of
a 2μm × 100μm × 40μm silicon bridge to a step voltage
of 20V. The measurement was conducted in similar fashion as
the previous method, using a NI BNC-2110 DAQ to measure
the dynamic response. The input channel, where the 20V was
applied, was monitored as well as any shorting current to the
nearby silicon sidewalls and encapsulation layers. The voltage
response across the silicon bridge was monitored by creating
a voltage divider with the encapsulated silicon bridge and a
standard carbon-film resistor. Figure 4 (bottom) shows a steady
response to the step voltage increase at ∼ 300s until instability
in the bridge is reached and the voltage terminals separated.

C. Infrared Study of Silicon Bridges
Joule heating of the encapsulated silicon micro-bridges was

further studied using a QFI InfraScope II infrared camera.
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Fig. 5. Infrared imaging of a 3μm × 200μm × 40μm encapsulated silicon
micro-bridge. (a) No Joule heating applied, (b) 2.0V at 38mA, (c) 3.0V at
48mA, (d) 3.5V at 57mA, (e) 4.0V at 75mA, ( f ) 4.5V at 101mA.

The silicon bridge was wire-bonded with high and low voltage
terminals as previously described. Heating current was sup-
plied and gradually increased as the infrared response from
the silicon bridges was monitored using the infrared camera.
Figure 5 shows the infrared response from a 3μm × 200μm ×
40μm silicon bridge. The die was placed on a heating chuck
and heated to an elevated temperature (∼60C) above the ambi-
ent room temperature. Figure 5(a) shows the heated silicon die
with no external Joule heating applied. Images (b)-(f) show
the infrared response from the encapsulated silicon bridge
for applied heating of 2.0V/38mA, 3.0V/48mA, 3.5V/57mA,
4.0V/75mA, and 4.5V/101mA, respectively. In (c)-(e) the thin,
center outline of the 3μm × 200μm heated beam can be
seen through the encapsulation where the heat generation was
concentrated. From (e) to (f) in Figure 5 the voltage was
increased from 3.5V to 4.0V and the current was measured.
The encapsulated silicon tether failed soon after the current
measurement and a large spike in the observed infrared radia-
tion from the encapsulated die was monitored. The outputted
infrared saturated the infrared camera’s sensor; the saturated
areas are depicted in red in Figure 5(f). It has been observed
that for long, thin bridge structures, the super-heated silicon

Fig. 6. Thermal response of a 6μm × 200μm × 40μm encapsulated silicon
micro-bridge. The die was placed on a heated chuck and the temperature was
elevated to ∼60C (a) No Joule heating applied, (b) 1.5V at 46mA, (c) 2.0V
at 61mA, (d) 3.0V at 80mA, (e) 3.5V at 81mA, ( f ) 4.0V at 85mA. Thermal
imaging revealed significant Joule heating at the electrical contact vias,
indicating significant efficiency and power loss. Encapsulation temperatures
above the super-heated silicon bridge were measured at ∼115C.

bridge may come into contact with nearby sidewalls and
encapsulation layers. This is the likely cause for the observed
large spike in infrared radiating from the encapsulated die
during bridge failure. After applying the heating power level
in Figure 5(f), current could no longer flow between the
voltage terminals and was thereby disconnected by fusing of
the silicon bridge.

In addition to infrared monitoring of the encapsulated
silicon micro-bridges, it was possible to calibrate the TCR
of the bridges to determine the temperature profiles of the
encapsulated system. A 6μm × 200μm × 40μm silicon
bridge device was prepared similarly to the previous device
discussed for infrared imaging. The encapsulated die was
placed on the heating chuck and again raised to ∼60C.
Figure 6 shows the temperature profiles of the encapsu-
lated system for increasing levels of Joule heating supplied.
Figure 6(a) shows the temperature profile with no heating
current supplied. Images (b)-(f) show the temperature response
for Joule heating of 1.5V/46mA, 2.0V/61mA, 3.0V/80mA,
3.5V/81mA, and 4.0V/85mA, respectively. A few interesting
observations can be made from these images. First, clear
indications of heating at the electrical contact vias where
aluminum metal contacts the doped polysilicon is visible in
(b)-(f). This suggests that relatively large contact resistances
are present in the encapsulated system where the silicon
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Fig. 7. Infrared images of tethered device as Joule heating is applied. Heating
was concentrated in the tethered beam and encapsulation heat probe. (a) No
Joule heating applied, (b) 5.71V at 23mA, (c) 8.71V at 34mA, (d) 9.71V
at 70mA. Device separation occurred shortly after 70mA. Initial measured
resistance was ∼250�.

electrical contact is made. Additionally, this means that the
supplied Joule heating power to the silicon bridge is reduced
from the ideal case. Again, in (e)-(f) we can see heating is
concentrated in the center of the silicon bridge, with measured
encapsulation temperatures reaching ∼115C.

