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CHAPTER IV 

LIGHT INTENSITY ATTENUATION DEVICE: 

VARIABLE OPTICAL ATTENUATOR 

4.1 INTRODUCTION 

 Variable Optical attenuators (VOA) with large attenuation range and high 

response time play an increasingly important role in fiber-optic networks. The 

main applications of VOA are in power tuning of lasers and detectors, in gain 

control and flattening of optical amplifiers and in optical device protection. 

Commercially available variable optical attenuators are mainly based on 

optomechanical principles. They have the characteristics of low insertion loss 

(<1.5dB), low crosstalk, wavelength uniformity, low wavelength dependent loss 

(WDL), and low polarization dependent loss (PDL). However, the drawbacks of 

the existing VOAs are large in size, low operating speed, high cost and uncertain 

reliability. Due to the advanced MEMS fabrication technologies, different types of 

MEMS VOAs [64-73] that can overcome the above-mentioned problems by 

integrating fabricated chips with single mode fiber. 

In this chapter, a variable optical attenuator using the newly developed 

thermal actuator array with dual shutters is developed. First, the configuration of 

proposed variable optical attenuator included optical structure and thermal 

actuator arrays are introduced. The fabricated device using MEMS-SOI 

fabrication technology, which simplifies the traditional surface micromachining 

technology, is demonstrated in later section. Subsequently, the results of 

experiments are described in detail. Finally, a short conclusion is given.  
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4.2 THE CONFIGURATION OF PROPOSED VARIABLE OPTICAL 

ATTENUATOR  

4.2.1 OPTICAL STRUCTURAL DESIGN  

In the present study, the attenuator chip is designed to ease the fiber assembly 

process. Here, fiber alignment grooves with the size of 126 um width and 80 um 

depth are fabricated on the same SOI device wafer to  increase final alignment 

efficiency. Moreover, dual shutters and fiber-end stopper are fabricated 

sufficiently small in order to bring fiber ends closer together. The two fibers are 

arranged horizontally and separated approxima tely 20 um in distance. According 

to theoretical calculation, the longitudinal offset effect produces the beam 

divergence loss. Here, the loss can be calculated using the following equations: 
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where Rayleigh distance (ZR) denotes the beam wave that is radiated from the 

fiber end into a homogeneous medium; n is the refractive index; WG is the core 

diameter (5um); and ? denotes the wavelength (1.55um); By using equation (1), 

The Rayleigh distance ZR is equal to 50.6708 um. Since the longitudinal offset 

distance, Zw is equals to 20um, from equation (2), the theoretical light loss due to 

the beam divergence is about 0.16dB ( η10log ). 

The advantages of using dual shutters are: (1) decrease applied driving 

voltage; (2) produce nearly linear response in voltage vs. attenuation by altering 
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the total voltage (voltage sum between two thermal actuator arrays) vs. total 

displacement function [74]. In order to avoid back-reflection from the input light 

on the shutter and output fiber back into input fiber, the shutter as well as the fiber 

end face is aligned at an 82o angle with respect to fiber alignment groove and fiber 

end face is 8o angle polished with antireflective coating. In order to improve the 

poor PDL characteristic of shutter type VOAs, the shutter end face is designed in 

profiled blade with small angle. For the present VOA design, the device is 

required to possess large overall displacement and low driving voltage in order to 

produce large attenuation range. To drive the shutters into the optical path of the 

fiber, a newly developed thermal actuator array is used. The VOA design can be 

realized using MEMS technology as schematically shown in Fig. 4.1. 

 

 

Fig. 4.1 Schematic of proposed optical variable attenuator with two-way shutters 

 

4.2.2 THERMAL ACTUATOR DESIGN  

Simple and effective actuators can be designed and manufactured using 

thermal effect in silicon [75, 76]. It is known that thermal actuators can produce 

larger displacement than electrostatic force with low applied voltages. A typical 

U-shaped lateral electro-thermal actuator generates deflections through 
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asymmetric heating of the narrower hot and wider cold beams. The higher current 

density in the narrower hot beam causes it to heat and expand more than the cold 

beams. The beams are joined at the free end which forces the actuator tip to move 

laterally. According to the principle, a horizontal pair thermal actuator combines 

tethers with a shutter that cancels out their arcing and expanding motion, 

producing a purely linear motion of the shutter.  

