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ABSTRACT: On-chip refractive index sensing plays an
important role in many fields, ranging from chemical,
biomedical, and medical to environmental applications.
Recently, optomechanical cavities have emerged as promising
tools for precision sensing. In view of the sensors based on
optomechanical cavities, the Q factor of mechanical modes is a
key parameter for achieving high sensitivity and resolution.
Here we demonstrated an integrated optomechanical cavity
based on a silicon nanobeam structure. Our cavity supports a
fundamental mechanical mode with a frequency of 4.36 GHz

Optical
transmission
-

and a record-high mechanical Q of 18300 in the ambient environment, facilitated by the radiation-pressure antidamping. The
distinctive nature of the optomechanical spring sensing approach combined with our high mechanical Q silicon cavity allows for
a sensing resolution of §1/4, ~ 1077, which is at least 1 order of magnitude higher than that of conventional silicon-based
approaches and paves the way for on-chip sensors with unprecedented sensitivity.

KEYWORDS: optomechanical crystal, silicon nanobeam, optomechanical cavity, optical spring effect, radiation-pressure antidamping,
refractive index sensing, precision sensing, mechanical quality factor

n-chip ultimate-precision refractive index sensing

benefits many applications ranging from chemical
measurements, biomedical analysis, and medical diagnostics
to environmental monitoring.l’2 Among a variety of sensing
approaches, a high-Q optical microcavity is a prime candidate
for on-chip sensing due to its advantages of high sensitivity and
label-free detection.” Since its sensing mechanism relies on
either reactive interaction (i.e., dispersion) by detecting the
resonance shift or dissipative interaction by detecting the
change in line width, the sensing resolution depends critically
on the optical Q.* To improve sensing accuracy, researchers
have made great efforts to achieve high-Q optical cavities.”™’
For example, dielectric materials (glass, silicon nitride, and
various hybrid materials) are routinely chosen to reduce
intrinsic loss and acquire high optical Q (>10°) with
ultrasmooth microspheres and microtoroids formed under
surface tension.” " However, such high-Q optical cavities are
difficult to integrate with other units of devices, let alone
compatible with COMS fabrication. On the other hand,
silicon-based resonators are expected to be more promising
sensing candidates due to their higher refractive index, well-
established capability for fabrication of nanostructures, well-
developed multifunctional integrated devices, and relatively
high optical Q.""'* However, until now, the highest optical Q
reported for a silicon-based microcavity'” is about 10°, yielding
a resolution of 81/4, ~ 107 for index sensing2 and, thus,
severely hindering further improvement of the silicon-based
on-chip ultimate-precision sensing.”

-4 ACS Publications  © 2018 American Chemical Society

4164

In recent years, optomechanical cavities have been regarded
as promising platforms for precision sensing,'*~"” which have
been put forward to detect the movement of mechanical
oscillators with light. In such a system, a high mechanical Q is
crucial for improving the sensitivity because the sensing
principle underlies the detection of the mechanical mode
shift."® However, the mechanical mode is remarkably damped
in the ambient environment owing to the internal damping
and, also, the inevitable coupling between the mechanical
system and the atmosphere at room temperature.'” Certain
efforts have been made to effectively reduce the damping loss
from mechanical vibration and consequently to improve the
mechanical Q by using vacuum or cryogenic measure-
1420 Nevertheless, vacaum or cryogenic conditions
give rise to severe technical challenges and fundamental
> Most recently,
researchers demonstrated a coherent optomechanical oscil-
lation of a silica microsphere with an ultrahigh quality factor in
aqueous environment for the first time,”” and using the optical
spring effect to dramatically enhance the sensing resolution by
approximately a factor of mechanical Q compared with
previous approaches.'” Despite these advances, however,
optomechanical index sensing in silicon has not yet been
reported, which can be expected to enable high-sensing

constraints for practical applications.
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Figure 1. Cavity structure and simulated field profiles. (a) Plan-view schematic of the nanobeam optomechanical cavity, where the radii r, of the
defect unit cells are transformed as the symmetric power function of eq 1 and vary from r, (127.9 nm) to r, (105.3 nm; red curve). (b) Unit cell
with parameters (a, w, h) = (364.8 nm, 556 nm, 220 nm), which are used to describe the nanobeam in both the defect and mirror regions. (c)
Normalized electric y-component of the localized optical fundamental mode. (d) Normalized displacement field of the confined fundamental
mechanical mode with frequency of 4.38 GHz. (e) Scanning electron microscope (SEM) image with an oblique view of the fabricated nanobeam

cavity. (f) SEM image with a top view of the cavity.

precisions and integrated capabilities with other multifunc-
tional on-chip devices.