The studies presented here investigating the current-voltage
relationships and heating characteristics of the encapsulated
silicon micro-bridges provided a great deal of insight for the
design and expectations for fuse tethering of encapsulated
MEMS inertial sensors. The following discussion will focus
on the test case of interest, the differential resonant beam
accelerometer (DRBA). However, very interesting findings
such as the electrical and mechanical properties of super-
heated, doped, single-crystal silicon and package Joule heat
losses merit further investigation.

D. Fuse Tethering DRBA

Silicon tethers were fabricated and attached to the proof
mass of the encapsulated accelerometer as described in pre-
vious sections. Silicon tethers with dimensions of 2μm ×
100μm × 40μm were chosen to prevent unnecessary heating
of the accelerometer proof mass and potential damage during
fusing of the silicon tether.

Post-fabrication fusing of the tethered MEMS DRBA was
achieved in a similar fashion as the silicon micro-bridges of the
previous section, with detailed schematic shown in Figure 2.
Infrared imaging as well as the current-voltage relationship
for the encapsulated DRBA was captured in Figures 7 and
8, respectively. Figure 7 (a)-(d) shows the infrared response
to Joule heating applied to the tethered DRBA for cases of
(a) no Joule heating, (b) 5.71V at 23mA, (c) 8.71V at 34mA,

Fig. 8. Current-voltage relationship of the tethered DRBA system. Fusing
occurred at 9V with <40mA current. Initial measured resistance was ∼178 �.
Inset: linear region of the tether up to 2.5V and less than 14mA.

(d) 9.71V at 70mA. Shortly after applying the heating power
supplied in (d) the voltage terminals were separated by the
tether fuse and current no longer flowed. The clear indication
of Joule heating can be seen in the infrared image and was
concentrated in the silicon tether as desired. No heating was
observed of the accelerometer proof mass or the acceleration-
sensitive resonant beams through the encapsulation. Heating
can also be seen at the silicon contact probe from the top
encapsulation layer to the buried silicon device layer, which
was placed near the end of the tether to detect infrared energy
directly from the encapsulation.

The current-voltage relationship was measured
in Figure 8 in similar fashion as the silicon micro-bridges in
the previous section. The inset of Figure 8 shows the linear
relationship of the current-voltage relationship up to ∼2.5V.
After this point the response becomes increasingly nonlinear
and discontinuous. Discontinuities had been observed in
micro-bridge studies and can be attributed to shorting contact
of the long, thin silicon beams to nearby surrounding
sidewalls and encapsulation silicon. Despite intermittent
shorting events, sufficient Joule heating of the silicon tether
was achieved and the characteristic instability of the tether
was observed before ultimate failure and separation of the
tether. After fusing of the silicon tether, no current is able to
flow and the accelerometer proof mass has been freed from
the secondary anchor.

In this section, successful fuse-tethering of the encapsulated
DRBA was demonstrated for the first time. Simulations and
prototyping using silicon micro-bridges of various geometric
parameters were utilized to provide design insight and intuition
to aid in successful fusing of the MEMS inertial sensor.

IV. MECHANICAL TETHERING

In addition to fuse tethering, the DRBA in this work was
also designed for proof mass detachment using mechanical
force. The encapsulated dies were attached to a deceleration
rig to impose high-g forces on the mechanical structure.
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Fig. 9. SEM of tether beam design showing the DRBA proof mass and micro-
tether before encapsulation. Inset: close-up of notched design for mechanical
fracture.

The tethered DRBA system was designed in such a way as to
concentrate the resulting stress in the micro-tether. This was
achieved by incorporating a notched feature in the micro-tether
design, as shown in the SEM image in Figure 9. The SEM in
this figure was taken immediately after DRIE definition of the
device geometry. A variation of the Epi-seal technology which
incorporates large lateral transduction gaps [18] was utilized to
ensure proof mass deflections did not over-travel and risk the
chance of proof mass stiction to the smooth silicon sidewalls.
Additionally, protruding points were utilized to help instigate
fracture at the desired notched location.

A. Simulation

Simulations performed in COMSOL showed stress concen-
trations in the notched tether region in excess of 5GPa for a
10,000g inertial force, as shown in Figure 10. In addition,
simulations showed less stress concentration in the pivot
location of the DRBA, suggesting that high-g fracture for the
device should take place in the micro-tether first.

B. Test Apparatus

Proof mass separation was achieved using the test apparatus
depicted in Figure 11. The encapsulated MEMS device was
attached to a moving sled which impacted a fixed metal plate
to induce high-g inertial forces. A Piezotronics 350D02 refer-
ence accelerometer was utilized to determine the deceleration
of the sled upon impact. The device was oriented in such a
manner that the impacting g-force acted along the lateral axis
of the encapsulated accelerometer, perpendicular to the axis of
the micro-tether. Separation of the proof mass from the micro-
tether was achieve with an impacting g-force of approximately
10,000gs. Separation of the device was confirmed by probing
the voltage terminals on either end of the device and register-
ing an open circuit.

