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Abstract—The thermal motion of a vacuum packaged, sus-
pended nano-beam and nanophotonic waveguide on a silicon
photonics-MEMS platform is measured. The resonance frequency
and Q-factor of the observed mechanical modes are determined.
We also experimentally estimate the displacement sensitivity to
be 1.779 + 0.022 22,

I. INTRODUCTION

Silicon photonics is a high-refractive index contrast pho-
tonic integrated circuit (PIC) platform that allows large-scale
and low cost integration of standardized components. The
platform boasts of low loss passives like waveguides, split-
ters etc. and high performance active components such as
modulators, detectors and phase-shifters. Integrating micro-
electromechanical systems (MEMS) into the existing silicon
photonics technology platform, facilitates mechanical motion
at the micro- and nanoscale of suspended photonic components
with low power operation, low loss and small footprint [1].
Such a platform allows for the fabrication of novel opto-
mechanical devices, to study and exploit the interaction of me-
chanical and optical waves via radiation pressure. By actuating
MEMS, the interaction distance between optical waveguides
and nanobeams can be mechanically tuned [1]. This has a
strong influence on the opto-mechanical coupling and provides
an additional means to control the interaction strength [2].

The thermo-mechanical noise of a vibrating mechanical
system is used calibrate its motion. This is performed by in-
voking the equipartition theorem, which relates the the thermal
energy of the device to its mean squared amplitude of motion
[3]. Such thermal noise measurements are performed under
vacuum conditions, in order to eliminate the air damping of the
mechanical motion [2}, [4], [S]. The low pressure environment
is implemented either by using a vacuum chamber [2], [5] or
via vacuum packaging the device [6].

In this paper, we report the design and fabrication of a vac-
uum encapsulated, suspended silicon nano-beams based opto-
mechanical device. We experimentally observe the different
mechanical modes by measuring their thermal noise spectrum.
Finally, we determine the minimum measurable displacement
of the system.
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II. DEVICE AND FABRICATION

The device is fabricated on imec’s iSiPPS0G active Silicon
photonics platform. It consists of a "W-shaped” bent silicon
nanophotonic waveguide (450 nm x 220 nm) and a thin curved
nano-beam (220 nm x 220 nm) which follows the curvature
of the waveguide. The beam is attached to a low stiffness
comb-drive, Fig.1b. The waveguide and nano-beam together
form an optical phase shifter as shown in schematic Fig.la.
To mechanically actuate the MZI arm and the nano-beam,
they were suspended by etching the buried oxide (2 pm) with
vapor HF [1]. Finally, the device is hermetically sealed in a
vacuum environment using a thin Si cap via a wafer-scale
thermocompression bonding process [6].

The waveguide supports a single (TE) optical mode, that is
evanescently perturbed by the thin nanobeam. The displace-
ment of either the beam or the waveguide relative to each
other, results in a phase change. The interferometer is used to
convert the phase variations into a transmission change. This is
imprinted onto the probe as optical power variations to enable
detection by a optical detector.

III. MECHANICS SIMULATION

The mechanical vibration modes of the suspended portion
of the phase-shifter, that includes one of the MZI arm and
a nano-beam close to it, is numerically investigated with the
finite element method. A fixed boundary constraint is used
at both sides of the waveguide as well as the nano-beam.
The corresponding mode profile, frequency (f5*™), and the
effective mass (mey ) is shown in Fig. 2. The first three modes
are in-plane (x-y plane) vibrations, and the fourth mode shows
out-of-plane (y-z plane) vibration. The nanobeam (NB) modes
in Fig. 2 have similar mode profile but slightly different fre-
quencies due to discretization error in the numerical meshing.

IV. MEASUREMENT SETUP

The experimental setup consists of a probe (1543.5nm)
from a Santec TSL510 laser, that is provided into the input
grating coupler of the MZI. The output from the MZI is split
using a 99:1 splitter. The 1% tapped optical power is used to
monitor the transmission of the device using a power meter.
The remaining output power is supplied to a photodetector
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Fig. 1. (a) Schematic of the device. Cross-section profile of the waveguide

and nano-beam shown in inset. (b) Microscope image of the suspended arm of

the MZI in an unsealed sample. The image shows the waveguide, nano-beam and the comb-drive. Silicon device layer in purple. Under-etched region in dark

blue. (c) Microscope image of the MZI, vacuum sealed using a silicon lid.
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Fig. 2. Measured thermal noise spectrum: The lorentzian fit is shown in red,
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according to [3]. The fitted resonance frequency ( ff Y and mechanical quality

factor (@Q,n) are indicated at top of the figures. The corresponding simulated mechanical mode profile, resonance frequency ( fg"") and effective mass (11qf 5)

using COMSOL are shown below. WG: waveguide, NB: nano-beam.

(PD) with a noise equivalent power of 9.3 -ﬂ and 1.6 GHz
bandwidth. The RF-signal from the PD is recorded using
an Agilent N9010A electrical spectrum analyzer (ESA). The
resolution and video bandwidth of the ESA are both set to be
24 Hz. The resulting RF spectrum from the vibrating waveg-
vide and nanobeam are shown in Fig. 2. The measurements
are performed at 23 °C.

V. RESULTS

Using the equipartition theorem, the measured RF power
spectral density from the PD can be related to the displace-
ment noise spectral density [3], [4]. The measured RF noise
spectrum is fitted using a Lorentzian [3] to determine the me-
chanical resonance frequencies (f;) and the mechanical quality
factors (@m). The measured and simulated mode frequencies
show good correspondence, as seen in Fig.2. The 2.64 MHz
out-of-plane waveguide mechanical mode exhibits the largest
Q-factor of 168.5. The detected white background noise (S¥)
is -120 dBm. From the fitting, we also obtain the transduction
factor (a) as 13.16 £+ 0.33 f;:—)—:/f. Where o represents the effi-
ciency of the detection system in converting the displacement

of nanobeam/waveguide into the measured RF power. The
displacement sensitivity, which gives the minimum detectable

displacement of the system, is: \/ T = 1.779 £ 0.022 —==
and is comparable to other MZI [2] and MEMS [5] based
opto-mechanical systems.

VI. CONCLUSION

We have demonstrated an opto-mechanical device com-
prised of a suspended silicon nano-beam phase shifter on a
vacuum packaged, active silicon photonics-MEMS platform.
The different mechanical vibrational modes of the nanobeam
and waveguide are simulated. The associated resonance fre-
quencies and mechanical quality factors are experimentally
measured. We also determine the displacement sensitivity of
the system to be 1.779 £ 0.022 j—%
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