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Abstract—By employing Microelectromechanical system (MEMS)
technology, Fabry-Perot Optical Tunable Filter (FPOTF) with hybrid
tuning mechanism, varying d and altering incident angle is presented.
The proposed structure consists of a floating dual membrane FPOTF
with capability to be tuned at different light incident angles.
Three electrostatic cavities have been designed to perform this task
independently. This technique is capable to increase the tuning range
up to 2/3 of capacitance gap with additional doubly range of incident
angle. Optic, mechanic and electrostatic analysis of the proposed
structure has been validated by simulation. Analysis in optical
performance shows the tuning range enhancement is about 1.92% for
42° mirror tilting at 6° initial angle compared to conventional dual
beam MEMS FPOTF. This analysis validates the principle of hybrid
tuning method.

1. INTRODUCTION

Due to pull-in voltage phenomena, electrostatic actuation can only offer
a small beam deflection which is about 1/3 of capacitance gap [1]. This
limitation leads to a low tuning range of electrostatic actuation MEMS
FPOTF. Designing a MEMS FPOTF with large length of cavity will
increase the wavelength range. This option, however, is limited by
fabrication technology where it is a challenge to have a thick gap in
optical cavity. Furthermore, increasing the gap size will increase the
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operating voltage. Instead of raising the capacitance gap, this paper
proposed an alternative, which is hybrid tuning method to improve
MEMS FPOTF tuning range.

In review, two mechanisms, either varying length of cavity or
adjusting light incident angle, were realized. Most of the inventions
is by varying length of cavity using electrostatic actuation [2-31]. As
afore mentioned, this type of actuator has limitation in pull in voltage.
However, some application with wide spectrum bandwidth requires
FPOTF with higher tuning range. Coarse Wavelength Division
Multiplexing (CWDM) application, for example, requires at least
360 nm wavelength range.

Two techniques have been proposed previously to enhance the
tuning range. The first one is by Verghese [8] using dual membrane
MEMS FPOTF. Since both of the mirror holders are movable, the
tuning range is doubled to 2/3 capacitance gap. Secondly, Milne et
al. [16] used doubly supported beam to reduce strain stiffening to
increase the tuning range. The tuning range also can be increased
up to 2/3 of capacitance gap. Another wavelength tuning mechanism
for FPOTF that had been realized using MEMS technology is shifting
the incident angle by mirror tilting. Output spectrum of the MEMS
FPOTF with only one mirror tilted consists of more than one mode.
This is applicable to multiplexing and channel monitoring application.
Besides that, mirror tilting can also enhance filter finesse. Chang and
Juan [7] used this technique to adjust mirror flatness in order to have
MEMS FPOTF with high finesse.

Hybrid tuning method that has been proposed in this paper will
improve tuning range of MEMS FPOTF with electrostatic actuation.
The following section will discuss design, working principle and result
analysis of this novel structure.

2. MEMS FLOATING FPOTF ({-FPOTF)
CONFIGURATION

A novel MEMS floating Fabry-Perot Optical Tunable Filter (f-FPOTF)
is proposed to enlarge the tuning range of conventional MEMS FPOTF
with electrostatic actuation. This MEMS f-FPOTF has capabilities of
varying length of optical cavity and tilting the whole floating cavity at
one time. These features not only enlarge the tuning range, but also
have capabilities to improve the filter finesse. Equation (1) gives the
mathematical expression of FPOTF transmittivity [32].

It =1o [1_ 114R]2 [1+Ms1n2(¢/2) (1)
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where M = (1%71;2) and ¢ = 2nodkcosf. Iy is the input light;
A is the absorption in optical cavity; R is mirror reflectivity; k
is propagation constant. This equation shows that the operating
wavelength of FPOTF can be altered by either adjusting length of
cavity, d, tilting the mirror or by varying the refractive index, no of
material inside the optical cavity. Since -FPOTF combined both
tuning, adjusting d and mirror tilting, analysis is done to study
the relationship among these three tuning variables with operating
wavelength, A using Equation (2) [42].

L Loy (Sme> 2)

m no

m is the mode number inside the cavity. Let’s say that the filter needs
to be tuned within CWDM wavelength region (18 operating channels
distributed in between 1270 nm to 1610 nm wavelength). Relationship
among d, optimal initial angle, 67 and range of tuning angle, A#°
is plotted in Figure 1. Higher initial incident angle contributes to a
lower range of tuning angle. However, the range of tuning angle, A6°,
also can be decreased by the increment of d as shown in this graph.
Suitable selection of initial angle, #;, and initial length of cavity, d;, will
contribute to design that has a large wavelength range with optimal
configuration.