The shape of tethers plays an important role in determining the motion 

efficiency of thermal actuator array. One of the presented thermal actuator array 

with 80um thickness comprise single crystal silicon is illustrated in Fig. 4.2. The 

main differences of the designed actuator arrays are in the tether shape, tether size 

and the connection location with actuators. In the present simulation, the 

dimensions of different type actuator array are shown in Table 4.1. The design is 

simulated by commercial software, CoventorWare. In order to compare with the 

different tether designs, the material properties of single crystal silicon are given 

as follow: Young’s modulus E=170Gpa, Poisson ratio=0.25, Coefficient of 

thermal expansion CTE=2.5E-6, resistivity ρ =1E-2 Ω -cm. Here, the 

temperature-dependent parameters such as variation of thermal conductivity and 

specific heat are extracted from reference [77].  

 

Fig4.2 The schematic drawing of cross type thermal actuator array 
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With these data, the displacement of the thermal actuator array affected by 

applied voltage can be simulated and the characteristics of the thermal actuator are 

obtained. The thermal actuator with different tether designs is also under 

investigation where the relationship of applied voltage vs. displacement and 

temperature are shown in Fig. 4.3 (a-b). By examining the simulation results, we 

note that the CS-type thermal actuator arrays produce the most efficient 

displacement than other designs [74]. All of the simulated maximum temperature 

is similar due to the fact that the resistance (~180Ω) is determined by hot beam. 

According to the simulation results, we concluded that for identical thermal 

actuator with different connected tether locations and tether shape play the major 

factors in affecting the displacement of the shutter. 

Actuator 
name 

SLH LLH SLC CS_200um CS_100um 

Cold beam 
width 

100um 100um 100um 100um 100um 

Cold beam 
length 

995um 995um 995um 995um 995um 

Hot beam 
width 

10um 10um 10um 10um 10um 

Hot beam 
length 

1195um 1195um 1195um 1195um 1095um 

Spring width 10um 10um 10um 10um 10um 

Spring 
length 

200um 200um 200um 200um 100um 
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Tether width 15um 15um 15um 15um 15um 

Tether length 103um 183um 103um 180um 180um 

Tether type 

     

Table 4.1 The dimensions of five different VOA designs 
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Fig4.3 (a-b) The simulation data of deflection and highest temperature vs. applied voltage for 

different thermal actuators  

4.3 FABRICATION PROCESS  

The advantage of using the silicon-on-insulator (SOI) technology is to 

greatly simplify the fabrication process of MEMS devices. However, in 

processing SOI wafer, the most critical step is the inductive coupling plasma (ICP) 

etching that determines the final outcome of the structure and the surface 

roughness of sidewall in fabricating designed optical devices. 

The fabrication steps of the MEMS based VOA are shown in Fig. 4.4 (a-g). 

Here, the chosen SOI wafer for the fabrication process is a 500 um thickness 

substrate, 2  thickness buried oxide layer and 80 um thickness device wafer with 

0.01Ω-cm resistivity (Fig. 4.4a). The reason that we choose 80 um thickness 

device wafer is to produce sufficient fiber alignment groove depth for future 
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embedded fiber. In the first step of the fabrication process, lift-off technology is 

used to deposit chromium and gold for the purpose of finishing connecting pads 

(Fig. 4.4b). This step avoids difficult photolithography process after deep silicon 

etching is performed. Secondly, we use the photolithography to pattern the 

designed thermal actuator and fiber alignment groove (Fig. 4.4c). The photoresist 

is then used to dry etch the device wafer by ICP (Fig. 4.4d). The buried oxide 

serves as an etching stop for ICP for the reason that etching rate is affected by the 

size of etching area. Note that etching rate will vary for different depth that affects 

the roughness on the sidewall. Once ICP etching is completed, resist is moved by 

acetone. To release the structures, the buried oxide has to be removed using BOE 

(Fig. 4.4e). Etching holes are opened to decrease etching time that is depending on 

undercutting effect. To avoid metal that is deposited on the top of the thermal 

actuator, which may produce bimorph effect, shadow mask technology is applied. 

Gold is deposited by sputter that increases the reflectivity of shutter (Fig. 4.4f). By 

integrating optical fiber in alignment grooves with thermal actuator, tether and 

shutter, we are able to assemble the final variable optical attenuator structure (Fig. 

