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Abstract-This paper presents the incorporation of 
squeezed air film damping for the suppression of 
vibration amplitude of the moving mirror of a 
tunable 1-D photonic band gap (PBG) filter. This 
passivation of vibration assures fast settling of the 
device and hence provides stable reconfiguration at 
a rate of up to 10 KHz. The novel design with the 
integration of comb drives and folded springs 
provides sag free tuning of the device over 200 nm 
with an electrostatic voltage of less than 2 V. 
 
Index Terms- MEMS, PBG, Squeezed air film damping.  
 
 

I. INTRODUCTION 
 
Wavelength selective filters (WSF) have 
emerged as one of the essential components in an 
optical network system operating at multiple 
wavelengths. Periodic structures such as gratings 
and thin film multilayers are promising filter 
technologies for high channel count systems. 
These devices can be made reconfigurable with 
the incorporation of mechanical actuation and 
MEMS is an attractive approach to provide this 
reconfigurability. Wide tuning range, high 
spectral purity, fast tuning and low power 
consumption are essential attributes to ensure the 
network flexibility at low cost. These 
technologies have not been evolved to meet all 
these requirements. The emerging field of 
photonic band gap (PBG) structures coupled with 
well established micromachining technology has 
been actively pursued for the design and making 
of such tunable optical devices [1]. 
 
In contrast to the conventional thin film 
multilayer and grating assisted filters, tunable 
optical filters based on Si PBG structures have 
attracted much interest because of their high 
index contrasts, which provides 100% reflectivity 
and transmissivity with lesser number of layers, 
wide rectangular stop band and ease of 

fabrication using well matured Si 
micromachining techniques.  
 
This paper deals with the effect of squeezed air 
film damping on the dynamic performance of a 
wavelength selective Si PBG filter. The filter is a 
vertically tunable Fabry-Perot resonator having 2 
Si PBG structures as highly reflective mirrors. 
Dynamic wavelength selectivity is achieved by 
electrostatic actuation through comb drives. On 
the application of this biasing voltage one of the 
mirrors, initially separated, will move towards 
the fixed mirror, squeezing the air film present in 
between the mirrors. This offers significant 
resistance to the motion as well as the amplitude 
of the resonant vibration and hence can suitably 
be exploited to ensure stable operation of MEMS 
devices. The proposed fabrication flow, modeling 
of squeeze film damping and optical simulation 
of the PBG filter form the succeeding sections of 
this paper. 
 

II. PROPOSED FABRICATION FLOW 
 

The geometry of the filter has been optimized by 
simulation based on transfer matrix method and 
the fabrication process flow has been optimized 
using Intellisuite MEMS CAD tool. The process 
flow consists of successive deposition of Si of 
thickness 300 nm as structural layers using 
PECVD and SiO2 of thickness 300 nm as 
sacrificial layers using LPCVD. Finally SiO2 is 
removed to form the air gap between successive 
Si layers and for the releasing of movable parts. 
The filter is equipped with vertical comb drives 
for electrostatic actuation and folded springs with 
a stiffness of 0.95 N/m. This ensures sag free 
tuning since the charge accumulates only on the 
comb fingers and hence the electrostatic force is 
localized where the comb fingers are located. 
This localized electrostatic force distributes the 
stress only on the folded springs attached close to 



 
 
 
 

 

 

the comb fingers leading to sag free tuning. The 
schematic of the proposed filter is shown in the 
Figure 1. 
 

 
 
 
Fig.1 MEMS design of the filter after optimizing the 

standard process flow 
 
The optimized process flow is detailed in the   
Figure 2. The entire process requires 
planarization deposition of Si which limits the 
thickness tolerance of the deposited thin films. In 
the fourth step the deposited Si determines the 
thickness of the tunable air cavity and it forms 
the lower comb fingers by a low aspect ratio deep 
reactive ion etching (DRIE). In the sixth step the 
edges of the upper PBG mirror itself etched to 
form the comb fingers by DRIE.  
 

 
 
Fig. 2 Fabrication process flow optimized using 

MEMS CAD tool 

Several vertical resonant cavity based filter 
designs have been reported with parallel plate 
actuators [2], [3]. The performance of these 
filters is limited by the membrane curvature 
during actuation, which leads to deviation from 
the perfect parallelism between the two mirrors. 
In our design the filter is equipped with comb 
drive actuators extending throughout the length 
of the device and folded springs with lesser 
stiffness, which alleviates the sagging of upper 
PBG mirror by the localization of electrostatic 
charges on the comb fingers. The finite element 
analysis shows uniform displacement of 220 nm 

highlighted in violet colour of the movable 
mirror under actuation and is depicted in the 
Figure 3. 
 

 
 
Fig. 3 Uniform displacement of the upper PBG 

mirror under actuation 
 
 The voltage vs. displacement curve obtained by 
finite element analysis is depicted in the Figure 4. 
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Fig. 4 Displacement of upper PBG mirror for 

various voltage levels 



 
 
 
 

 

 

From the figure it is to be noted that the voltage 
required for a tuning range of 200 nm is less than 
2 V with a sensitivity of 0.1nm/mV. 1 µm 

thickness of the tunable air cavity is necessary for 
the desired optical performance of the filter. 
Because of this small separation between the two 
mirror plates, the parallel plate effect also 
contributes to the electrostatic actuation. 

