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Abstract 

Optical gradient forces play an essential role in optomechanical systems. The systems based on coupled 

microresonators are of great importance for applications in signal processing, sensors and actuators. 

Here, we theoretically and experimentally studied, for the first time, positive and negative pull-back 

instabilities originating from attractive and repulsive optical gradient forces, respectively, in an 

optomechanical device based on coupled microrings. The device consists of two coupled free-standing 

waveguides in two identical microrings, fabricated in the silicon-on-insulator process. The coupling 

between the two microrings results in the symmetric and antisymmetric resonances showing in the 

transmission spectrum of the device. By measuring the wavelength difference between the self-

reference symmetric and antisymmetric resonances, the wavelength tuning due to the optomechanical 

actuation is decoupled from the tuning due to the thermo-optical effect. It is demonstrated theoretically 

and experimentally that the positive pull-back instability originates from the attractive optical gradient 

force and the negative pull-back instability originates from the repulsive optical gradient force when 

the pump wavelength increases. The positive pull-back instability significantly increases the 

wavelength difference between the symmetric and antisymmetric resonances. On the contrary, the 

negative pull-back instability significantly decreases the wavelength difference. 

Keywords: pull-back instability, optomechanics, optical gradient force, coupled microresonators, mode 

splitting 
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Introduction 

Micro- and nano-optomechanical systems have been widely investigated for optical signal processing,1-

3 sensors4-6 and actuators.7-9 Optical gradient forces play an essential role in the systems and originate 

from the gradient of the electromagnetic field in the near-field of the guided wave structures.10 The 

strong field gradient leads to strong optical gradient forces. Microresonators with high quality (Q) factor 

and small mode volume have been widely utilized in optomechanical systems to enhance optical 

gradient forces.11-13 

 

In the presence of strong coupling between two identical microresonators, the symmetry and degeneracy 

of the resonator modes are broken, and symmetric (S) and antisymmetric (AS) resonant modes 

emerge.14 Based on the coupled microrings, the optical gradient force in optomechanical systems can 

be attractive or repulsive by pumping different resonant modes.1, 15, 16 The attractive and repulsive 

optical forces offer a flexible way to drive nano-scale mechanical structures. Meanwhile, the 

displacement of the nanostructures can be detected by self-referenced S and AS resonances.17 Based on 

the actuation flexibility and displacement detection by utilizing S and AS resonances, potential 

applications of all-optical reconfigurable photonic circuits have been demonstrated.1, 17, 18  

 

Ref. 9 reports a nano-optomechanical actuator that consists of a single microring resonator with pull-

back instability (PBI) that arises from the nonlinear attractive optical gradient force on a deflected 

waveguide. PBI means that a small variation of initial conditions results in a significant change in the 

deflection of nanostructures, and the structures are pulled back towards their initial positions.9 The PBI 

can cause a significant resonance shift and has potential applications for optomechanical memory,19 

optical switches20 and on-chip optical diode.13, 21 However, the PBI arising from the attractive and 

repulsive optical gradient forces in a coupled-resonator optomechanical system has not been 

investigated. 

 

This paper theoretically and experimentally studied the PBIs of a nano-optomechanical device driven 

by attractive and repulsive optical gradient forces generated by pumping the S and AS optical modes, 

respectively. The wavelength tuning due to optical gradient forces is recognized by the intrinsic self-

referenced S and AS resonances. It is demonstrated that the attractive and repulsive optical gradient 

forces induce two counter-directional PBIs, named positive and negative PBIs. The positive PBI (pPBI) 

causes a significant increase in the wavelength difference between the S and AS resonances. On the 

contrary, the negative PBI (nPBI) causes a substantial decrease in the wavelength difference. The 

demonstrated PBIs, together with the intrinsic self-referenced detection scheme based on S and AS 

resonances, could be useful for optical information processing and offer an ultrasensitive platform of 

optomechanical sensors. 
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The paper is structured as follows. The first section describes the structure of the optomechanical device. 