4.4g). Fig. 4.5(a-b) shows the SEM view of CS_type attenuator without/with 

optical fiber. 
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(a)                                   (b) 

Fig. 4.5 The SEM view of CS_type attenuator: (a) without optical fibers; (b) with optical fibers 

 

4.4 EXPERIMENTAL RESULT 

In order to characterize the designed VOA, a fiber alignment mechanism is 

used to integrate fibers on the fabricated MEMS chip. The equipment consisted of 

a 3D adjusting rod and rotation rod to adjust fiber misalignment. First, we insert 

the input fiber onto the mechanism. Note that, the size of the fiber diameter is 125 
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um and the tapered tip angle is 8o. By tuning the 3D adjusting rod, we are able to 

lead the fiber into the fiber alignment groove. Then, by tuning the rotation rod, the 

orientation of the fiber end face is adjusted until it is parallel to the shutter. 

UV-glue is injected into etched caves to fix input fiber. After inserted input fiber 

on the MEMS chip, same alignment procedure is used to insert output fiber with 

the help of power meter. Fig. 4.6(a-b) shows the final distance (41.4 um) between 

two inserted fibers once the assembly processes were completed. Here, the 

measured distance between two fibers is more than the designed distance. 

Theoretical light loss due to the beam divergence at this distance is 0.63dB. Other 

obstructing factors included the fiber misalignment and imperfect measurement 

conditions that produce loss at different wavelengths (1310 nm and 1550 nm) are 

due to that fact that we use the 1550 nm single mode fiber to measure 1310 nm 

light source. This may produce higher loss and dispersion in 1310 nm. The final 

measured insertion loss is 1.23dB and 1.54dB at 1550 nm and 1310 nm 

respectively. The initial return loss is 50dB and 56.8dB at 1550 nm and 1310 nm 

respectively.  

  

(a) Top view                       (b) Bird’s eye view 

Fig. 4.6 (a-b) The SEM views of fiber orientation after alignment  
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The static characteristic of the five thermal actuator arrays is shown in Fig.  

4.7, which is measured by WYKO interferometer. Since the simulation and the 

measured data have similar tendency, thus, in Fig. 4.8, the static measured and 

simulation data of deflection and differential temperature vs. applied voltage for 

CS_200_type thermal actuators is given. The static temperature data is measured 

by QFI infrared scope. The errors between simulation and experiment are 

produced by the temperature dependent material properties, gas convection and 

radiation conductivity that are ignored in the simulations. According to the 

experiment results, the MEMS based VOA using thermal actuator array design 

can be driven under 5 V with working temperature under 550K. Note that, the low 

working temperature will increase the reliability of the thermal actuator arrays 

composed of single crystal silicon. Fig. 4.9 shows the fatigue test results of the 

thermal actuator array by operating the device 10^9 test cycles. It shows that by 

using single crystal silicon to manufacture driving component of VOA greatly 

enhanced the survivability of the device. 
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Fig. 4.7 The static measured data of deflections vs. applied voltages 
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Fig. 4.8 The static measured and simulation data of deflection and differential temperatures vs. 

applied voltages for CS_200_type thermal actuators 
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Fig. 4.9 the fatigue test results of the thermal actuator array through 10e9 test cycles  
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When the voltage on the thermal actuator is increased, the shutter is moved 

into optical path between the input and the output fiber, resulting in attenuation of 

the coupling. We have tried to improve tuning range and reduce operation 

voltages using two actuator arrays. The experimental results confirmed the present 

to actuator arrays indeed reduce the operation voltages to 3.5 V. However, as 

shown in Fig. 4.6(a), the profile defection of the shutters make the faced-to-faced 

wedge-shaped shutters can not isolated the incident light completely. Therefore 

the attenuation range can only achieved 28dB.  

