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ABSTRACT 

This work demonstrates a unique temperature-
compensated differential resonant accelerometer fabricated 
in a wafer-scale encapsulation process. By utilizing a pair 
of ultra-stable, high quality factor (>50,000) resonant 
beams as a strain gauge, we show differential operation 
with a scale factor of 427Hz/g and a bias instability of 
0.16μg at 21s integration time. Furthermore, matched 
temperature coefficients of frequency (TCf) of the two 
beams provide a first order cancellation of temperature 
drift, resulting in a scale factor stability of 0.38% over the 
temperature range from -20°C to 80°C.  
 
INTRODUCTION 

With the development of micro-electromechanical 
systems (MEMS), silicon-based MEMS accelerometers 
have been one of the most widely used sensors across 
industries, from automotive to consumer electronics. 
Micromachined accelerometers have employed various 
sensing schemes—capacitive, piezoresistive, and optical 
detection, for instance—to measure the proof mass 
displacement and transduce it to an acceleration signal. 
While these displacement-based transducers are commonly 
used, they are often limited with regards to performance, as 
their dynamic range and sensitivity are constrained by 
comb finger spacing and gap restrictions. Moreover, the 
capacitive accelerometer’s need for low quality factor (Q) 
to achieve critical damping makes it an unattractive 
candidate for single-die integration with other resonant 
systems such as gyroscopes and MEMS resonator-based 
clocks. 

One way to circumvent these issues is to use a resonant 
sensing scheme. By coupling a resonant sensing system to 
a proof mass, resonant accelerometers transduce 
acceleration signals into frequency shifts. This separation 
of displacement and transduction mechanisms provides 
key benefits, including increased dynamic range with high 
sensitivity, compatibility with other resonant systems, and 
direct frequency signal output. 

However, further improvements in stability and in 
temperature sensitivity are required for high precision 
applications with external variations, such as temperature 
and stress coupling [1]. Prior work on resonant 
accelerometers [2,3] employs differential sensing schemes, 
but exhibits stress coupling instability from multiple 
anchor designs. A previously reported single anchor design 
[4] achieves high sensitivity; however, it does not 
demonstrate the capability to operate over a wide range of 
temperature. No previous work has shown to achieve 
insensitivity to all the relevant sources of error, including 
temperature, stress, and packaging environment 

degradation. This paper describes the operation of a single-
anchored, differential resonant accelerometer in response 
to input accelerations across a wide temperature range, as 
well as the extreme stability of the device. 
 
DESIGN AND FABRICATION 

The resonant accelerometer design in this work 
demonstrates high scale factor, isolation from error 
sources, and inherent stability as a result of the design and 
hermetic vacuum encapsulation [5]. As shown in Figure 1, 
the device consists of two resonant beams located 
symmetrically about the base of a large, wedge-shaped 
proof mass. In-plane acceleration causes deflection of the 
proof mass, and the consequent axial loading on the beams 
creates opposite shifts in resonant frequency of each beam.  
 
Device Design 

As demonstrated in previous work [4], the wedge 
shape of the proof mass is optimized to maximize the 
device sensitivity and dynamic range within a limited 
footprint. The proof mass design based upon intersecting 
logarithmic spirals allows maximum displacement for a 
fixed gap size. This design is further improved by adding 
mass along each spiral path, while the absence of etch holes 
further increases the overall mass. 

Figure 1: (a) Cutaway schematic of the accelerometer 
with large gaps and no etch holes; SEM images of (b) Top 
view of the device, and (c) Cross-section of the 
encapsulated device. 
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Unlike previously reported resonant accelerometers 
[2,3,4], this device adopts a single-point anchor design to 
eliminate frequency fluctuations due to external and 
package stress, which may otherwise be dominant error 
sources. The single anchor is crucial in ensuring that there 
is no external stress coupled to the resonant beams. 
Because this work utilizes the resonators as a strain gauge 
to transduce acceleration signals, any package stress 
coupled to the structure will cause frequency shifts that 
cannot be cancelled even with differential measurements. 

To support the proof mass adequately while limiting 
any undesired torsional movement, a center support beam 
is incorporated. This support is designed to be stiff in all 
directions except bending in the sensing direction, with a 
notch to define a center of rotation for the proof mass. As 
shown in Figure 2, the support beam is placed between the 
two sensing beams, and each resonator is accessed by in-
plane electrodes on one side. The drive and sense 
electrodes are separated along the beam, with the sensing 
electrode at the center to maximize the output signal. 

Two resonant sensing beams are placed in close 
proximity to allow for effective differential sensing, which 
rejects most common errors, such as off-axis acceleration 
and temperature. The width of the beams is designed to be 
the minimum feature size allowed by the fabrication 
process (3µm), while the length (159µm) is selected to 
target a resonant frequency of approximately 1MHz. The 
high frequency of these resonant beams minimizes the 1/f 
environmental noise. As a result of the notched flexure at 
the mid point between the resonators, the two beams 
experience axial stress—one tensile and the other 
compressive depending on the direction of the applied 
acceleration. The corresponding frequency in each beam is 
given by:  
 

 ݂ሺߝሻ ൌ ݂ට1  27 ቀܾ݉ܽ݁ݓܾ݉ܽ݁ܮቁଶ  ௦   (1)ߝ

 
where ݂ is the original resonant frequency, and ߝ௦ is the 
longitudinal axial strain in each resonant beam due to 
acceleration on the proof mass. 
 