In the second section, the optical gradient forces are calculated, and PBIs are theoretically studied. To 

demonstrate the PBIs, the fabricated optomechanical device and the experimental setup are presented 

in the next section. Finally, the PBIs are demonstrated based on shifts of S and AS resonances and the 

wavelength difference between the S and AS resonances, verifying the theoretical analysis in the second 

section. 

 

Optomechanical device based on two coupled microresonators 

 
Fig. 1. (a) The schematic of the optomechanical device contains two laterally coupled 

microrings and a bus waveguide. Each microring has a free-standing waveguide. The pump 

light generates optical gradient forces. The probe light detects resonance shifts of the 

device. (b) Top view of the device. The dimensions of the device are specified. (c) The 

cross-sectional view of the device. The dimensions of the rib waveguide are shown in the 

inset. 

 

This paper demonstrated an optomechanical device to study the PBI effects. The device provides a 

simple actuation scheme for tuning optical resonance, which is useful for optical information processing, 

such as optical filters. The device consists of two free-standing waveguides in two identical racetrack 

microrings and a bus waveguide, as shown in Fig. 1. Each microring has a free-standing waveguide 

with a length of 50 µm. An air gap between the two suspended waveguides is 190 nm. The air gap 

between the suspended waveguide and the substrate is about 1.6 µm. The height and width of the 

suspended waveguides are 220 nm and 450 nm, respectively. Outside the released regions, the 

waveguides are rib waveguides and have the same cross-section with an overall height of 220 nm, a 

waveguide width of 450 nm, and an etch depth of 170 nm. The thickness of the Si slab layer is 50 nm. 
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The rib waveguides are used to prevent hydrofluoric acid (HF) vapour etching of the SiO2 layer outside 

the released region when releasing the suspended waveguides. The bending radius of the microrings is 

30 µm, defined from the middle of the waveguides. The coupling gap between the bus waveguide and 

the left ring is 210 nm. The coupling length is 2.2 µm for the coupling between the bus waveguide and 

the left microring. 

 

Calculation of optical gradient forces and resonance shifts of the device 

 
Fig. 2. (a) Simulated variations of the S and AS resonances as the air gap between two 

suspended waveguides is changed. The coupling between the two microrings is so strong 

that the wavelength splitting spans more than one free spectral range of the device. So the 

two neighbouring modes (S and AS modes) shown in the figure have different azimuthal 

orders. The insets show the electric field profiles for the S and AS modes. (b) Comparison 

of the simulated mechanical force and attractive optical gradient force. Δ= λin-1545.58 nm. 

1545.58 nm is the measured S resonance ( 𝜆𝜆𝑟𝑟0+ ). (c) Comparison of the simulated 

mechanical force and repulsive optical gradient force. Δ= λin-1546.21 nm. 1546.21 nm is 

the measured AS resonance (𝜆𝜆𝑟𝑟0− ). (d) Simulated nonlinear variations of the air gap 

between the two suspended waveguides. The pump laser wavelength increases from 

1545.35 nm to 1546.45 nm. The range (1545.35-1546.45 nm) covers an S resonance 

(𝜆𝜆𝑟𝑟0+ =1545.58 nm) and an AS resonance (𝜆𝜆𝑟𝑟0− =1546.21 nm). The simulated nonlinear 
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changes of the splitting width between the S (𝜆𝜆𝑟𝑟0+ ) and AS (𝜆𝜆𝑟𝑟0− ) resonances are also 

presented. 

