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INTRODUCTION

Primary accelerometer calibrations are often
performed at National Metrology Institutes
(NMND[1], where the test units are mounted
onto interferometrically-interrogated reference
shaker systems[2, 3, 4], which typically reach
relative uncertainties of the order of 10=2-10-3.
Reference accelerometers that have been cali-
brated at primary facilities, are used, in turn, to
calibrate additional devices using back-to-back
measurements. This latter approach, however,
often results in reduced performance and higher
uncertainty. In addition, there is an increasing
need in industry, aerospace and defense appli-
cations for cost-effective in-the-field calibrations
that minimize down time and drift of reference
systems.

As part of the research funding initiative from
the National Institute of Standards and Technol-
ogy (NIST), NIST-on-a-Chip, we are developing
portable chip-based accelerometers that incor-
porate displacement measurement interferome-
try to produce NMI-grade measurements that are
directly traceable to the International System of
Units (Sl). The device design further detailed be-
low, will allow both cost-effective production for
wide deployment due its compatibility with MEMS
semiconductor fabrication, and self-monitoring to
ensure the specified measurement uncertainty
over the certified lifetime of the device.

In addition to the improvements in accelera-
tion metrology and calibrations, this research will
greatly impact enabling technologies, particularly
for inertial navigation systems. Current perfor-
mance challenges, such as bias and scale fac-
tor stability, are tied to the uncertainty of the
system, which will be directly addressed by this
work. Similarly, research in seismology, ground
and space-based geodesy, which base their ob-
servations in great extent to a traceable acceler-
ation measurement, will benefit from such highly
compact devices of significantly higher sensitivity
and accuracy.
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This article presents the sensor and measure-
ment concept under study and preliminary results
on the chip-based micro-optomechanical device
fabrication and laser-interferometric results.

OPTOMECHANICAL ACCELEROMETER

Our concept for MEMS optomechanical acceler-
ation standards is based on a micromechanical
resonator that vibrates out of plane and incor-
porates a plano-concave Fabry-Pérot (FP) cavity
to read out the motion of the accelerometer test
mass, as shown in Figure 1. Furthermore, an ad-
ditional stage can be added to the back side of the
test mass for capacitive sensing and electrostatic
force rebalance.
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FIGURE 1. Schematics of the Si MEMS optome-
chanical accelerometer standard, incorporating a
plano-concave Fabry-Pérot cavity.

Assuming a simple harmonic oscillator response
for the mechanical resonator, acceleration can
be obtained from a direct displacement measure-
ment of the test mass by
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where X (w) is the relative displacement given an

2015 SUMMER TOPICAL MEETING VOLUME 61



input acceleration A(w) at an angular frequency
w, with a harmonic oscillator response of the me-
chanics determined by its natural frequency w,
and quality factor Q.

Presently, we strive to achieve a relative mea-
surement uncertainty below 103 in a dynamic
range of 1 mg—1 g over an observation bandwidth
of 1 Hz-20 kHz. The performance of accelerom-
eters is commonly specified in units of g, which
is defined as 9.80665 m/s?, referred to the Sl. By
integrating a laser interferometer into the system
it is possible to measure the test mass displace-
ment in terms of an optical frequency/wavelength
standard.

In addition, as shown in Equation 1, a complete
system identification consists of only two param-
eters, namely the resonance frequency w, and
quality factor Q. Therefore, this knowledge is suf-
ficient to compute acceleration from a displace-
ment measurement with no additional informa-
tion, assuming the accelerometer exhibits a lin-
ear response with a measurable damping mech-
anism. These parameters can also be measured
and calibrated with respect to frequency stan-
dards, which provides traceability to the Sl, and
enables verification of device performance in the
field.

DEVICE NANOFABRICATION
Hemispherical Mirrors

An outline of the nanofabrication process we
have developed to fabricate the concave mir-
rors is shown in Figure 2. As a base substrate

& LPCVD Si;N, as hard mask protection of Si

y | Photolithography

Si RIE etching to open the areas to be etched
Wet etching in HNA solution
Si Removal of mask layer
Si On back side, use photolithography to pattern the AR coating
On front side, using shadow mask to pattern the mirror coating
Si ~

Si ~ Concave mirror with coating

FIGURE 2. Outline of nanofabrication process of
silicon hemispherical mirrors.

we utilize a silicon (Si) wafer with a thickness
of 500 um, and deposit a 300 nm silicon nitride
(SisNy) layer as a hard mask on top of it by ap-
plying a low-pressure chemical vapor deposition
(LPCVD). The wafer is then patterned lithograph-
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ically using photoresist SPR 220.3, and this pat-
tern is then transferred to the SisN, hard mask
by reactive ion etching (RIE). The hemispherical
concavity results from a wet etching process us-
ing a HNA solution of HF:HNO;3:CH;COOH with
a ratio of 9:75:30 at room temperature. Subse-
quently, the SisN4 hard mask is removed by phos-
phoric acid and the wafer is then sent for a final
RCA cleaning. Once the mirror geometry is com-
pleted in the nanofabrication process, the optical
properties of the final micro-optical components
are defined by applying an anti-reflection coat-
ing to the back side of the wafer to reduce stray
beams and undesired optical etaloning. Addition-
ally, a typically high-reflectivity dielectric coating is
applied to the front side of the wafer to define the
input mirror of a high finesse optical cavity. Fig-
ure 3 shows scanning electron microscopy (SEM)
images and post-processed white light interfer-
ometry (WLI) measurements, revealing a mirror
geometry with a radius of curvature of typically
300 um, a depth of 220um, an aperture diame-
ter of 560um and surface roughness of approxi-
mately 1 nmy.
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FIGURE 3. SEM and post-processed WLI mea-
surements of hemispherical mirrors with a surface
roughness of 1 NMyy,s.