In the following experimental results, only one thermal actuator array is 

activated to attenuate the light intensity. Fig. 4.10 shows the schematic 

measurement structure of VOA. An ASE light source via input fiber through 

shutter transmits to output fiber. The output fiber connects with power meter that 

can be converted to electric signal read by oscilloscope. The relationship of 

attenuation and displacement vs. voltage is shown in Fig. 4.11. When applied 

voltage is over 2 V, the thermal actuator moves over 5um that actuated the shutter 

to come into the optical path of fibers. At 4.5V-applied voltages, the shutter covers 

the total optical path that obtains a maximum attenuation of 40dB and 46dB at 

1550 nm and 1310 nm respectively. The Polarization Dependent Loss (PDL) is 

less 0.2dB at attenuation less 20dB. Unfortunately, as the attenuation is over 35dB, 

the PDL increases to 1.5dB. This drawback is produced by the diffraction effect at 

the poor shutter edge caused the higher PDL at higher attenuation range. The 

return loss at working situation is measured to be less than 45dB. The return loss 

is higher than initial return loss due to light scattering from the roughness of the 

shutter. Redesign the shutter shape and controlling the fabrication technique can 

improve the outcome of PDL. 
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Fig. 4.10 The schematic measurement structure of VOA 

The dynamic response of the attenuator is shown in Fig. 4.12. A square 

signal is applied to the VOA resulting in attenuation between 1.23dB to 40dB. The 

rise time and fall time of thermal actuator is 3.44 ms and 2.2 ms respectively. Note 

that, the phase shift of the test VOA is 1.2 ms. The response time of the thermal 

actuator array is compared with electrostatic comb drive fabricated by Marxer et 

al. which experienced 1 ms and 4.5 ms in rise time and fall time respectively [6]. 

The more comb-fingers the larger displacement can be obtained and in return we 

increase the actuator mass and decrease response time. Furthermore, to 

demonstrate the reliability of the device, a 3V square wave were used to drive the 

device about 100 cycles as shown is Fig. 4.13. The attenuation range changes 

from 15.787dB to 15.86dB and standard deviation is 0.019. 
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Fig. 4.11 The static attenuation vs. voltage characteristics of CS_200_type VOA 
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(a)                                   (b) 

Fig. 4.12 Dynamic response of CS_200_type VOA,(a) Switch OFF→ON：3.44ms  (b) Switch ON

→OFF：2.20ms  

 

 

Fig. 4.13 The attenuation change through 100 cycles 

 

4.5 SUMMARY 

A compact optical variable attenuator (VOA) driving by thermal actuating 

principle with dual shutters for single mode fibers is developed in this chapter. 

The structure is fabricated through the SOI- MEMS technology processes. The 

present process greatly simplifies the traditional surface micromachining 

technology and increases its corresponding reliability. Five different thermal 

actuator arrays have been designed and measured. The newly designed thermal 

actuator array is capable of traveling 20 um distance with less than 5V applied 
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voltage for VOA application. The insertion loss of the fabricated VOA is below 

1.5dB. The initial return loss and working return loss is about 50dB and 40dB 

respectively. Experimental results indicated that the response time is below 4 ms 

and maximum attenuation range is about 40 dB and 45dB at 1550 nm and 1310 

nm respectively. The working voltage and temperature of the designed VOA is 

under 5V and 550K respectively. From experimental and simulation results, we 

concluded that the cross shape tether can produce the best displacement efficiency 

for VOAs application.  

In the next chapter, dual directional vertical comb-drive actuator is 

introduced. The actuator can be used to develop moveable carriers with 

bi-direction motion which is suitable as tunable components for optical 

application. Moreover, a multi-layers SOI process with self-alignment is 

demonstrated to constuct the dual directional vertical comb-drive actuator.  
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CHAPTER V 

LIGHT PATH SELECTION DEVICE: OPTICAL 

SWITCHES WITH DUAL COMB-DRIVE OPTICAL 

SWITCHES 

5.1 INTRODUCTION 

High-performance MEMS device can be fabricated and widely applied 

which heavily depend on the simplification of the fabrication steps to enhance the 

reliability and yields of fabricated MEMS devices. SOI-MEMS process has 

recently attracted increasingly interests as a main fabricating method to overcome 

the limitations of residual stress of deposited films and mirror area for optical 

MEMS applications [78-84]. Furthermore, optical devices such as scanning mirror 

devices may require large deflection angles or large actuation force characteristics 

with multi-directional/axis motion and good reliability [83,87]. For such 

application, single-crystal silicon microstructures and three-dimensional processes 

for fabrication of polysilicon microstructures have been previously demonstrated 

[78-88].  