 

In this section, the PBI of the optomechanical device will be theoretically analyzed. The two microrings 

of the designed device are identical and coupled. The degeneracy of the resonator modes is broken, and 

the mode pairs (S and AS modes) appear.14, 16 Figure 2(a) shows the S and AS resonances with the air 

gap between the two suspended waveguides. The insets show the electric field profiles for the S and AS 

modes. The S and AS resonances depend on the gap of the two rings. The difference between the two 

resonant wavelengths is defined as the splitting width, which increases when the gap increases. Strictly 

speaking, the splitting width is the wavelength difference between the S and AS resonances with the 

same azimuthal order. Here, we use the splitting width to present the wavelength difference between 

two neighbouring modes without considering the requirement of the same azimuthal order. It is worth 

noting that the two neighbouring modes shown in Fig. 2(a) have different azimuthal orders due to the 

strong coupling causing the splitting spanning more than one free spectral range of the device. The 

calculated resonances shown in Fig 2(a) are obtained from the device’s transfer function that is 

calculated based on two coupling matrices.22 One is the coupling matrix to represent the coupling 

between the bus waveguide and the left microring.23 Another matrix represents the coupling between 

the two microrings and is calculated based on the coupled-mode theory in space.24, 25 The coupling 

coefficient K between the two microrings can be calculated using the effective indices of the S and AS 

modes. 𝐾𝐾 = 𝜋𝜋/𝜆𝜆 ∙ (𝑛𝑛+ − 𝑛𝑛−).16, 26 The effective index of the S mode corresponds to n+, and the AS 

mode is n-. The effective indices are calculated using a finite-difference eigenmode (FDE) solver 

(Lumerical MODE Solutions). 

 

The optical energy will be stored in the microrings when the device is pumped. The optical gradient 

forces can be derived from the relation between the stored optical energy and the gap9, 27 
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where U is the optical energy stored in microrings, ∂g represents the variation of the gap when the two 

suspended waveguides bend. The gap is between the midpoints of the two suspended waveguides. Pin 

is the power of the control light in the bus waveguide, λin is the wavelength of the control light, λr is the 

resonant wavelength, τi is the decay rate due to the internal loss, τe is the decay rate due to the coupling 

between the microring and the bus waveguide, ∂λr/∂g is the optomechanical tuning efficiency. The 

superscript ± stands for either the S (+) or AS (-) optical mode.  

 

The resonant wavelengths in Eq. (1) are given by 

𝜆𝜆𝑟𝑟± = 𝜆𝜆𝑟𝑟0
± + 𝛿𝛿𝛿𝛿𝑜𝑜𝑜𝑜± + 𝛿𝛿𝛿𝛿𝑡𝑡𝑡𝑡

±          (2) 
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where λr0 is the unshifted resonant wavelength, δλom is the resonance shift due to the optomechanical 

actuation. δλto is the resonance shift induced by the thermo-optical effect. The resonance shift due to 

the optomechanical actuation can be written as  

𝛿𝛿𝛿𝛿𝑜𝑜𝑜𝑜± = ∆𝑔𝑔 ∙ 𝜕𝜕𝜆𝜆𝑟𝑟±/𝜕𝜕𝜕𝜕          (3) 

where ∆g is the change of the gap due to the optical gradient force. The gap is between the midpoints 

of the two suspended waveguides. The resonance shift due to the thermo-optical effect can be expressed 

as28-30 

𝛿𝛿𝛿𝛿𝑡𝑡𝑡𝑡
± = 𝜆𝜆𝑟𝑟0

± /𝑛𝑛𝑔𝑔 ∙ 𝑘𝑘𝑡𝑡ℎ∆𝑇𝑇          (4) 

where ng is the group index, and kth=1.86×10-4 K-1 is the silicon thermo-optic coefficient. ∆T is the 

steady-state temperature change in the microrings. It can be expressed as1, 31 ∆T=ΓabsRthU±, where Γabs 

is the total optical absorption rate, Rth is the thermal resistance of the microrings. 

 

The optomechanical tuning coefficient ∂λr/∂g in Eq. (1) can be obtained from Fig. 2(a). In the device, 

the initial gap is 190 nm, 𝜕𝜕𝜆𝜆𝑟𝑟±/𝜕𝜕𝜕𝜕 = ∓3.8 × 10−3. Based on Eq. (1), pumping the S mode can generate 

the attractive optical gradient force that pulls the two suspended waveguides towards each other. On 

the contrary, pumping the AS mode can generate the repulsive optical gradient force that pushes the 

two waveguides away from each other. 

