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Abstract: We demonstrate the controllable optomechanical coupling and Drude self-
pulsation plasma locking in chip-scale optomechanical cavities. The optomechanical coupling 
between the optical and mechanical degrees-of-freedom is dependent on the intracavity 
energy via the coupled fiber position. With the deterministic optomechanical stiffening, the 
interaction between optomechanical oscillation and self-pulsation can be controlled. 
Intracavity locking with 1/6 subharmonics is obtained over a wide optical detuning range of 
190.01–192.23 THz. These results bring new insights into implementations of nonlinear 
dynamics at mesoscopic scale, with potential applications from photonic signal processing to 
nonlinear dynamic networks. 
© 2017 Optical Society of America 
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1. Introduction 
Recently chip-scale cavity optomechanics on various semiconductor platforms have been 
realized experimentally [1–12], and wide fundamental classical and quantum phenomena and 
applications are reported, including ground state cooling [2–4], electromagnetically induced 
transparency (EIT) [5], and stable RF references [6]. Most of the devices have as small mass 
as possible to achieve good performances. On another hand, to develop the optomechanical 
applications for precision force and field sensing [7–10], the test mass of optomechanical 
cavity should be as large as possible, similar to the MEMS sensors [11]. With increasing test 
mass, the fundamental mechanical resonance/oscillation mode is shifted to lower frequency 
such as in the kHz to MHz ranges. For the air-slot photonic crystal (PhC) optomechanical 
cavities with large test masses to realize the chip scale accelerometers developed previously 
[12], the laser driving source is coupled into the cavity by anchoring a dimpled fiber taper to 
the cavity area. Therefore, the position of dimpled fiber taper to cavity is a key parameter for 
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determining the coupling of laser power to the cavity, and mostly importantly deciding the 
optomechanical coupling strength due to the perturbation of air slot. 

Our silicon-based optomechanical cavity is also an optical slot cavity with sub-
wavelength mode volume [13–16]. The strong optical field confined in the slot cavity also 
modifies the local free-carrier density and temperature through two-photon absorption (TPA), 
free-carrier dispersions and thermo-optical effects. With controlled laser-cavity detuning and 
intracavity energies, the cooperative temporal response between the thermal and free-carrier 
dispersions in an optical resonator can potentially trigger a self-induced RF modulation of the 
intracavity field, typically referred to as self-pulsation (SP) [17]. 

In this paper we demonstrate the controllable optomechanical coupling and Drude self-
pulsation plasma locking, their controllable relative strengths and subharmonics generation, in 
chip-scale low-frequency optomechanical cavities. The controllable optomechanical coupling 
strength is realized by changing the tapered fiber position anchored on the optomechanical 
cavity and, as a result, the coupling rate between optical and mechanical degree-of-freedom 
are altered. Due to the interaction between optomechanical oscillation and self-pulsation, the 
intracavity locking is obtained with 1/6 subharmonics over a wide optical detuning range of 
190.01–192.23 THz. 

2. Descriptions for the optomechanical cavities 

 

Fig. 1. Scanning electron micrograph (SEM) images for (a) the full size low-frequency 
optomechanical cavity with large test mass. Scale bar: 20 μm. (b) Zoom-in view showing the 
air-slot photonic crystal cavity. Scale bar: 2 μm. (c) Zoom-in illustration indicating the lattice 
perturbations. Scale bar: 500 nm. (d) Tapered fiber measurement setup to characterize the 
optical and mechanical resonances. 

The low-frequency optomechanical cavity is nanofabricated in a silicon-on-insulator substrate 
with a 250-nm silicon device layer via CMOS-compatible silicon processes (248 nm deep-UV 
photolithography and reactive ion etching). A scanning electron micrograph (SEM) image of 
the full-size device is shown in Fig. 1(a). The slot-type PhC cavity is located at the center 
region [Fig. 1(b)] of the large test mass device. As shown in Fig. 1(c), such cavity fabricated 
here features a slot width s of 100 nm, PhC lattice constant (apc) of 470 nm, and hole radii of 
150 nm, with 5 nm (red), 10 nm (green) and 15 nm (blue) lattice perturbations (more details 
can be found in [13,15]). The large 5.6 ng test-mass (≈120 µm × 150 µm) has four compliant 
support beams (1 µm × 50 µm), which can provide a ≈78.9 kHz fundamental resonance and a 
1.33 N/m combined stiffness. The lower side of the slot-type PhC cavity is attached to large 
test-mass as illustrated in Fig. 1(a), while the upper side of the cavity is anchored to the 
substrate. In order to preserve the localized optical resonance mode, the upper side has the 
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same x-length as the test-mass to reduce asymmetric residual stress z-bow between the two 
sections. As shown in Fig. 1(a), rectangular holes outside the PhC region are added on both 
the test-mass (lower side) and the fixed mass (upper side) to shorten the release time in the 
vapor HF SiO2 undercut and to improve the release yield. 