In this work, aiming to develop on-chip precision sensing,
we demonstrate a high mechanical Q silicon nanobeam
optomechanical cavity via radiation-pressure antidamping.
The proposed microcavity is designed based on optomechan-
ical crystals (OMCs), with the hole radius of the cavity defect
region following a symmetric power (SP) function to reduce
the optical radiation loss, namely, SP-OMC cavity. The
measured intrinsic optical Q can reach 3.8 X 10% yielding a
strong radiation pressure in the cavity. Thus, both an optical
spring effect and reduced mechanical damping rate are
observed, which improve the sensing accuracy. The measured
mechanical frequency of the fundamental mechanical mode of
the cavity is 4.36 GHz, and the mechanical Q can reach 18300
in the ambient environment assisted by the radiation pressure,
which, to the best of our knowledge, is a record-high
mechanical Q in the ambient environment. This approach
based on the use of a high mechanical Q optomechanical cavity
enables a sensing resolution of 64/, ~ 1077, which is at least 1
order of magnitude higher than that of conventional silicon-
based o3ptica1 approaches.’”” Compared to the previous
reports,”””* which possess a sensing resolution of §A/4, ~
1.2 X 1075, and have demonstrated the detection of single
polystyrene nanoparticles with radius of 12.5 nm and single
streptavidin molecule, our work with sensing resolution of 64/
Ao ~ 1077 has great potential for the detection of single
nanoparticles or even single molecules, and sheds light on on-
chip sensing components with unprecedented precision.

B RESULTS AND DISCUSSION

Structural Design and Fabrication. A schematic of the
proposed nanobeam SP-OMC cavity is shown in Figure Ia,
where a defect region in the center is sandwiched between two
identical periodic mirror regions. A unit cell of the proposed
structure with a uniform width (w) of 556 nm and a height (k)
of 220 nm is shown in Figure 1b. The OMC pitches (a) are set
to 364.8 nm for both the defect region and the two mirror
regions. For the defect region shown in the inset of Figure la,
the hole radius changes from r, (127.9 nm) to r, (105.3 nm),
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following a SP function given in eq 1. The periodic regions can
form both an optical and mechanical bandgap to simulta-
neously confine the defect optical and mechanical modes in the
SP-OMC cavity (see Supporting Information for details).
Here, the SP function is chosen for a smoother evolution than
linear transition, since it is intuitively plausible that the
transition between the adjacent regions is much smaller, thus
reducing the scattering loss to achieve high optical Q. As
expected, the designed optical Q can reach 50000, which is
beneficial to enhancing the radiation pressure” and ultimately
enhancing the sensing precision.

(o — 1) (ﬂ )3'2
rp— —— X |— n=201,2,3
0 2 3s) B
" (70_77) 7—n 32
r, + 3 X 33 , n=4,5,6,7 -
. 1

The simulated field profiles for our design are shown in
Figure 1lc,d, corresponding to the normalized electric y-
component of the localized optical fundamental mode and the
normalized displacement field of the confined fundamental
mechanical mode, respectively. Due to the optical mode and
the mechanical mode being simultaneously well confined in
our structure, a high optomechanical coupling rate of 820 kHz
is obtained, which eventually results in the observed radiation-
pressure induced optical spring effect and amplification
process.

The designed structure is fabricated on a silicon-on-insulator
(SOI) wafer with a 220 nm thick device layer and a 3 um
buried oxide layer. Figure lef shows the scanning electron
microscope (SEM) images of the fabricated nanobeam cavity.
For fabrication, the cavity pattern is first defined by electron
beam lithography (EBL), and then transferred to the silicon
layer by inductively coupled plasma (ICP) etching. Finally, the
suspended nanobeam is released by wet etching using buffered
hydrofluoric acid (HF) solution to remove the buried oxide
layer beneath the nanobeam. The fabricated structure keeps
the same geometric parameters as designed.
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Figure 2. Experimental schematics and measurement results. (a) Experimental setup: TLD, tunable laser diode; PC, polarization controller; PD1,
photodetector with a bandwidth of approximately a kilohertz; PD2, photodetector with a bandwidth of 12 GHz; VOA, viable optical attenuator;
ESA, electrical spectrum analyzer. (b) Optical transmission spectrum showing two dips, which correspond to two optical resonances, centered at
1532.65 and 1570.88 nm, respectively. The inset shows a Lorentzian fitting of the fundamental optical mode. (c) Series of power spectrum densities
(PSDs) for the fundamental mechanical mode referred to as different laser detuning (A, denotes the detuning between the input laser 4; and the
cavity resonance A, that is, A; = 4, — A.) from —33.2, —27.8, —23.9, and —22.0 to —13.6 pm, respectively. (d) Evolution of the measured
mechanical resonant frequency (purple) and the corresponding mechanical line width (dark green) under different A,