Fabrication 

The device in this work is fabricated in a variation of 
the wafer-level epitaxial silicon encapsulation (epi-seal) 
process developed by Bosch and Stanford University. 
Reported in [6], this unified epi-seal process allows for 
fabrication of wide lateral transduction gaps and large 
structures without perforation holes. These features are 
particularly beneficial for this work: large gaps enable 
more proof mass displacement and thereby increasing the 
sensor’s dynamic range, while having no etch holes 
provides more proof mass. Furthermore, the high 
temperature hydrogen bake in an epitaxial reactor removes 
native oxide and any other contaminants, resulting in 
devices with extremely pure silicon surfaces in an ultra-
clean environment. Packaged in a near-vacuum cavity 
pressure, the devices inherit the demonstrated benefits of 
extreme long-term resonator stability [7] with no 
observable aging or fatigue [8]. The devices tested in this 
work are fabricated in highly doped p-type (111) single 
crystal silicon (~4.34mΩ-cm resistivity) aligned with 
<110> crystal orientation. 

 
Figure 2: SEM image showing the close-up of sensing 
geometry; with applied acceleration, proof mass pivots 
around the flexure point (circled in the figure), resulting 
in opposite axial strains on two beams (highlighted in red 
and blue). 
 

 
Figure 3: (a) Block diagram of the closed-loop 
experimental setup; (b) Open-loop frequency responses 
of two beams at 30°C. 

Figure 4: (a) Resonant frequency of the two sensing beams 
as a function of ambient temperature. (b) Maximum 
fluctuation of the ∆F signal over the temperature range is 
about 5Hz. 
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RESULTS 
In this work, two beams are driven into resonance 

simultaneously using two phase-locked-loops (PLL) in a 
Zurich Instrument digital lock-in amplifier. As shown in 
Figure 3(a), the outputs from the sense electrodes are then 
fed into the trans-impedance amplifiers (TIA), and then 
back into the input ports of the lock-in amplifier. 
 
Open-loop Frequency Sweep 

The open-loop frequency sweeps at 30°C show the 
frequencies of 803.95kHz and Q of 55.7k for first beam, 
and 801.92kHz and Q of 60.6k for the second beam (Figure 
3(b)). High Q of these resonators enables high spectral 
purity oscillations and consequently better signal-to-noise 
ratios for the beams. 
 
Temperature Sensitivity 

Figure 4 shows the resonant frequencies of the two 
beams over the temperature range, with closely matched 
temperature coefficients of frequency (TCf) of -23.03 and 
-23.02ppm/°C, respectively. Here, the differential signal 
F1-F2, which is critical for zero-g bias and scale factor 
stability, remains relatively constant with a maximum 
variation of only 5Hz over the ambient temperature range 
of -20°C to 80°C. This is in part thanks to the proximity of 
the resonators, which minimizes any potential temperature 
gradient between the beams. Accounting for the modest 
over etch in fabrication, the TCfs of beams fabricated with 
doped silicon can be predicted by the model developed in 
previous work [9]. 
 
Inclinometer Test Over Temperature 

To characterize the accelerometer performance, an 
inclinometer is used to rotate the device from -90° to +90° 
(corresponding to -1g to 1g acceleration) while tracking the 
resonant frequency of each beam in real-time with PLLs. 
The tilt tests are carried out for the temperature range from 
-20°C to 80°C, shown in Figure 5. The temperature is 
controlled in a convection oven (Test Equity 107), and the 
inclinometer is contained entirely within the chamber. 
Good linear correlation between the differential frequency 
output and acceleration is shown in Figure 6(a). The 
collapsing lines in the figure show first order cancellation 

of temperature effects. The calculated sensitivity is 
427.1Hz/g with an absolute maximum variation of 
±0.8Hz/g over the entire temperature range, as illustrated 
in Figure 6(b). 

 
Stability Test 

Because the input acceleration is extracted by 
frequency measurement of resonators, frequency stability 

Figure 6: (a) Frequency difference signal as a function 
of input acceleration from -1g to +1g, measured at 
different ambient temperatures; (b) Measured scale 
factors over the temperature range, with ±0.8Hz/g 
variation. 
 

Figure 7: Real-time measurements at 1s integration over 
a period of 2.2 hours of (a) Ambient Temperature, (b) 
Beam 1 frequency, (c) Beam 2 frequency, (d) Frequency 
difference between the two beams, with a standard 
deviation of 0.7mHz. 

Figure 5: Frequency measurements of the two resonant 
beams as the device is subjected to 180° with gravity at 
ambient temperatures from -20°C to 80°C (blue to red). 
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is one of the most crucial parts of a resonant accelerometer 
design. Using the same setup shown in Figure 3(a), stability 
measurements of the output frequency signals at 1s 
integration time are performed for 2.2 hours. The device is 
mounted at 0g position, and the oven temperature is 
controlled at 75°C to minimize vibration (Figure 7). The 
differential signal in Figure 7(c) confirms cancellation of 
temperature effects on resonant frequencies. A constant 
output signal with a standard deviation of 0.7mHz is shown 
over 2.2 hours. There is still some minor dependence on 
ambient temperature—as can be seen by the correlation 
between Figure 7(a) and Figure 7(d)—due to the slight 
difference in TCf of the two beams. Figure 8 shows an 
Allan deviation curve, which yields a bias instability of 
0.16µg at 21s integration time when the device is at 75°C 
with ±0.05°C temperature fluctuation over time. 
 
CONCLUSION 

This work demonstrates a resonant accelerometer with 
high sensitivity, exceptional stability, and the unique 
insensitivity to package stress and temperature variations. 
Preliminary results confirm the effective differential 
operation over a wide range of temperature. The single 
anchor design is shown to eliminate any significant offset 
and drift in the signals that can arise from external stresses. 
These results show promise towards building high-
performance inertial sensors within a wafer-scale 
encapsulation process. Future work will focus on further 
minimizing the temperature dependence of the differential 
signal.  
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