 

The deflection of the two waveguides gives rise to a mechanical force Fmech=kmech·∆g/2. kmech is the 

spring constant of a suspended waveguide. The mechanical spring constant is simulated to be 0.66 N/m 

using finite-element analysis (FEA) software COMSOL. Compared to the optical gradient forces, the 

mechanical force tends to pull the waveguides to their original positions. The optical force and the 

mechanical force balance each other at the equilibrium point, 

𝐹𝐹𝑜𝑜𝑜𝑜𝑜𝑜(∆𝑔𝑔) + 𝑘𝑘𝑚𝑚𝑚𝑚𝑚𝑚ℎ ∙ ∆𝑔𝑔/2 = 0         (5) 

 

The balances between the mechanical forces and the optical gradient forces are numerically analyzed. 

The pump power in the simulation is Pin=7.5 dBm. The parameters for calculating the stored energy U 

are obtained by fitting the notches of S and AS modes in the measured transmission spectrum with the 

device’s transfer function derived from the time-domain coupled-mode analysis.32, 33 The transmission 

spectrum is described in the sections of Experimental Results. The air gap between the two suspended 

waveguides is 190 nm. For the S mode, the resonant wavelength is 𝜆𝜆𝑟𝑟0+ =1545.58 nm, the intrinsic Q 

factor of the coupled microrings is Qi=𝜔𝜔𝑟𝑟0
+ τi/2=35310, and the Q factor for the waveguide-resonator 

coupling is Qe=𝜔𝜔𝑟𝑟0
+ τe/2=28660. For the AS mode, the resonant wavelength is 𝜆𝜆𝑟𝑟0− =1546.21 nm, the 

intrinsic Q factor of the coupled microrings is Qi=𝜔𝜔𝑟𝑟0
− τi/2=25120, and the Q factor for the waveguide-

resonator coupling is Qe=𝜔𝜔𝑟𝑟0
− τe/2=25120. The thermal resistance between the coupled microrings and 
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the surroundings is Rth=7625 K/W, calculated using FEA software COMSOL.13 The optical absorption 

rate Γabs is estimated using the absorption limited quality factor Qabs=ω/Γabs,1 where Qabs=106.17, 34 

 

Figure 2(b) shows the balance between the mechanical force and the attractive optical gradient force. 

The detuning Δ is defined as the difference between the pump laser wavelength and the unshifted S 

resonance 𝜆𝜆𝑟𝑟0+ =1545.58 nm. Δ= λin-1545.58 nm. The gap change in Fig. 2 means the change in the gap 

between the midpoints of the two suspended waveguides when the waveguides are deflected from their 

initial positions. The initial gap is 190 nm. When Δ increases, the equilibrium point changes from point 

a to point c, and the gap decreases with the pump laser wavelength. It is because the pump laser 

approaches the S resonance (𝜆𝜆𝑟𝑟+), more power is stored in the microrings, increasing the generated 

attractive force. At point c, the deflection is the largest. This means the pump laser wavelength is the 

same as the S resonance 𝜆𝜆𝑟𝑟+. When Δ increases, the equilibrium point changes from point c to d. The 

gap significantly increases, and the suspended waveguides are pulled back towards the initial positions. 

This phenomenon is called PBI.9 We name it pPBI to distinguish it from the one caused by the repulsive 

optical gradient force. 

 

Figure 2(c) shows the balance between the repulsive optical gradient force and the mechanical force. 

The detuning is defined as the difference between the pump laser wavelength and the unshifted AS 

resonance 𝜆𝜆𝑟𝑟0− =1546.21 nm. Δ= λin-1546.21 nm. It is observed that the gap increases with the pump 

laser wavelength when the equilibrium point changes from e to g. At point g, the gap is the largest. 

