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ABSTRACT   

We propose a novel way of mechanical perturbation of photonic crystal cavities for on-chip applications. We utilize the 
equivalence of the 2D photonic crystals with perfect electric conductor (PEC) boundary conditions to the infinite height 
3D counterparts for rod type photonic crystals. Designed structures are sandwiched with PEC boundaries above and 
below and the perturbation of the cavity structures is demonstrated by changing the height of PEC boundary. Once a 
defect filled with air is introduced, the metallic boundary conditions is disturbed and the effective mode permittivity 
changes leading to a tuned optical properties of the structures. Devices utilizing this perturbation are designed for 
telecom wavelengths and PEC boundaries are replaced by gold plates during implementation. For 10 nm gold plate 
displacement, two different cavity structures showed a 21.5 nm and 26 nm shift in the resonant wavelength. Optical 
modulation with a 1.3 MHz maximum modulation frequency with a maximum power consumption of 36.81 nW and 
impact sensing with 20 µs response time (much faster compared to the commercially available ones) are shown to be 
possible. 
 
 Keywords: Photonic crystal, metallic perturbation, opto-mechanical interaction 
 
 

1. INTRODUCTION  
 Recent discoveries on opto-mechanical interactions opened a new era for photonic sensors and systems.  With 
the advances in nanofabrication, experimental realization of these interactions have been demonstrated in many studies.1-

12. Some concrete examples can be given as single photon frequency shifters13, utilizing vibration in order to introduce 
nonlinear effects and quantum cooling effects which can be used to incorporate self-cooling chips 14, 15. Moreover, 
detection of radio waves by displacement of Al-coated SiN membrane 16 is demonstrated as auspicious optical detectors 
and concurrently, novel optical gyroscopes are designed 17, 18 .Hence, mechanics and photonics are uniting disciplines for 
the production of novel structures that are necessity for challenging situations. Many authors proposed ways to tune 
characteristics of the structure of a thermo-optic, electro-optic and opto-mechanic systems. These changes are seen to be 
mainly on the refractive index of the medium. For instance, thermo-optic systems incorporate heat for that change. 
Utilization of thermo-optic effects is usually made possible by placing metallic heaters in the proximity of structure of 
interest 19. However, interaction of guided mode with these metallic heaters results in low transmittance, so additional 
layer is being inserted between waveguide and metal layers 20. This additional layer enables mode propagation by 
decreasing the mode overlap with the metallic heaters. Even though this additional layer, thermo-optic effects have 
higher tuning range. However, they suffer from high power consumption and limited operating speeds due to thermal 
capacitance of the structure. Electro-optic systems are faster when compared to the thermo-optic systems. However, high 
voltages are required for small tuning ranges 21, 22. One class of electro-optic effects use p-n or p-i-n junctions to inject 
carries 23-29. Even though the power consumption is decreased and the carrier injection produces relatively high refractive 
index changes, the thermal characteristics of the devices are not considered. Heat generation due to carrier injection, 
changes the characteristic of the system substantially compared to the carrier injection. In order to prevent the excessive 
heating, another class of electro-optic effects use MOS structure 30-32 and eliminates the heat generation of the system by 
MOS capacitor. Nowadays, plasmon assisted electro-optic effects are used for modulator designs 33-37 and layered 
graphene based structures are proposed and designed as emerging technologies 38-44. Additionally, strain effect on 
silicon’s refractive index is shown to be effective enough to practice it as a sensor 45, 46.    
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 On the opto-mechanical side, mechanical deformation or actuation of the subparts of photonic systems are used 
in order to incorporate evanescent coupling. Most frequently used ones are cavity structures or parallel waveguides. The 
perturbation of the evanescent fields can produce large change in the characteristics of the system with small voltages. 
By changing the field, the effective refractive index of the structure changes and that results in resonant shift of the 
system or phase shift of the incoming light. Some types use parallel high dielectric waveguides and plate structures 47-56 
and incorporates NEMS actuators to change the coupling between the waveguide, whereas other types use ring 
resonators and deforms the structure out of plane and in plane 57-62 by capacitive actuators. In this work, mechanical 
perturbation of photonic crystal cavities for on-chip applications is demonstrated. The effective mode permittivity is 
shown to be changed by first disturbing infinite rod height for PhC slab cavity which is bounded by PECs. Later, the 
same boundaries are replaced by gold plates for practical applications and same effect is observed. This way a novel 
opto-mechanical coupling of rod type PhCs is introduced and explained. 

2. CAVITY STRUCTURE 
 In order to show the effect of permittivity disturbance that leads opto-mechanical coupling, a two dimensional 
PhC cavity side coupled to a line defect waveguide is designed. The structure is constructed in hexagonal lattice 
formation, where the lattice constant a=610 nm and hole radius r=0.2a. The design parameters are selected in order to 
maximize the Q-factor of resonant mode inside the cavity. The transmission of side coupled cavity around resonance is 
numerically analyzed via 2D FEM simulations and it is given in the Fig.1 (a). 