Figure 1(d) shows the measurement setup in which the optomechanical cavity is probed 
by a dimpled fiber taper (with more than 90% transmission) under atmospheric pressure, by 
anchoring the fiber dimple directly on the chip surface and on the lower side [see Fig. 1(a)] of 
the optomechanical slot cavity. The optical driving source is provided by a tunable laser diode 
(Santec TSL-510) and a fiber polarization controller is used to select the transverse-electric 
(TE) state-of-polarization to drive the optomechanical oscillator. Simultaneous readouts of 
the RF and optical spectra are done with an external fast photodetector (New Focus 125 MHz 
detector) and slow detector (Thorlabs 125 kHz InGaAs detector), respectively. The measured 
data are recorded by NI DAQ and LabVIEW programs. 

3. Demonstrations of controllable optomechanical coupling 

 

Fig. 2. (a) Optical transmission spectra at different laser drive powers. (b) One example optical 
transmission spectrum with Lorentzian curve fit at drive power of 158 µW. (c) Mechanical 
power spectral densities under different laser detunings. (d) One example mechanical power 
spectral density with Lorentzian curve fit at blue detuning. The insets of panel (b) and (d) are 
the corresponding |Ey|

2 field distribution of the optical resonance and fundamental mechanical 
displacement field. 

First we demonstrate the optical and mechanical modes by measuring the optical transmission 
with different drive powers and the mechanical frequency shift with different optical 
detunings to the optical resonance. As shown in Fig. 2(a), cavity resonance shifts from 
1530.87 nm to 1511.49 nm as dropped-in power (estimated power inside the cavity) increases 
from 158 µW to 2.5 mW. Through Lorentzian curve-fitting of the cold cavity transmission 
spectrum (at a dropped-in power of 158 µW), we obtain the loaded and intrinsic Q factors of 
9,000 and 22,000 respectively. The modeled electric field intensity distribution (|Ey|

2) of the 
optical mode is shown in the inset of Fig. 2(b). The Q factors are strongly dependent on the 
air-slot width of the slot PhC cavity [18], and also related to the edge roughness (estimated to 
be smaller than 5 nm) of the fabricated pattern [19]. At higher input powers the cavity 
transmission becomes asymmetric due to thermal nonlinearity and hysteresis, indicated by the 
sharp transition edges because of the bistable states. 
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Figure 2(c) shows the measured mechanical power spectral densities, by varying the 
swept pump wavelength. The mechanical resonance frequency changes with the swept pump 
wavelength and indicates the canonical optomechanical stiffening which has been analyzed 
previously [1,13]. In the slot-type optomechanical cavity, the optomechanical stiffening and 
optical-mechanical resonance spectra of the cavity are strongly dependent on the drive power 
level and optomechanical coupling rate. Particularly, the resulting modified mechanical 
frequency resonance can be obtained as: 
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Here Ω'm (Ωm) is the shifted (unperturbed) mechanical resonance frequency, |a|2 the averaged 
intracavity photon energy, ωc the optical resonance frequency, and Γ = 1/τ the optical cavity 
decay rate. 

The modelled mechanical frequencies for different detunings, corresponding to the 
dropped-in power in Fig. 2(b), are also superimposed on the measurement as the solid line 
shown in Fig. 2(c). We estimate the optomechanical coupling rate gom/2π to be ≈33.5 

GHz/nm, with the vacuum optomechanical coupling rate g*/2π ≈146 kHz. We note that the 

measured gom here is smaller than theoretical prediction [13] due to the difference in height 
between the motional mass and the fixed beam after release, lowering the optomechanical 
transduction from designed values. With a blue optical detuning (1531.85 nm), the cold 
fundamental mechanical mode at atmosphere and room temperature is located at 88.2 kHz. 
The mechanical modal displacement is shown in the inset of Fig. 2(d). 

 

Fig. 3. (a) Optical transmissions at different fiber-cavity coupling positions. (b) Mechanical 
resonance shifts for laser detunings corresponding to the eight fiber-cavity coupling positions. 
(c) Two-dimensional mechanical frequency versus laser wavelength maps for four selected 
coupling positions in panel (b). The eight different colored curves (black, red, blue, purple, 
cyan, green, yellow, and brown) correspond to the fiber positions continuously changed in one 
direction. 