C. X-Ray Imaging

Mechanical fracture of the silicon tether and release of the
accelerometer proof mass was verified through X-ray imaging.

Fig. 10. COMSOL simulation of tethered DRBA system at 10,000g. Inset:
notched tether with stress concentration >5GPa.

Fig. 11. Test apparatus used to mechanically release encapsulated accelerom-
eter from tether. A moving sled was fabricated and placed on sliding rails.
The encapsulated DRBA (DUT) was fixed to the moving sled along with a
high-g reference accelerometer.The sled was allowed to impact a fixed metal
place, inducing a large inertial shock to the MEMS accelerometers.

Imaging was conducted using a transmission X-ray micro-
scope, Beamline 6-2 at the Stanford Synchrotron Radiation
Lightsource Lab located at the SLAC National Accelerator
Laboratory. Top-view imaging of the encapsulated device
was achieved using methods described in [35], and shown
in Figure 12. In the X-ray image the tip of the accelerom-
eter proof mass can be seen, along with the tether which
held the proof mass in place during fabrication. Along the
silicon tether, a clear point of fracture can be seen. This
corroborates the open circuit measurement from electrical
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Fig. 12. X-ray computed tomography image of the encapsulated DRBA
which underwent mechanical fracturing of the micro-tether. The freed proof
mass along with fractured tether are visible in the image, as well as the large
lateral gap utilized to prevent accelerometer stiction.

TABLE II

TETHERED DRBA SUMMARY OF RESULTS

probing of the device. Silicon annealing can be seen in
the smoothing of the surfaces [17] of the tethered DRBA,
especially the intended fracture location of the tether notch.
Although fracture occurred in the silicon tether as desired,
the fracture location occurred at a position further along
the silicon tether than designed. Future implementations may
take silicon annealing into account for more optimal fracture
placement.

V. CONCLUSION

In conclusion, thick (40μm), encapsulated differential reso-
nant beam accelerometers (DRBA) were temporarily attached
to secondary anchoring locations during fabrication to increase
device rigidity, reduce in-process stiction, and achieve high
sensitivity operation. Two methods were proposed to selec-
tively detach the accelerometer proof mass from the tempo-
rary anchor: fuse-tethering and mechanical fracturing. Infrared
imaging and current-voltage relationships were taken for a
suite of potential silicon tethering dimensions. Tether dimen-
sions of 2μm × 100μm × 40μm were selected for the
DRBA case study and each detachment method, fusing and
mechanical fracturing, were implemented. Table 2 shows a
summary of the accelerometer performance before and after
detachment of the proof mass during a simple ±1g test. For
a small subset of devices, no additional post-fabrication input
was required to achieve the high-performance metrics. This
was likely caused by survival of the critical stiction steps
during fabrication due to increased device stiffness of the
tethered system, with tether separation occurring later during

the fabrication. Table 2 shows the resonant frequency of each
resonant beam, the frequency split of the resonant beams, and
the scale factor response to ±1g. As expected, the scale factor
of the DRBA is diminished while operating in the tethered
mode, with scale factors ∼100 Hz/g. High performance DRBA
operation can be achieved by detaching the proof mass using
either method, with scale factors around ∼400 Hz/g.

VI. FUTURE WORK

The results demonstrated in this work are the first in
achieving temporary anchors for enhanced fabrication survival
and in-process stiction mitigation of encapsulated MEMS
structures. As mentioned in §III.B, interesting behavior of
the electrical properties of super-heated, doped, single-crystal
silicon bridges were observed. This behavior was seen to
depend on the silicon bridge geometry, doping level, and
doping type. Further investigation and understanding of these
mechanisms would lead to greater insight in the design of
silicon fuses.

We also demonstrated an investigation to the temperature
profiles of the encapsulated silicon micro-bridges in §III.C.
In performing these measurements, significant heating was
found located at the electrical contact vias where aluminum
metal makes electrical contact with the encapsulation silicon.
Heating at the electrical contact vias demonstrates contact
resistances in the encapsulation packaging which are not
negligible. This has efficiency implications for both silicon
fusing and other silicon heating applications such as on-chip
ovenization [16], [36]–[38], and warrants further investigation.

Lastly, mechanical fracturing of the micro-tether was
demonstrated in §IV.B and §IV.C. The notched tether design
was implemented to help instigate fracture in the favorable
large gap area. However, due to silicon migration the notch
feature was severely rounded and fracture occurred in a less
than optimal location. Further work could be done designing
the micro-tethers with silicon migration in mind for optimal
fracture placement. Silicon migration also has implications
when interpreting results of silicon fracture and fatigue in
epitaxially encapsulated, SCS MEMS - such as [13] and [39].
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