When Δ increases, the equilibrium point changes from g to h. The gap decreases significantly, and the 

two suspended waveguides are pulled back towards their initial positions. Here, we use nPBI to describe 

the significant decrease of the gap. 

 

Figure 2(d) presents the nonlinear variation of the gap as the pump wavelength increases from 1545.35 

nm to 1546.45 nm. The range of the pump laser wavelength covers an S resonance (𝜆𝜆𝑟𝑟0+ =1545.58 nm) 

and an AS resonance (𝜆𝜆𝑟𝑟0− =1546.21 nm). It is observed that there are four main changes (Indicated using 

regions I, II, II and IV) of the gap. Regions I and II show that the gap changes when the S mode is 

pumped. In region I, The gap decreases when the pump wavelength increases. In region II, a small 

increase in the pump laser wavelength induces a significant increase in the gap, indicating the 

occurrence of pPBI. Regions III and IV show that the gap changes when the AS mode is pumped. In 

region III, the gap increases with the pump laser wavelength. In region IV, a significant decrease in the 

gap is caused by a small increase in the pump laser wavelength, showing the occurrence of the nPBI.  
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According to Fig. 2(a), the variation of the gap shown in Fig 2(d) gives rise to changes in the splitting 

width. Figure 2(d) also shows the nonlinear changes of the splitting width when the pump wavelength 

increases. 

 

Fabricated device and experimental setup 

 
Fig. 3. (a) SEM image of the fabricated nano-optomechanical device. This device includes 

two coupled microrings and a bus waveguide. Each microring has a free-standing 

waveguide. The two dashed rectangles indicate the regions shown in (b) and (c). (b) SEM 

image of the connections between the rib waveguides and the suspended waveguides. (c) 

SEM image of the centre region of the suspended waveguides. (d) Schematic of the 

experimental setup. The pump light is used to control optical forces, and the probe light is 

used to read out shifts of the device’s resonances. The pump and probe are coupled using 

an optical coupler and launched into the bus waveguide. A wavelength division 

multiplexer is used to filter the pump light. The optical transmission spectrum is obtained 

from the photodetector that is synchronized with the probe light source. 

 

The optomechanical device shown in Fig. 1 is fabricated in a silicon-on-insulator (SOI) process to 

demonstrate the PBIs induced by the attractive and repulsive optical gradient forces. Figure 3(a) shows 

an SEM image of the fabricated device. Details of the fabrication process are described in the section 

of Methods. In the coupling region between the bus waveguide and the left microring, two arrows in 

Fig. 3(a) show that light couples in and out of the microring with the power coupling efficiency k. The 

efficiency is 27% when the wavelength is 1545.58 nm. The dashed rectangles indicate the regions 
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shown in Fig. 3(b)(c). Figure 3(b) shows the connections between the suspended waveguides and the 

rib waveguides. Figure 3(c) shows the central region of the two coupled suspended waveguides.  

 

Figure 3(d) illustrates the schematic of the experimental setup used to measure the transmission spectra 

of the coupled microrings. The pump laser is high-power and utilized to induce optical gradient forces 

to deflect the two suspended waveguides. The low-power probe laser sweeps in wavelength to read out 

the resonance shift of the device. An attenuator (ATT) is used to reduce the power of the probe laser. A 

polarization controller (PC) is used after each laser to excite transverse electric mode in the device. The 

pump and probe are coupled using an optical coupler (OC) and launched into the bus waveguide. The 

output pump and probe are separated by a wavelength division multiplexer (WDM). A photodetector 

(PD) is synchronized with the probe laser to record the probe transmission. 

 

Experimental results 

Shifts of split resonances when the device is pumped 

 
 

Fig. 4. (a) The transmission spectrum when only the probe light is used. The orange region 

highlights the pump scan region (1545.35-1546.45 nm). The blue region (1563.3-1565 nm) 

highlights the probe scan region. (b) Measured transmission spectra when the pump laser 
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wavelength increases and pumps the left notch in the pump region. (c) Measured 

transmission spectra when the pump laser wavelength increases and pumps the right notch 

in the pump region. (d) Shifts of the S and AS resonances in the probe scan region when 

the pump laser wavelength increases in the pump scan region. 