In the chapter, a novel method for fabricating a self-aligned electrostatics 

vertical comb drive using a multi-layer SOI process is developed. The actuating 

principle and simulation are illustrated. The comb fingers with self-aligned and 

patterned are completed in a successive etching process and simultaneously 

separate upper and lower electrodes without critical alignment. This not only 

greatly simplifies the fabrication process, but also provides a solution to create 

realistic dual comb-drive optical switches. At last, the experimental results and 
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conclusion are given. 

5.2 ACTUATING PRINCIPLE AND SIMULATION 

A dual comb-drive optical switch with a pair spring beam is shown 

schematically in Fig.5.1. The comb fingers consist of three structure layers 

including polysilicon, nitride and single crystal silicon.  

 

Fig.5.1 Schematic structure of dual comb-drive optical switches 

 

The fixed and moving comb fingers are separated upper (V1, V4, V5) and 

lower (V2, V3, V6) electrodes by nitride layer. The electrodes of the dual 

comb-drive optical switches are divided into six individual contacting pads that 

are able to produce multi-directional motion. As shown in the Table 5.1, when 

voltage is applied between electrodes V1, V2 and V5, the imbalance of the electric 

field distribution results in a vertical induced force. And consequently, moving 

comb fingers enable upward motion. On the other hand, when voltage is applied 

between electrodes V3, V4 and V6, moving comb fingers enable downward 

motion. If we apply voltages between V1, V3 and V2, V4, or V5, V6 and V2, V4, 
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moving comb fingers produce horizontal motion like a lateral-axis comb drive 

[90]. Furthermore, by applying voltage between V1, V2 or V6, V4, the structure 

with moving comb fingers can convert vertical force to clockwise rotation directly. 

On the contrary, by applying voltage between V5, V2 or V3, V4 that could produce 

counterclockwise rotation. The simulation results are shown in Fig.5.2.  

 

Tab.5.1 Multi-directional motion principles: (a) upward motion; (b) downward motion; (c) 

horizontal motion; (d-e) rotational motion 

 

 

Fig.5.2 Simulation results of dual comb-drive optical switches: (a) upward motion (b) downward 

motion (c) horizontal motion (d-e) rotational motion 
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Note that, vertical comb-drive actuator with limited displacement is 

determined by the device layer thickness [89]. The larger thickness of the comb 

fingers, the more vertical displacement it will produce. In order to evaluate the 

relationship between voltage and displacement, force balance equation is needed 

in the present analysis. The electrostatic energy that is used to deflect the actuator 

is converted to mechanical potential energy. When a voltage is applied between 

the upper and lower electrodes, the electrostatic force Fe is given by [88, 90]:  

2

2
V

z
CNL

Fe ∂
∂

=                                                          (5-1) 

where N is the number of pairs of comb fingers ,L is the overlapped length of 

fixed and moving comb fingers, C is the capacitance between the separated 

electrodes, z is the displacement along the actuation direction, and V is the applied 

voltage. By using the ANSOFT Maxwell®  2D field simulator, the relationship of 

capacitance and displacement of the two sidewall capacitors, C12 and C34, i.e. 

up-capacitor and low-capacitor can be evaluated respectively. According to this 

relationship, the gradient versus static vertical displacement can also be 

determined. In the present simulation, the thicknesses of upper and lower 

electrodes are 2 um and 15 um thickness with 3 um comb finger gap. Fig.5.3a and 

5.3b are used to show the simulation results of the capacitance versus 

displacement and the gradient capacitance gradient versus displacement 

respectively. The maximum displacement is obtained by the intersections of two 

gradient curves with the z-displacement axis, which occur at –4.14 um and 4.14 

um. For a given input voltage, the electrostatic energy (Fe) is equal the mechanical 

energy (Fm) stored in the device. The relationship between displacement and 

applied voltage can be obtained by solving the force balance equation:  
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kzFF me ==                                                   (5-2) 

where k is the spring constant. The result is plotted in Fig.5.4 for vertical motion 

of the dual comb-drive optical switches with 272 pairs comb fingers. Furthermore, 

when driving voltage increases, different spring constants will still produce 

saturated displacements at –4.14 um to 4.14 um.  