Next we change the coupled power by altering the fiber position slightly while keeping 
the input laser power constant at ~158 µW. As shown in the inset of Fig. 1(d), the dimpled 
fiber taper is touched physically on one side of the large mass PhC cavity, visualized from the 
microscope image with piezoelectric actuator control of the fiber position. The different fiber 
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position controlled by Attocube positioner and scanner changes the height of the large test 
mass, so alters the optomechanical cavity size shown in Fig. 1(c). As a result, it will change 
the optical cavity resonance and coupled power, as summarized in Fig. 3(a). This modifies the 
intracavity photon number. Most importantly, the optomechanical coupling is changed as 
well. This can be confirmed experimentally in Fig. 3(b), where different optomechanical 
stiffenings are observed for eight different fiber-cavity couplings. 

Considering the first coupling state [black curve in Fig. 3(a)], the mechanical stiffening 
and softening range is from 65 kHz to 91 kHz [black circle and curve in Fig. 3(b)]. The 
corresponding fitted optomechanical coupling rate gom/2π is ≈33.5 GHz/nm. When changing 
the fiber-cavity laser coupling by piezoelectrically altering the fiber height with respect to the 
large test mass, the optical transmissions are changed slightly [the red and blue curves in Fig. 
3(a)]. The intracavity photon number is increased and the fitted optomechanical coupling rate 
gom/2π is changed to 32.1 GHz/nm and 31.8 GHz/nm correspondingly. With further 
modification of the fiber-cavity laser coupling (mechanically altering the fiber height in the 
same direction), the optical resonance with asymmetric lineshape blue shifts strongly, from 
1532.27 nm to 1529.53 nm. At the same time, the intracavity photon number is changed 
accordingly and described by the below equation [9]: 
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where κe and κ are the external fiber-cavity coupling rate and the total cavity decay rate, Pin 
the intracavity dropped-in power,  = ωl – ωl the optical detuning, and ħ the reduced Planck 
constant. Figure 3(b) summarized the mechanical resonance shifts for the laser detunings, 
corresponding to the eight different dimpled fiber taper positions, Fig. 3(c) shows four 
selected measured raw data for the mechanical power spectral densities for different laser 
detunings. The corresponding fitted optomechanical coupling rates for each fiber-cavity laser 
coupling position is illustrated in Table 1. 

Table 1. Obtained gom (in GHz/nm) for different fiber-cavity couplings 

Positon 1 
(black) 

Positon 2 
(red) 

Positon 3 
(blue) 

Positon 4 
(purple) 

Positon 5 
(cyan) 

Positon 6 
(green) 

Positon 7 
(yellow) 

Positon 8 
(brown) 

33.5 32.1 31.8 55.3 60.5 62.6 64.9 73.8 

While monotonically changing the fiber-cavity coupling in the same direction 
piezoelectrically, Table 1 shows that, first, gom is decreased slightly in the initial positions. 
Then the gom is increased suddenly while modifying the fiber-cavity coupling in the same 
direction. This interesting phenomenon can be explained as follows. At the beginning 
coupling positions, the coupling strength is increased gradually as the optical resonance is 
changed from symmetric Lorentzian to asymmetric lineshapes as shown in Fig. 3(a). This 
enhances the intracavity energy and the mechanical resonance stiffening range is enlarged 
accordingly as shown in Fig. 3(b), coinciding with the theoretical relationship as obtained in 
Eq. (1). In these initial positions, therefore, the gom is not changed strongly. 

With continued modification of the fiber-cavity coupling position, the optical resonance 
blue shifts as shown in Fig. 3(a). At the same time, the fiber-cavity coupling strength is 
reduced as the transmission dip dropped. Thus the intracavity energy is reduced accordingly. 
However, as shown in Fig. 3(b), the mechanical resonance stiffening range is enlarged 
strongly up to 122 kHz. From the fitted curves we get the gom currently larger than 60 
GHz/nm. The only feasible explanation is the anchored fiber physically improving the height-
to-height planarity of the motional mass and fixed beam (non-planar after release and without 
the tapered fiber). This pushes the experimental obtained gom is closer to the theoretical 
modeling. These observations enable the control of the optomechanical coupling by tuning 
the fiber positions. 
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4. Demonstrations of Drude self-pulsation plasma locking 
Next we demonstrate the Drude self-pulsation plasma locking of the optomechanical cavity, 
namely the intracavity interaction and locking between optomechanical resonance and self-
pulsation oscillation. This has been observed in one-dimensional PhC nanobeam [20] or 100 
MHz air-slot PhC optomechanical cavities [21,22] but not yet on the low-frequency (≈kHz 
range) for the Drude self-pulsation plasma locking. To excite the self-pulsation oscillation 
state, the intracavity power should beyond the threshold of self-pulsation. Furthermore, to 
excite such self-pulsation oscillation state before the optomechanical self-sustaining 
oscillation in our air-slot PhC cavity, the threshold of self-pulsation should below the 
threshold of optomechanical self-sustaining oscillation. The theoretical scale predictions of 
such two thresholds are [23,24]: 

 _ 3

1 1
,th OM

m o

P
Q Q

∝  (3a) 

 _ 2
.th SP
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P

Q
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Here Qm and Qo are the mechanical resonance quality factor and optical resonance quality 
factor, and V the optical mode volume. For the discussed optomechanical cavity in this paper 
with such large test-mass and long supporting beams, as shown in Fig. 1(a), the mechanical 
quality factor for is quite low (≈17 as shown in previous section) due to the large mechanical 
loss in room temperature and atmospheric environments. Therefore, the self-pulsation 
oscillation is always excited before the optomechanical self-sustaining oscillation, along with 
the small optical mode volume mentioned previously. 