 

Figure 4(a) presents the transmission spectrum of the device using the probe laser in the bus waveguide. 

The split notches in the transmission indicate the occurrence of mode splitting. The S and AS modes 

can be identified based on the free-spectral range (FSR).1 The measured FSRs for the split modes are 

shown in Fig. 4 (a). The FSR for the left mode in the pump scan region (Orange region) is 1.814 nm, 

and the FSR for the right mode in the region is 1.804 nm. The larger FSR indicates that the left mode 

in the region is S mode and the right mode in the region is AS mode. The theoretical values of the FSRs 

of the S (1545.58 nm) and AS (1546.21 nm) resonances are 1.800 nm and 1.790 nm, respectively,35 

matching well with the FSRs obtained directly from Fig. 4(a). For the two modes in the probe scan 

region (Blue region), the left mode with the FSR of 1.853 nm is recognized as the S mode. The right 

mode with the FSR of 1.842 nm is the AS mode. In the experiments, the pump wavelength is increased 

in the pump scan region and induces optical gradient forces. In the probe scan region, the probe 

transmission is recorded to measure the resonance shifts.  

 

Pumping the device will induce the optomechanical actuation and thermo-optical effect. The S and AS 

resonances will be shifted by the two effects. The optomechanical actuation changes the gap between 

the two microrings. The optical coupling coefficient between the two microrings depends exponentially 

on the gap. According to Fig. 2(a), increasing the gap will blue shift the S mode and red-shift the AS 

modes while decreasing the gap will red-shift the S mode and blue-shift the AS mode. For the shifts of 

the S and AS resonances due to the thermo-optical effect, their ratio can be calculated based on Eq. (4). 

The ratio is 𝛿𝛿𝛿𝛿𝑡𝑡𝑡𝑡+ /𝛿𝛿𝛿𝛿𝑡𝑡𝑡𝑡− = (𝜆𝜆𝑟𝑟0+ /𝑛𝑛𝑔𝑔+)/(𝜆𝜆𝑟𝑟0− /𝑛𝑛𝑔𝑔−) = 1, where 𝜆𝜆𝑟𝑟0+ =1545.58 nm, 𝜆𝜆𝑟𝑟0− =1546.21 nm. 𝑛𝑛𝑔𝑔+/𝑛𝑛𝑔𝑔− 

is calculated based on the FSRs (1.814 nm for the S mode and 1.804 nm for the AS resonances).35 The 

ratio of 1 means that the thermo-optical effect leads to the same shifts of the S and AS resonances. 

 

In Fig. 4(b), the S mode in the pump scan region is pumped. The transmission with pump laser 

wavelength of 1545.35 nm is for reference as no pump power drops into the microrings. When the pump 

laser wavelength changes by 310 pm from 1545.35 nm to 1545.66 nm, It is measured that the S 

resonance is red-shifted by 97 pm, and the AS resonance is red-shifted by 51 pm. The red-shifts of the 

S and AS resonances indicate that the thermo-optical effect dominates the wavelength tuning. If the 

optomechanical actuation dominates, one resonance will be red-shifted, and another will be blue-shifted. 

It is also observed that the S resonance has a larger shift compared to the AS resonance. This is because 

the attractive optical gradient force is induced by pumping the S mode in the pump scan region, 

decreasing the gap between two microrings and causing the red-shift of the S resonance and the blue-
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shift of the AS resonance. When the pump laser wavelength increases by 20 pm from 1545.66 nm to 

1545.68 nm, both the S and AS resonances experience significant decreases. When the pump laser 

wavelength is 1545.68 nm, the resonances in the probe scan region are very close to the reference 

resonances with no pump power dropping into the microrings. This means the two suspended 

waveguides are almost pulled back to their initial positions, and the pPBI occurs. 