 
Figure 1. (a) Transmission of the side coupled cavity vs. wavelength. (b) Side coupled cavity at its resonant wavelength of 
1550 nm. 

 

 Referring to the Fig. 1(a), structure has a resonance around 1550 nm wavelength for TM excitation. Resonant 
mode profile inside the cavity is presented in Fig. 1(b). The cavity structure inhibits discrete translational symmetry in x 
and y directions and continuous translational symmetry in z direction as the structure extends to infinity in z direction for 
2D analysis, meaning that the effective rod height for TM modes are infinity. It is still possible to implement 2D 
photonic crystal structure by implementing PEC boundary conditions to a 3D slab. In this case, kz vector is being forced 
to zero and hence TM modes similarly sees infinite height of rods. But, TE modes are changed, and they are shifted to 
higher frequencies, due to the boundary condition, forced by the PEC which ensures that E// to the conductor surface is 
equal to zero. Now, a question arises whether it is possible to change the permittivity of the PhC such that it leads to a 
controlled tuning of the system. The main idea of designing photonic crystals is to have a permittivity that is function of 
space. So, this idea can be applied to the slab photonic crystals such that the permittivity map of the device is being 
changed in the out of plane direction while ensuring the semi-infinite rod height which acts like a 3D photonic crystal. 
This new form of crystal has a periodicity in the z direction such that by the insertion of the air gap decreases the 
effective mode index. As it can be observed in Fig. 1(b), the resonant mode of the cavity is localized in air region. From 
small perturbation of the dielectric function,  
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 From (1), as the dielectric function is decreased, mode frequencies are shifted to the higher frequencies. The 
perturbation in the out of plane direction is possible if the TM waves still see infinite height of rods. This can be done by 
the mechanical disturbance of the PEC boundary. 

 
Figure 2. (a) Resonant shift of the side coupled cavity via permittivity perturbation. (b) 3-D slab PhC with PEC boundary 

conditions for the top and bottom plate. 

 Mechanical perturbation of PEC boundary is being accomplished by creating an air defect between the top of 
the rods and the metal surface. In a different perspective, air rods are created on top of the silicon rods such that this 
semi-infinite height silicon photonic crystal acts as if the PhC permittivity is changing in the z direction while satisfying 
the infinite rod height. By that way, properties of the PhC is disturbed in a controlled manner. In Fig. 2, the resonant shift 
of the system is apparent and it is interesting to note that even the rod height is increased while maintaining the PEC 
boundaries, the system properties are not disturbed. On the other hand, braking the translational symmetry in z direction 
by the insertion of air defect makes rod height as an important parameter. Since, in this case rods are not infinite 
although the PhC carries same modes as in the 2D case, and the system obeys equation (1). Moreover, it is observed that, 
the resonant frequencies of the side coupled cavity is shifted by 26 nm. Remembering that the cavity modes are 
supported by mostly air, the results of the mode shapes for the cavity in transverse plane are pretty interesting and they 
are given in the Fig.3.  
 
 By comparing Fig. 3(a)-(b), one can see the effect of perturbation on the mode profile of the cavity. When the 
air defect is introduced, light localizes in the defect, making the structure strongly sensitive to the geometrical 
perturbations. Mode shapes in Fig. 3 (a)-(b) are in agreement with the equation (1) i.e. the effective permittivity of the 
mode is decreased, leading to a blue shifted resonant frequency. For practical applications, Gold plates will be used 
instead of the ideal PEC boundary conditions. In order to explain the effect of the gold on the system, it is vital to 
analyze the gold structure itself. Thus, the transmittance and reflectance of 50 nm flat gold layer between two air regions 
is investigated. Simulation is done in 2-D and the structure is excited by TM waves. The results of absorption and 
reflection of Gold layers are given in the Fig. 4(a)-(b), respectively. 
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Figure 3. (a) Mode shape of the undisturbed cavity (b) Mode shape of the disturbed cavity (Note that the scales of the 

normalized Ez components are done on the same basis) 

 

 
Figure 4. (a) Absorptivity of the flat gold surface for different angles and frequencies (b) Reflectivity of the gold flat surface for 

different angles and frequencies (Angle is varied from 0˚ to 30˚ with 5˚ steps) 

 Referring to the Fig. 4, the reflection from the gold surface is high and it is decreasing by increasing the input 
frequency. Similarly, the penetration depth into the gold surface is also increasing with the increased absorptivity and 
that results in a dissipative behavior. That behavior is apparent due to the frequency dependent conductivity of the gold. 
The permittivity of the gold changes on account of the conductivity change and that is often explained with the Drude-
Sommerfeld model 65. The complex permittivity of the gold is given as, 
 

 
 