Mechanical Oscillator

The nanofabrication process developed for our
mechanical resonators is outlined in Figure 4.

Similar to the case of the hemispherical mirrors,
we use a 500 um thick double-sided polished sil-
icon wafer, and create a 3 um deep spacer using
HNA etching with a SisN4 hard mask. The layer
to produce the released-beam resonator pattern
is achieved via SizN, LPCVD. Following the coat-
ing of the mirror using a lift-off process, a 1 um low
temperature oxide (LTO) layer was deposited via
LPCVD to serve as a hard mask for subsequent
wet etching. The wafer is then patterned litho-
graphically on both sides with photoresist SPR
220.7 (10 um thickness) and transferred to the
Si3N,4 hard mask by RIE. Lastly, deep reactive ion
etching (DRIE) is conducted to etch through the
silicon wafer, and isotropic KOH silicon etching is
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FIGURE 4. Outline of nanofabrication process of
silicon mechanical resonators.

employed to release the silicon nitride beams with
the oxide hard mask, which is then removed as a
final step. Figure 5 shows images of the released
beams and mass of our mechanical oscillator.

FIGURE 5. Images of the released beams and
mass of our mechanical oscillator.

OPTICAL DETECTION SCHEME

In order to build an integrated high sensitivity opti-
cal sensor, a plane-concave Fabry-Pérot cavity is
assembled between the flat surface of the moving
test mass and a hemispherical input mirror with a
radius of curvature around 300 um. The depth of
the concave mirror is about 220 um. Typical cavity
lengths between 230-270 um are currently being
tested in order to maintain a stable optical cav-
ity, yielding free spectral ranges around 600 GHz.
Moderate finesse (F) levels in the order of 1000
combined with such a large FSR make it chal-
lenging to reliably implement conventional AC de-
tection and cavity-lock schemes, such as Pound-
Drever-Hall, due to the wide cavity linewidths in-
volved and the necessary high modulation fre-
quencies. Feasible alternatives can be imple-
mented by applying deep dither modulations to
the cavity length or laser frequency. It is our goal
to develop cavities of finesse levels higher than
10* in order to accomplish narrow linewidths that
enable both, robust detection and locks as well as
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significantly higher sensitivity.

An additional challenge resulting from such short
cavity lengths is posed on both, the laser system
and the cavity length actuation. Due to the large
FSR, a dynamic range of several 10s to 100s of
GHz may be required to tune the laser frequency
to the cavity resonance. Presently, we utilized a
largely tunable telecom laser with a wavelength
nominally around A = 1550 nm and tunable range
of 50 nm. We operate at moderate optical power
levels of approximately 1 mW.

The optical output of a Fabry-Pérot cavity in re-
flection, as a function of the laser wavelength
A can be modeled by the Airy function, de-
scribing the signal V(L,\) measured at the
photoreceiver[5]

1 — cos (%’L)
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where L is the cavity length, \ is the laser wave-
length, R is the net reflectivity of the cavity mir-
rors, v is the signal visibility, and v, is an offset.
Given the wide tunability range of our laser, it is
possible to measure a few FSR of the cavity and
thus directly measure the optical cavity length L

as,
c

L=5vsm ®)
High sensitivity displacement measurements
at levels of 107'*m/vHz and 10~'m/vHz
have been demonstrated in similar micro-
optomechanical systems with low[5] and high[6]
finesse fiber-optic cavities, respectively. Figure 6
shows the different responses for low (F = 2)
and high (F = 1000) finesse silicon cavities with
a length of 250 um.

We have been able to demonstrate stable cavities
of modest finesse with our nanofabricated silicon
mirrors. Figure 7 shows the response of a 170 um
long cavity with a modest finesse of 14, which
yields a FSR of 890 GHz and a cavity linewidth
of 64 GHz.

Furthermore, in spite of such large cavity
linewidths, we have demonstrated closed-loop
locked operation of these cavities by applying
a low frequency deep modulation to the cavity
length at 1 kHz via a piezo-electric transducer. A
data chart illustrating this operation mode is pre-
sented in Figure 8.

A fully assembled MEMS optomechanical ac-
celerometer is in progress. It is expected that
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FIGURE 6. Response of silicon cavities with a
length of 250 um and finesse levels of 2 in red,
and 1000 in blue.
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FIGURE 7. Response of a 170 um long cavity us-
ing our hemispherical Si mirrors with a gold coat-

ing.

a first acceleration measurement with these de-
vices can be demonstrated within the next few
months. Moreover, our current data and cavity re-
sponses indicate that it will be possible to achieve
the targeted displacement resolutions at levels of
10~ m/+/Hz, by comparison to the results pub-
lished on similar devices|[5, 6].

Hence, we fully anticipate to meet our target
accuracy below 10~2 for acceleration measure-
ments with portable chip-based optomechanical
standards.

DISCLAIMER

Certain commercial equipment, instruments, pro-
cesses or materials are identified in this paper for
completeness. Such identification does not im-
ply a recommendation or endorsement by the Na-
tional Institute of Standards and Technology.
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FIGURE 8. Data chart illustrating a 1kHz low-
frequency closed-loop cavity lock with a cavity
linewidth of 64 GHz.
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