 

In Fig. 4(c), the AS mode in the pump scan region is pumped. The transmission with pump laser 

wavelength of 1546 nm is for reference as no pump power drops into the microrings. When the pump 

laser wavelength increases from 1546 nm to 1546.29 nm, both the S and AS resonances are red-shifted, 

indicating that the thermo-optical effect dominates the wavelength tuning. Compared to the S resonance, 

the AS resonance has a larger wavelength shift. This is because the repulsive optical gradient force 

increases the gap between the microrings. When the pump laser wavelength increases from 1546.29 nm 

to 1546.31 nm, the S and AS resonances experience significant decreases and are close to the reference 

resonances. This indicates the occurrence of the nPBI. 

 

Figure 4(d) summarises the shifts of the S and AS resonances in the probe scan region. The pump laser 

wavelength increases in the pump scan region from 1545.35 nm to 1546.45 nm. The measurement is 

carried out with the pump power of 7.5 dBm and 5.5 dBm, respectively. It is observed that each 

resonance experiences four main changes. Regions I, II, III and IV are shown to present the four changes 

when the pump power is 7.5 dBm. Regions I and II show the shifts of the S and AS resonances when 

the S mode in the pump scan region is pumped. The significant change of the resonances in region II is 

due to pPBI. Regions III and IV present the shifts of the S and AS resonances when the AS mode in the 

pump scan region is pumped. The significant change of the resonances in region IV is due to nPBI. 

 

Variation of mode splitting width when the device is pumped 

 
Fig. 5. Measured splitting width between the S and AS resonances in the probe scan region. 

The pump wavelength is increased in the pump scan region. 
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The shifts of split resonances shown in Fig 4(d) result from the optomechanical actuation and the 

thermo-optical effect. It is necessary to decouple the thermo-optical effect in order to obtain the 

wavelength tuning due to optomechanical actuation. As discussed above, the thermo-optical effect leads 

to the same shifts of the S and AS resonances. Therefore, the variation of the splitting width between 

the S and AS resonances presents the contribution from optomechanical actuation. Figure 5 shows the 

measured variations of the splitting width between the S and AS resonances in the probe scan region. 

The pump laser wavelength increases in the pump scan region from 1545.35 nm to 1546.45 nm.  

 

The splitting width experiences four main changes when the pump laser wavelength increases. Regions 

I, II, III and IV are plotted to present the four changes when the pump power is 7.5 dBm. The regions 

are the same as the regions in Fig 4(d). It clearly shows that the splitting width experiences a significant 

increase in region II where the pPBI occurs, and a significant decrease in region IV where the nPBI 

occurs. It can also be observed that the difference between the blue (7.5 dBm) and red (5.5 dBm) lines 

changes nonlinearly with the pump wavelength. The significant differences appear in regions II and IV 

where the PBIs occur. 

 
Fig. 6. (a) Comparison between the simulation and experimental results of the splitting 

width. The splitting width is between the S and AS resonances in the probe scan region. 

The pump power is 7.5 dBm, and the pump wavelength is increased in the pump scan 

region. (b) Comparison between the simulation and experimental results of the splitting 

width when the pump power is 5.5 dBm. 

 

Figure 6 shows the simulation and experimental results of the mode splitting width between the S and 

AS resonances. The pump power is 7.5 dBm in Fig. 6(a) and is 5.5 dBm in Fig. 6(b). In the simulation, 

the absorption limited quality factors, Qabs=1.4×106 for the S mode and 1.2×106 for the AS mode, are 

used to fit the experimental results. Figure 6 shows that the simulation results agree well with the 

experimental results, which verifies the theoretical analysis of PBIs. 
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Discussion 

The pPBI and nPBI have been theoretically and experimentally studied in an optomechanical device 

based on two coupled microrings. The pPBI originates from the attractive optical gradient force 

generated by pumping the S optical mode. The occurrence of pPBI induces a significant increase in the 

splitting width between the S and AS resonances. On the contrary, the nPBI originates from the 

repulsive optical gradient force generated by pumping the AS optical mode. The nPBI induces a 

significant decrease in the splitting width.  