 
III. MODELLING of SQUEEZED AIR FILM 

DAMPING 
 

 The upper movable PBG mirror is a central mass 
suspended by 4 folded springs attached to 4 
anchors as shown in the Figure 1. The system 
will vibrate at its natural frequency whenever it is 
disturbed or actuated and the amplitude of this 
vibration will die out gradually as the time 
evolves due to the damping offered by the central 
mass and the stiffness of the suspension beams, 
often referred to as material damping. Moreover, 
the viscous medium surrounding the moving 
mirrors offer damping to the vibration amplitude, 
referred to as viscous damping. When the upper 
mirror comes close to the lower fixed mirror the 
air column in between the two plates will be 
squeezed and offers significant resistance to the 
motion of the plates. Thus the damping 
introduced by the squeezed air column in 
between two encapsulating plates is referred to as 
squeezed film damping. This passive damping 
can be exploited for the suppression of 
undesirable vibration amplitude of MEMS 
devices operating at high frequencies.  
 
The squeezed air film damping has been modeled 
using finite element analysis (FEA) engine of 
Intellisuite MEMS CAD tool. In which following 
assumptions are made for the flow inside the gap, 

1) Quasi-steady state 
2) Viscous-dominant 
3) Gap height is small compared to the plate 

width 
4) The velocity profile of the fluid between 

the moving plate and the base is 
approximated as parabolic in the 
thickness direction 

Based on these assumptions the Naveir-Stokes 
equation governing the flow can be simplified in 

to the Reynold’s equation for the fluid pressure. 
For a compressible fluid under isothermal 
condition the pressure on the plate surface is 
governed by the following equation [4], [5], 
 

t
PH

h
PPH

h 


=




 )()( 3            (1) 

 
Where  0/ PPP =  is the normalized 

pressure, )/(12 2
00

2 hPL µ =  is the 
squeeze number, P0 is the ambient pressure, H 
=h/h0 is the normalized gap height, µ is the 
viscosity of the fluid, ω is the frequency and L is 
the length of the moving mass. 

 
Fig. 5 Damped vibration due to the squeezing of air      

film in the cavity (black) 
 
The dynamic analysis has been carried out using 
a reduced model of single degree of freedom 
system having the same resonant frequency, 20 
KHz, and same surface area of 10000 µm

2, as 
that of the original design. The gap height is 1 
µm which complied with the condition that the 

gap height should not exceed 0.1(L).The 
displacement vs. time curve is shown in the 
Figure 5. In this figure the black line with 
rectangular box represents the damped vibration 
and it can be seen that the vibration amplitude 
dies out in 100 µs. The input drive voltage was 
increased from 0 to 2 V in  5 µs, but the moving 
mirror takes 23 µs to reach the final position due 
to material and viscous damping. The red line 
with circle represents the undamped vibration. 



 
 
 
 

 

 

 
Fig. 6 Setting (black) and resetting (red) 

characteristics of the PBG filter 
 
The curves shown in the Figure 6 depicts the 
setting and release time of the PBG filter. It is to 
be noted that, though the setting and resetting 
takes place in the same time interval the 
overshooting of mirror is more during releasing 
than during setting, because at higher potential 
(final state after setting) the gap height reduced 
by 200 nm and the vibration is taking place at a 
height of 800 nm compressing the air film 
considerably. After releasing to the initial state 
(zero potential) the free vibration takes place at a 
height of 1 µm and the air compression is lesser 
than that of the final state. Since the air pressure 
on the mirror plate is inversely proportional to 
the gap height, the damping is higher for small 
gap height and lesser for large gap height. Hence 
it takes longer time to settle down after releasing. 
 

IV. OPTICAL SIMULATION of THE PBG 
FILTER 

 
The geometry of the PBG mirror has been 
optimized through simulations based on transfer 
matrix method and the transfer function of the 
filter is modeled using Airy function 
incorporating multiple reflections inside the 
cavity and is shown in the Figure 7, in which a 
few wavelengths dropped as a function of various 
defect length is plotted. 
 
 It can be seen from the figure that the filter has a 
stop band of width 500 nm and a finesse of 1250 
with a pass band width of 0.4 nm.    
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Fig. 7 Wavelengths tuned for various defect lengths  
 

V. CONCLUSION 
 

A MEMS based vertical resonant cavity filter has 
been designed and the effect of squeezed air film 
damping on the dynamic performance of the 
filter has been analyzed using finite element 
method. A settling time of 100 µs is theoretically 

predicted for this design. The membrane 
curvature is mitigated by the use of electrostatic 
comb drives all along the length of the device 
and folded springs in-place of parallel plate 
actuators reported earlier [2], [3]. Therefore this 
design provides improved functionality in terms 
of faster settling times and sag free tuning of the 
filter at low voltage levels.  
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