 

               (a)                                           (b) 

Fig.5.3 Calculation results of vertical motion (a) capacitance vs. z-displacement (b) capacitance 

gradient vs. z-displacement 

 

Fig.5.4 Calculation results of z-displacement vs. applied voltage 
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5.3 FABRICATION PROCESS 

 The present process based on SOI wafer consists of four photolithography 

masks: three front side etching masks for contact window, metal pads and ICP 

etching, and one backside etching mask to release the designed structures. The 

fabrication processes are schematically depicted in Fig.5.5. The present process 

used a high doping SOI wafer with 15 µm device layer (0.01~0.005Ω／□) , 3µm 

buried oxide and 450 um substrate. At first, a thin layer of thermal oxide (0.2um) 

and LPCVD nitride (0.5 um) are deposited on the wafer. In order to protect existed 

thermal oxide and nitride from front side etching, photoresist is spun on the 

backside wafer. Here, these deposited layers will be used as a mask for backside 

anisotropic etching. As illustrated in Fig. 5.5a, a 0.1 µm thickness of silicon 

nitride and a 2 µm thickness of high doping polysilicon are deposited on SOI 

wafer using LPCVD. The silicon nitride (200~400MPa) and polysilicon can be 

used as an insulation layer and structure layer. LPCVD polysilicon layer is 

deposited at 585±5℃ through POCL3 diffusion and 1050℃ 30 min. annealing 

that produces a residual stress less than 100MPa. A polysilicon sheet resistance 

less than 1Ω／□ was measured. Note that, the thickness of polysilicon can be 

changed depending upon the designed requirements. In other words, the LPCVD 

method can be replaced by an epitaxial method if thicker polysilicon is needed. 

Then, STS ICP and RIE are used to etch polysilicon and silicon nitride, 

respectively. The purpose of the above-mentioned etching steps is to create upper 

and lower contact-windows so that the electrodes on device layer and on the 

polysilicon can be patterned simultaneously (Fig. 5.5b). As shown in Fig. 5.5c, the 

Cr/Au layer is deposited and patterned on the device layer and the polysilicon to 

form connecting pads. In Fig. 3d, the device-nitride-polysilicon layer is patterned 



 23

and etched by interchanging STS ICP and RIE. By exchanging these processes, 

we are able to use one-mask-alignment to etch polysilicon, nitride and single 

crystal silicon, consecutively. Note that regardless of fixed or moving structures / 

upper or lower electrodes, the present step can be accomplished all in one mask. 

The advantage of the present step is to construct the fixed and moving structures 

with upper and lower electrodes with one mask. As illustrated in Fig. 5.5e, in 

order to etch LPCVD nitride and thermal oxide using RIE, the fourth mask is used 

on the backside of the wafer. Anisotropic etching is applied to etch 

silicon-substrate using KOH where etching stop will occur at the buried oxide. To 

avoid KOH attacking, a clamped apparatus is used to protect the front side silicon. 

Backside etching provides larger motion space for the device and decrease 

squeeze-film effect. In the final step, HF is used to etch the buried oxide below the 

comb fingers and structures (Fig. 5.5f). To prevent the side sticking of comb 

fingers produced in HF released step, CO2 critical point dryer is used. Note that in 

the present self-aligned SOI process, the thickness of device-nitride-polysilicon 

layer can be changed depending on the characteristics of designed devices. 

 

Fig.5.5 (a-f) Schematic fabrication processes flow 
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The proposed self-aligned multi-layers SOI process has been employed to 

fabricate the dual comb-drive optical switches, which is capable of creating 

piston motion. Figure 5.6 (a-b) show SEM pictures of the fabricated dual 

comb-drive optical switchess front side and backside. The large hole designed in 

the membrane is used to bond a DBR mirror. The dimensions of the designed 

device included a suspending membrane (1x1 mm2), height 17 um, long 600 um 

and 10 um-wide springs, and 272 pairs of comb fingers (200 um long, 5 um wide) 

with 2 um gap. The oblique view of the comb fingers from bottom to top 

composite of single-crystal silicon; nitride and polysilicon that is shown in Fig. 

5.7a and 5.7b. The measured dimensions of the fabricated device of each comb 

fingers width, air gap and spring width are 3.8 um, 3.2 um and 9.2 um 

respectively. The fabrication errors are due to photolithography inaccuracy and 

ICP undercut effects. The structure is constructed by single-crystal silicon with 

curvature at 5.7 meter. However upon a 0.2 um thickness gold film has deposited 

on the suspending structure, the curvature has decreased to 0.83 meter. 