 

The PBIs are physically similar to the optomechanical buckling transitions.36 The stable positions of 

moveable nanostructures in the optomechanical systems are determined by the points where the optical 

forces balance the mechanical force. When the PBIs or the buckling transitions occur, the positions of 

the nanostructures experience significant changes. The PBIs will pull the nanostructures back towards 

their initial positions. On the contrary, the buckling transitions push the nanostructures away from their 

initial positions. 

 

Experimental results in Fig. 4 show that the shifts of the S and AS resonances are due to the 

optomechanical-tuning effect and the thermal effect. The two effects could provide a new degree of 

freedom for designing all-optical photonic devices for optical information processing. The 

optomechanical-tuning effect can be adjusted by changing the dimensions of the suspended waveguides 

or the gap between them. When the wavelength tuning due to the optomechanical actuation is balanced 

by the tuning due to the thermal effect, the S and AS resonances can be controlled individually. The 

selective control can benefit the reconfigurable optical filter and optical router.  

 

Figure 5 shows the significant changes of the mode splitting width when PBIs occur. The changes can 

be utilized for ultra-sensitive sensing. For example, it can be used to measure the variations in the 

refractive index of the coupled microrings. The variations cause the resonance shift and induce the PBIs. 

The information of variations can be extracted from the significant change in the splitting width between 

S and AS resonances. 

 

Conclusion 

We have demonstrated an on-chip optomechanical device based on two coupled microring resonators. 

The coupled resonators possess positive and negative PBIs originating from the attractive and repulsive 

optical gradient forces, respectively. By measuring the splitting width between the self-referenced S 

and AS resonances, the wavelength tuning by optomechanical actuation is decoupled from the tuning 

by the thermo-optical effect. The splitting width experiences a significant increase when the pPBI 

occurs and experiences a significant decrease when the nPBI occurs. The nonlinear changes of the 

splitting width are studied by combining the numerical calculation and experimental results. 
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The optomechanical actuation and thermo-optical effect of the Si optomechanical device can be used 

to design all-optical photonic devices for optical information processing, such as optical filters. The 

device can also be utilized for ultrasensitive sensing, based on the significant change of the mode 

splitting width induced by the PBIs. The design can be further explored for achieving phonon lasing,37, 

38 light delaying,39, 40 exceptional points in parity-time symmetric systems41, 42 or extending the mode 

localization effects from MEMS coupled resonant sensors43 to the optomechanical domain to achieve 

ultrasensitive optomechanical mode-localized sensors.  

 

Methods 

Device fabrication 

The device was fabricated on an SOI wafer with a 220-nm-thick device layer and a 2-µm buried oxide 

layer. A 40-nm-thick silicon dioxide layer was deposited by plasma-enhanced chemical vapour 

deposition (PECVD) as a hard mask to ensure the waveguide has a good profile and reduce optical loss. 

The bus waveguide and two coupled microrings are patterned using electron beam lithography (EBL) 

and inductively coupled plasma (ICP) etching of 170 nm into the Si device layer. A second EBL step 

followed by shallow ICP etching of 70 nm into the Si device layer is used to pattern the grating couplers. 

Then the strip waveguides contained in two coupled microrings were patterned using EBL and 

additional ICP etching of 50 nm Si device layer. Finally, HF vapour etching is utilized to release the 

free-standing waveguides from the substrate. 
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For Table of Contents Use Only 

 
The left figure in the table of contents graphic contains a schematic of the optomechanical device based 

on two laterally coupled microrings. The right figure shows the measured splitting width between the 

S and AS resonances in the probe scan region when the pump wavelength is increased in the pump scan 

region. 