In general, tilting FPOTF mirror will broaden the full width half
maximum (FWHM) of this filter. This limitation, however, depends
on FWHM value of the proposed application.

Optimal Initial Angle and Angle Range for 18 CWDM Channel
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Figure 1. Optimal initial angle, 6; and range of tuning angle, Af° for
different value of d.
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Figure 2. Working principle: Cross-section view of MEMS {-FPOTF.
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Figure 3. Electrostatic cavity of MEMS {-FPOTF.

2.1. Working Principle

2-dimensional structure of MEMS f-FPOTF is visualized in Figure 2.
As afore mentioned, it consists of three electrostatic cavities controlled
by 3 independent voltages, which are Vi, Vo and V3. V5 controls the
length of cavity, d, while V1 and V3 adjust the light incident angle by
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activating one of the electrostatic actuator at one time.

Assuming input fiber is located at ¢; from normal line of FPOTF
mirror support. Part 100 which is the first electrostatic cavity will
increase light incident angle from the initial position. In oppose, part
300 will decrease the light incident angle. Both of these movements
are visualized in Figure 3(a) and Figure 3(b). These features provide
wider tuning angle since the floating cavity has potential to deflect
both ways, up and down.

Floating Fabry-Perot optical cavity in this filter is labeled as 200
in Figure 2. This is an electrostatic cavity with dual beam actuator.
Deflection of dual beam will bring both mirrors closer to each other,

SOI Wafer
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RIE of SiO2 to form an

optical cavity

100 nm of CrAu metallic

Step
5 mirror is sputtered, then
patterned using lift-off
technique
Séep Backside DRIE on Si
substrate
Step
7
SiO2 - SiO2 wafer
bonding process
Step
8

QW& etch a part of Si3N4
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Figure 4. MEMS f-FPOTTF fabrication process flow.
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hence varying the length of cavity, d. Hlustration of this movement is
shown in Figure 3(c).

2.2. Structure

Understanding the whole fabrication process flow will determine the
suitable mechanic analysis approach for this structure. In this analysis,
SOI wafer is used to simplify the whole fabrication process. Device
layer on SOI wafer is etched in order to have two separated beams,
BEAM1 and BEAM2. The objective of this separation is to achieve
dual beam actuation, BEAMI1 for controlling angle and BEAM?2 for
varying length of cavity. SiOg film then is grown on top of this wafer to
isolate these two beams and also works as a spacer in Fabry-Perot (FP)
cavity. Next, the CrAu metallic thin film is sputtered and patterned
to be a FP mirror. Both metallic and Distributed Bragg Reflector
(DBR) mirror can be applied. However, metallic mirror is chosen due
to its simplicity in fabrication yet limited the initial angle. Then,
backside Deep Reactive Ion Etch (DRIE), wafer bonding and Nitride
etch are performed step by step to shape this proposed filter. Figure 4
illustrates the fabrication process flow.

Layout and cross-section of the simulated structure are given in
Figure 5 and Figure 6 respectively. Insulator between BEAMI1 and
BEAM2 is not visualized in layout view since the dimension is very
small compared to other features in this design. Therefore, it can
be neglected in this analysis. Figure 6 also illustrates the electrostatic
force involved in this simulation. F3 and Fj are forces towards BEAM1
in both directions, up and down, while F5 is the force towards BEAM?2.
Physical dimension of this structure is given in Table 1. Si film for
BEAMI1 and BEAM2 must be as thin as possible in order to have a
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Table 1. Dimension of MEMS {-FPOTF.

Parameter | Value (um)
BEAMI1
Lpeam 1 200
L, 1000
L, 800
L 20
Whaeam 1 500
Isi3ng 2
tsi 4.1
Isio2 0.9
BEAM?2
Lpean: 85
Waeamz 100
o 330
tsi 4.1
Lypacer=tsi02— 2X(tmirror) 0.6
Other dimension
Dtirror 125
Mirror 0.1
H 50
w 600

small value of DC voltage supply. However, in this design, Si film with
4.1 um thickness is chosen since it is a challenge to have a floating FP
cavity with very thin film.