 

 

                 (a)                                 (b)  

Fig.5.6 The SEM pictures of dual comb-drive optical switches (a) front side (b) backside  
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                 (a)                                (b) 

Fig.5.7 The SEM pictures of fabricated comb fingers on the dual comb-drive optical switches 

According to the fabrication method and operation principle, the dual comb 

drive structure incorporates a multi-directional motion microlens holder and a 

micromirror as shown in Fig. 5.8(a-b) and Fig. 5.9(a-b) respectively. Note that, the 

inner dual comb of the multi-directional motion microlen holder can move upward 

and downward while the outer dual comb can move horizontal. With the dual 

combs, the micromirror can move both clockwise and counterclockwise. 

 

(a) 



 26

 

(b) 

Fig.5.8 (a-b) The SEM image of a dual comb-drive optical switches with a microlen holder 

 

  

              (a)                                 (b) 

Fig.5.9 (a-b) The SEM image of a torsion mirror with dual comb-drive structure 

 

5.4 EXPERIMENTAL RESULT 

The dimensions of the tested designed device included a suspending 

membrane (1x1 mm2), height 17 um, long 750 um and 10 um-wide springs was 

designed and fabricated to actuate in z-axis direction. Eight spring beams that 
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eliminated x-y motions are used to support the suspending structure. As shown in 

Fig. 5.10, a Laser Doppler Vibrometer (LDV) is used to measure the dynamic 

characteristics of the dual comb-drive optical switchess. The first resonant 

frequency of the device is 5.46 kHz in vertical mode and the second resonant 

frequency is 21.86 kHz in the tilting mode. The corresponding simulations are 

carried out using ANSYS®  simulation software where the resonant frequencies of 

vertical mode and tilting mode are 5.78 kHz and 23.3 kHz respectively. The 

spring constant of the fabricated devices is 180 Nt/m which is measured by 

nanoindentor. The dynamic displacement-voltage curve of the fabricated device is 

shown in Fig. 5.11. By using LDV, the actuator is capable of motion 6.87 um 

downward and 9.53 um upward with 80 V applied voltage in resonance frequency.   
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Fig.5.10 Resonant frequencies of the fabricated device 
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Fig.5.11 Z-displacement vs. applied voltages  

 

Moreover, the torsional micromirrors using this technique have been 

fabricated as shown in Fig.5.9. The characteristic of the mirrors were 

accomplished using laser measurement equipments shown in Fig.5.12 Here, the 

incident light from laser is focused on the mirrors and reflected onto the screen. 

By applying different voltages and frequencies to actuate these devices, we could 

record the moving displacement of light spot on the screen such that the 

characteristics of tilt angle could be obtained. The resonant frequencies of the 

mirrors were measured by applying 60 V sine wave. The 1st and 2nd resonant 

frequencies of the torsional micromirror are at 16.76 kHz and 28.9 kHz 

respectively. The fig. 5.13 shows the voltage versus tile angle in the first resonant 

frequency. The results indicate that the micromirror could reach 35 +/- degree 

scan angles while applying 90 V. 
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Fig.5.12 Schematic of laser measurement equipment  
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Fig.5.13 Scan angle vs. applied voltages in 16.76 KHz 

5.5 SUMMARY 

This chapter reports a novel method for fabricating a self-aligned electrostatics 

dual comb drive using multi-layers SOI process for MEMS applications. This 

technology provides several important features such as fixed or moving structures 

/ upper or lower electrodes can be fabricated all in one mask that enhances yield 

and variety for high-performance MEMS devices. Furthermore, according to 
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design requirements, suitable SOI wafers like double bonding SOI wafers can be 

used to avoid existing complicated fabrication technologies. Using the proposed 

fabrication methodology and operation principle, we are able to manufacture 

various high-performance and various MEMS devices such as multi-directional 

motion microlens holder, Fabry-Perot filter, and scanning mirror. 
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CHAPTER VI 

CONCLUSION 

6.1 SUMMARY OF WORKS  

The major contributions of this dissertation are to develop novel fabrication 

methods to fabricate MEMS devices for optical communication. In particular, low 

temperature surface micromaching and/or silicon-on-insulator technology are 

successfully used to fabricate tunable Fabry-Perot filter, variable optical 

attenuation and dual comb-drive optical switches. Commercial FEM simulation 

tools had been utilized to simulate the characteristics of the design devices. 