Measurements. The performance of the proposed SP-
OMC cavity is characterized using the experimental setup
shown in Figure 2a. Here, we choose the fiber-optical
characterization setup in the ambient environment,”® as
detailed in Methods. Taking into account the difference of
the refraction index between the silica fiber and the silicon
nanobeam, the coupling efficiency can be further improved
with a new way reported in ref 27. The optical transmission
spectrum is presented in Figure 2b, which reveals the
characteristic of the optical cavity. The fundamental optical
mode (4 = 1532.65 nm) and the first-order optical mode (1 =
1570.88 nm) are observed in the transmission spectrum. Based
on Lorentzian fitting to the fundamental optical mode, shown
in the inset of Figure 2b, the measured total optical Q and the
intrinsic optical Q for the fundamental optical mode can be
inferred to be 2 X 10* and 3.8 X 10* respectively. The lower
optical Q than that of the simulation result is primarily caused
by inevitable scattering loss due to fabrication imperfections
(see Supporting Information for more details).

With a high optical Q, the laser light inside the cavity gives
rise to a strong radiation pressure,”> and the results are very
interesting. Distinctive dynamical effects in an optomechanical
cavity arise from the retarded nature of the radiation pressure.
More specifically, the optical gradient force created by
radiation pressure will change with laser-cavity detuning (A,
defined as the difference between the input laser 4; and cavity
resonance A i.e,, A; = A, — A.), which means that the effective
rigidity and the effective mechanical loss rate are modified.”>*’
The former manifests an optical spring effect, and the latter
results in a change in the full effective mechanical damping
rate'”*" (see Supporting Information for details).

To experimentally observe the effects resulting from the
radiation pressure, the input light (4;) is first set away from the
cavity resonance (4.) and then gradually set closer to .. In our
work, the input light is blue detuned during the whole
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procedure, or in other words, A, is negative all the time. The
blue-detuned input laser will lead to an amplification and
heating of the vibration modes,”® and thus, we can obtain a
dramatically high mechanical Q. Figure 2c shows the sequence
of power spectrum densities (PSDs) for the fundamental
mechanical mode, and the data show that both the frequency
and the line width of the mechanical resonance change with
the detuning. The evolution of the mechanical frequency and
the line width with various detuning values is presented in
Figure 2d. Evidently, when the input laser is far away from the
cavity resonance, the optically induced dynamical backaction is
sufficiently small, and the measured mechanical mode and the
thermal Brownian vibration are not very different. As laser
input gradually approaches A, the dynamical effects will be
more influenced since the radiation pressure becomes
increasingly stronger, leading to two consequences. On the
one hand, the measured mechanical frequency shifts with A,
which indicates a modified effective rigidity attributed to the
optical spring effect. On the other hand, the mechanical line
width is adjusted because the optical gradient force originating
from the radiation pressure will cause antidamping in the blue-
detuned (A; < 0) regime, consequently leading to an
amplification of thermal fluctuations. Obviously, the effective
mechanical line width is dramatically reduced, corresponding
to a measured mechanical Q as high as 18300, even in the
ambient environment. It should be noted that the antidamping
enhanced mechanical Q is obtained before the coherent and
regenerative optomechanical oscillation (see Supporting
Information for details). Since the frequency and line width
of a mechanical mode is sensitive to laser-cavity detuning, we
can use it to realize high-precision refractive index sensing,
whereas a variation in the refractive index will alter the cavity
resonance, thus, changing the detuning.