 

Fig. 4. (a) and (b) Optical transmissions for the two modes under drive power of ≈6 mW. (c) 
and (d) Zoom-in plots which indicate the signatures of exciting self-pulsation oscillation. The 
insets shown in panel (a) and (b) are the |Ey|

2 field distributions of such two optical resonance 
modes. 

As an example, when the drive power reaches to ≈6 mW, above the threshold of self-
pulsation, the signatures of excited self-pulsation oscillation appear in the optical transmission 
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as shown in Fig. 4 for two optical modes [25]. The corresponding |Ey|
2 field distributions for 

such two modes are shown in the inset of Figs. 4(a) and 4(b). As shown in the zoom-in plots 
in Figs. 4(c) and 4(d), the modulated transmission magnitudes of the laser power indicate the 
signature characteristics of Drude self-pulsation [17, 26–28]. 

 

Fig. 5. (a) Two-dimensional map of mechanical frequency power spectral densities versus laser 
wavelength showing the Drude self-pulsation plasma locking, subharmonics and harmonics. 
(b) Example power spectral density at laser detuning of 1561 nm and the corresponding zoom-
in plot in the frequency range up to 50 kHz. 

Likewise as earlier, we collect the readout power spectral densities at different laser 
detunings and the two-dimensional plot for the fundamental mode is shown in Fig. 5(a). It 
shows the interesting Drude self-pulsation plasma locking between mechanical resonance and 
self-pulsation oscillation. Specifically, outside the ≈1560.65 nm to 1562.40 nm wavelength 
regime, there is only the one mechanical resonance which has the similar optomechanical 
stiffening characteristics as shown in Fig. 2(c). When the pump laser wavelengths are within 
the range of 1560.65 nm to 1562.40 nm, self-pulsation oscillation are excited and significant 
subharmonics of the self-pulsation oscillation appear as shown in Fig. 5(a). One example 
power spectral density at a laser wavelength of 1561 nm is shown in Fig. 5(b) and the 
corresponding zoom-in plot in the frequency range up to 50 kHz is shown in Fig. 5(c). The 
frequency of fundamental self-pulsation oscillation can be described by [27]: 

 25
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( ) .
2 52( )

TPA FCA
fc i inP

T
V

τ γ γ ω
τω

ΔΩ ≈ × −
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Here the defined parameters can be found in [27] as well. As can be seen from Eq. (4), the 
frequency of self-pulsation is determined by the cavity decay rate (τ), two photon absorption 
(γTPA), free-carrier absorption (γFCA) effects, and the laser detuning (ω), and with a wide 
frequency tuning range from kHz to MHz [17,29]. Due to the nonlinear effects, e.g., thermo-
optic and free-carriers dispersion, the self-pulsation oscillation has strong harmonics as 
experimentally and theoretically demonstrated in [17]. As a result, once the harmonics of self-
pulsation close to the mechanical resonance at a specific laser detuning, the Drude self-
pulsation plasma locking are obtained. This is a classic injection locking process as analyzed 
by Hossein-Zadeh, et al. [30]. For the examined results as shown in Fig. 5, the sixth order of 
the fundamental self-pulsation oscillation equals to the fundamental mechanical frequency 
and we considered it as 1/6 subharmonics. Moreover, harmonics of the lowest frequencies 
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naturally arises due to the locking of the self-pulsation frequency with optomechanical 
oscillation. The enhancement of high-order harmonics range is a direct result of the nonlinear 
transduction of optical field due to self-pulsation, as shown in Fig. 2(a). 

5. Summary 
Here we have experimentally demonstrated two concurrent interesting characteristics in chip-
scale low-frequency optomechanical cavities. The controllable optomechanical coupling is 
first obtained and demonstrated by controlling the fiber-cavity coupling to the motional 
silicon photonic crystal membrane. Second, Drude self-pulsation plasma locking with the 
optomechanical oscillation shows subharmonics, obtained in higher drive laser powers. These 
results bring new insights into the implementations of nonlinear dynamics in mesoscopic 
scale, with applications in frequency oscillators and photonic signal processing. 
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