First, a novel low temperature surface micromachining process (below 200℃) 

that is suitable for fabricating tunable Fabry-Perot filter is proposed. The 

advantages of the presented process consist of (1) materials used in this process 

are compatible with existing optical or IC process; (2) process and detected 

spectra are not limited by different substrates. Experimental results of the 

manufactured tunable Fabry-Perot filter indicated that the full width half 

maximum (FWHM) is closed to 1.3 nm and the measurement of reflectance of 

distributed Bragg reflectors is up to 99%. Note that within the 10 nm experimental 

tuning range, the FWHM is kept close to 1.3nm with tuning voltage from 0 to 30 

voltages. The experimental results showed that the presented process has potential 

to apply to Wavelength Division Multiplexing (WDM) specifications of optical 

telecommunication. In particular, the process would also be integrated to fabricate 

tunable VCSEL processes. 
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Secondly, a compact optical variable attenuator (VOA) driving by thermal 

actuating principle with dual shutters for single mode fibers is developed. The 

fabricated thermal actuator array is capable of achieving larger displacement with 

low applied voltage than traditional thermal actuator array. The designed dual 

shutters can be driven independently or simultaneously, which increase the 

accurate tuning range and decrease working voltage for variable optical attenuator. 

The device is fabricated using MEMS-SOI fabrication technology, which greatly 

simplifies the traditional surface micromachining technology and increases its 

corresponding reliability. The newly designed thermal actuator array is capable of 

traveling 20 um distance with less than 5 V applied voltage for VOA application. 

The insertion loss of the fabricated VOA is below 1.5dB. The initial return loss 

and working return loss is about 50 dB and 40 dB respectively. Experimental 

results indicated that the response time is below 4 ms and maximum attenuation 

range is about 40 dB and 45 dB at 1550 nm and 1310 nm respectively.  

At last, a novel method for fabricating a self-aligned electrostatics dual comb 

drive using a multi-layer SOI process is developed. The present method utilizes 

four aligned masks; wide greatly simplify the existing SOI-MEMS fabrication 

methods in manufacturing optical MEMS devices. Here, the actuating structure 

consists of fixed combs and moving combs that are composed of single crystal 

silicon, nitride and polysilicon. One mask is used to provide a deep etching to etch 

polysilicon, nitride and single crystal silicon respectively. The nitride separates 

polysilicon and single crystal silicon and provides an additional dielectric for the 

purpose of producing bi- directional motion upon applying electrostatic forces. A 

dual comb drive actuator with optical structures was fabricated based on the 

developed process. The actuator is capable of motion 250 nm downward and 480 
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nm upward with 30 V applied voltage. The dynamic characteristics of the first and 

the second resonant frequency of the dual comb-drive optical switches are 10.5 

kHz and 23 kHz respectively. Moreover, the torsional micromirrors using this 

technique have been fabricated. The 1st and 2nd resonant frequencies of the 

torsional micromirror are at 16.76 kHz and 28.9 kHz respectively. The results 

indicate that the micromirror could reach 35 +/- degree scan angles while applying 

90 V. 

 

6.2 DIRECTIONS FOR FUTURE RESEARCH 

 In this thesis, the feasibility of the tunable Fabry-Perot filter, variable optical 

attenuator and dual comb-drive optical switches had been demonstrated 

preliminarily. The simplified fabrication methods had been developed to increase 

repeatability in manufacturing optical communication devices. The following 

suggestions are given for the future researches.  

(1) Using the SOI-MEMS technology, the tunable Fabry-Perot filter that can 

improve the flatness of membrane and increase optical aperture. The 

characteristic of the tunable Fabry-Perot filter can be promoted. By varying 

the reflectance range of DBR, the tunable Fabry-Perot filter can be used not 

only in optical communication but also in biotechnology.  

(2) Changing the arrangement of fibers and thermal actuators, we can form 

reflective-type VOAs to improve PDL loss.  

(3) Integrating the control electronics with variable optical attenuator using 

SOI-MEMS technology, we able to develop compact, accurate VOA 

components for optical communication application. 
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(4) Increasing the thickness of upper and lower electrodes of dual comb-drive 

optical switch such that large displacement can be achieved for optical 

modulator, moveable lens holder and torsion mirrors. 
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