Refractive Index Sensing. In the following discussion, we
provide a scenario to demonstrate the sensing principle of the
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Figure 3. Refractive index sensing based on an optomechanical cavity. (a) Refractive index variation (An) in the surroundings of the cavity where a
particle appears. (b) Refractive index sensing mechanisms for the mechanical modes with different mechanical Q values. Olyign and 64y, are the
different wavelength shifts in the optical cavity, corresponding to different minimum detectable Af,, caused by a high or low mechanical Q. (c)
Refractive index variation and the corresponding detuning A, vs the frequency shift Af,..

optomechanical cavity and how resolution is improved. When
the refractive index (An) varies slightly in the surroundings of
the cavity, such as a particle appearing near to the SP-OMC
cavity, as shown in Figure 3a, the cavity resonance will shift
and cause detuning (A;) between the fixed input laser and
cavity resonance. The discussion below is based on that the
particle can be trag)ped at a fixed position via the optical
gradient force.””* Considering the mechanical mode’s
sensitivity to laser-cavity detuning (caused by An), we can
distinguish the index variation by measuring the mechanical
frequency shift Af,, as shown in Figure 3b, instead of the shift
in the optical mode as in conventional methods (see
Supporting Information for details). The advantage is that
the sensing resolution can be improved dramatically, because
in an amplification and heating process, the mechanical line
width can be strikingly narrowed with the assistance of the
restoring radiation pressure (Figure 3b). Therefore, the
extremely small detectable Af, determined by the high
mechanical Q refers to a much smaller wavelength shift in
the optical cavity (8Ag,), as presented in Figure 3b. In other
words, the detectable limit for index sensing (An) is
dramatically reduced by the high mechanical Q via the
radiation-pressure antidamping. To further understand the
sensing ability,”’ the refractive index variations can be
predicted from experimental data as shown Figure 3c. Here,
we did not do the real sensing experiment by delivering the
particles to the nanobeam. The sensing resolution is evaluated
from the experimental data of optical spring effect as follows.
The input laser is initially set at a laser-cavity detuning of A, =
—0.0232 nm for a suitable operating regime of sensing. The
specified detuning ensures a high mechanical Q together with a
large optical frequency change with a tuning slope of df,,/A;
due to magnification of the optical spring effect. Based on our
experiments, the obtained mechanical Q of 18300 is capable of
reducing the minimum detectable Af, from 2.4 MHz to 240
kHz in our device. Meanwhile, the optical spring effect
amplifies the change in the optical frequency with a tuning
slope of df,,/A; ~ —0.2 GHz/nm, as inferred from the data in
Figure 2d. Thus, by incorporating the merits of high
mechanical Q and an amplified change of the optical
resonance, the final sensing resolution can reach 64/4, ~
1077 (see Supporting Information for details), which is at least
1 order of magnitude higher than that of the conventional
silicon-based optical approaches.

4167

B CONCLUSION

In summary, we demonstrate a nanobeam SP-OMC cavity in
which the gradient air-holes are designed using a symmetric
power function, and analyze the precision sensing ability
arising from high mechanical Q via the radiation-pressure
antidamping. The measured SP-OMC cavity supports a
fundamental optical mode and mechanical mode with
frequencies of 195.74 THz and 4.36 GHz, respectively. The
intrinsic optical Q can reach 3.8 X 10* in experiments, yielding
a strong radiation pressure in the OMC cavity. Thus, an optical
spring effect and reduced mechanical damping rate under
different laser detuning are observed. The former results in a
frequency that is sensitively dependent on the optical
resonance shift. The latter generates a record-high mechanical
Q of 18300 in the ambient environment, which dramatically
reduces the minimum detectable mechanical resonance shift
compared to its intrinsic vibration. Due to these two effects
brought about by the radiation-pressure antidamping, an
ultimate sensing resolution as high as 64/4, ~ 1077 is realized,
with a higher resolution enhanced by at least two orders
predict for low-loss nanofabrication."” Therefore, our silicon
SP-OMC structure combined with the unique optomechanical
spring sensing approach shows admirable promise for broad
on-chip index sensing applications.

B METHODS

Experimental Setup. We chose a fiber-optical character-
ization setup in the ambient environment. To ensure an
efficient coupling from the taper fiber to the cavity, the light
from a tunable laser diode (TLD) is first adjusted to transverse
electric (TE) mode with a polarization controller, and then,
the output polarized light is delivered to the SP-OMC cavity
by an evanescent fiber-optical coupling. The light escaping
from the structure is coupled back into the same fiber and
separated into two parts by a 10/90 fiber coupler. A small
portion, approximately 10% of the laser signal, is fed into a kHz
photodetector (PD) to measure the optical properties by
sweeping the wavelengths of the TLD. In addition, 90% of the
laser signal is sent to a variable optical attenuator (VOA),
which is used to ensure a suitable final laser power delivered to
the photodetector with a bandwidth of 12 GHz. To measure
the mechanical properties of the SP-OMC cavity, the
wavelength of the input light must be set near the resonant
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wavelength, followed by an electrical spectrum analyzer (ESA)
to monitor the radio frequency response of the mechanical
cavity. Note that all measurements were performed in the
ambient environment.
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