 In (2), p is the bulk plasma frequency, ϒbulk is proportional to the reciprocal of the mean free time between 
electron collision times 66 and   represents the effect of interband transitions to the polarizability 67-69. From equation 
(2), as the real part of  becomes zero, metal reaches its bulk plasma frequency and it reaches its surface plasma 
frequency at  of the bulk plasma frequency. In our design, gold is far below its plasma frequency and resonances 
occur as in the 2-D case. As the real part of (2) sustains to be negative, gold is still a good reflector, however it is not a 
PEC. At , the permittivity is  and one can presume that the absolute value of the permittivity is decreasing 
leading to an increased modal frequencies for PhC. Hence, it is going to affect the resonant frequencies due to the non-
ideal conductor boundary. Moreover, since there exists dissipation thorough the gold plates, the transmission reduces. To 

Proc. of SPIE Vol. 10931  109310E-4
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 30 Jul 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 

show that, same structures as in the Fig. 2 is investigated by replacing PEC boundaries with 50 nm gold plates and the 
results are given in the Fig. 5(a). 
 

 
 

Figure 5. (a) Resonant shift of the side coupled cavity for gold plate boundary conditions. (b) Resonant shift of the cavity with 
different air defect heights. 

 From Fig. 5a, the transmission of the side coupled slightly changed and the change in the resonant wavelength 
is also shown. Moreover, Fig. 5b shows the resonant shift of the side coupled cavity with respect to various 
displacements and this behavior can be perceived as piecewise linear. The system effectively shows the same behavior 
that is predicted by equation (1) which is linear in terms of  and this indeed shows that the rods of the PhC see near 
infinite rods such that the controlled tuning of the PhC properties are possible. Additionally, the lattice constant of the 
rods for PEC case and gold plate cases are different from each other. For PEC boundary, lattice constant is 610 nm, on 
the other hand it is 577nm for gold boundaries. That is apparent owing to the perturbation created by the gold plates 
which have finite permittivity on the system.  

3. OPTOMECHANICS AND APPLICATIONS 
 Design of the optomechanical structure is completed by taking practical concerns into consideration and it is 
shown in Fig. 6. Two layers of gold is being used and bottom gold layer is designed to pull the top plate by electrostatic 
actuation. In order to eliminate the heating of the structure, SOI wafer is used and the system dissipates power if an AC 
voltage is applied between top and bottom gold layers. That dissipation is due to the change of the energy of the 
capacitance between top and bottom layers. There are no electrical connection for the gold layer that is at the bottom of 
the PhC. Depending on the heights of the stepped structure, system can be either used as modulator or inertial sensor. 
Since, the system is going to be used in atmospheric conditions and air between the gold plate and PhC needs to be 
analyzed. The vibration analysis of the gold plate with the fluidic damping is done and it is used in the following 
analyses. 
 
 Considering Fig. 5a and 6, the top plate can be actuated by 10 nm and that will shift the characteristic of the 
structure considerably. Using that idea, 100 nm displacement between PhC and gold plate is given. Because of 
deposition of gold, there will be 50 nm gold layer on the top of the PhC cylinders. That will result in 50 nm actuating 
length of the top plate. Additionally, 200 nm distance is set for the bottom gold layer and top gold layer. For the least 
possible power consumption, firstly the top plate is being pulled by 40 nm via DC voltage applied between bottom gold 
layer and top gold layer. Then, AC voltage is applied between bottom gold layer and top gold layer. The system is a 
nonlinear one since there exists gap nonlinearity between top plate and PhC. Gap non-linearity is being put intentionally 
to prevent excessive vibration of the plate at resonant frequency. Non-linear system is modelled as SDOF and analyzed 
in terms of its time response for modulation speed. The modulation frequency can go up to 1.3 MHz and for that 
purpose, response of the system for 1µs pulse is given. Initially 8.45 Volt is being applied between top and bottom gold 
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layers and 0.5 Volts is being applied as modulation voltage. The system dissipates power whenever 0.5 Volts AC voltage 
is applied on account of capacitive action. So the power consumption of the system becomes 28.34 nW under 50 % duty 
cycle and 1 MHz modulation frequency. The proposed modulator design has low modulation frequency but it has 
relatively small power consumption 70-72. 
 

 
Figure 6. Designed structure 

  
  
 Proposed structure can also be used as inertial sensor and especially impact sensor. For that purpose, gap 
between PhC and top plate should be changed in order to make use of the pull-in property of capacitive actuation. 
Moreover, similar non-linearity that is gap non-linearity is used in order to prevent excessive current due to pull-in. By 
that way, sensitivity of the mechanical structure is increased by operating it near the pull-in displacement and it can be 
modified for different kind of impact situations by adjusting DC voltage between top and bottom gold layer. For 
automobile crash accidents, the peak acceleration is around 25g. Thus, the dimensions are changed (increasing the length 
of the beams and deposition more gold for top plate) for detection of the low g accelerations. The response time of the 
system is found to be around 20 µs and this is a much higher response time that is presented 73 for low g applications. 
Since, the detection of the crash will be based on light, side coupled cavity will reach steady state much faster than the 
mechanical structure.   
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