In this paper, MEMS f-FPOTF is designed as a wavelength
selector for CWDM application. Several aspects have to be considered
in designing optical MEMS device. The main parameter is optical
performance, especially in terms of transmissivity, tuning range and
FWHM of the bandpass region. Since MEMS technology involves other
engineering discipline, understanding of mechanic and electrostatic
properties is useful for an optimal design.

3. ANALYSIS AND DISCUSSION

Analysis is divided into three main parts, optical, mechanic and
electrostatic.
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In optical analysis, MEMS fFPOTF improvement on free
spectral range (FSR) and how this design influences the FWHM and
transmissivity of this filter are presented. As afore mentioned, CWDM
application requires 360 nm tuning range. Thus, this filter needs a
minimum 360 nm FSR to avoid overlapping between spectrums. The
following section will discuss this matter.

Second analysis on mechanic will investigate the effect of beam
displacement to mirror parallelism. This is very crucial since mirror
parallelism will influence FPOTF finesse. Third part, which is the
electrostatic analysis, will provide the expected operating voltage for
each electrostatic cavity.

3.1. Optical Analysis

Analytical analysis on FPOTF transfer function is done to evaluate
the performance in terms of tuning range, transmissivity and FWHM.
Two simulation models which are conventional dual beam MEMS
FPOTF and MEMS f-FPOTF have been developed using Matlab®)
mathematical software. Initial optical cavity for both models is 1.6 pm.
Assuming pull in voltage for both models occurs at 1/3 of capacitance
gap, and metallic mirror is used with Si film as a mirror support. Since
maximum acceptance angle for CrAu in this structure is 8°, initial
incident angle for MEMS f-FPOTF is set at 6°. Table 2 lists the
parameters involved in this simulation.

Figures 7(a), 7(b), 8(a) and 8(b) show the relative intensity
spectrum for minimum and maximum spectral for both simulation

Table 2. Optical analysis parameter setting.

Par ter MEMS Dual Beam
aramete LFPOTF MEMS FPOTF
Max. deflection
2 x 0.533 2 % 0.533
(Optical cavity) X — % K
Max. deﬂ.ectlor% 2 x (£2° beam deflection) None
(Electrostatic cavity)
Initial light o o
. 6 0
incident angle (6p)
Refrac‘?lve Indfex, 10 1.0
ny (optical cavity)
Mirror reflectivity, R 95% 95%




Progress In Electromagnetics Research C, Vol. 9, 2009 163

d=0.54 pm tetha=0"

d=1.6 um tetha=0"

0.9 X: 1.08¢-0.06 0.9 X: 1.6e—0.06
= 0.8 rl = 0.8 2l
207 207
Z 0.6 Z 0.6
205 £05
© 04 2 04
£03 \ £03
2 02 /\ 202
0.1
0 J % T IC
040608 1 1214 1618 2 040608 1 12141618 2
Wavelength (m) x10° Wavelength (m) X107
(a) Minimum=1080 nm (b) Minimum=1600 nm

Figure 7. Conventional Dual Beam MEMS FPOTF minimum and
maximum operating wavelength.
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Figure 8. MEMS fFPOTF minimum and maximum operating
wavelength.

models. Both models give the same value of free spectral range (FSR)
which is 540nm. The tuning range of MEMS f-FPOTF, however,
improves about 1.92% or 10 nm with respect to the conventional dual
beam MEMS FPOTF. This is due to actuating floating cavity features
on the proposed model. As a drawback, the relative peak intensity
of MEMS f-FPOTF degrades about 0.01 in average while the FWHM
expands about 5 nm greater than conventional MEMS FPOTF. MEMS

f-FPOTF relative peak intensity and FWHM value however fulfilled
the CWDM ITU-T G.694.2 standard.
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3.2. Mechanic Beam Displacement Analysis

Deflection of BEAM1 in MEMS f-FPOTF would cause mirror tilting
in optical floating cavity. To study this effect, finite element analysis
(FEA) is developed. A range of 1 x 10* to 9 x 10* Pa pressure is
applied on BEAM1 top surface located at bottom SOI wafer. Then,
the displacement at the centre of FP mirror is analyzed.

Figure 9 shows the displacement on MEMS {-FPOTF structure
due to 1 x 10*Pa pressure applied. Deflection of BEAMI1 causes
the FP cavity bent towards the bottom SOI substrate. Since there
is no loading in region Lppami < = < L and free end boundary
condition, this part will not bent but simply a straight line of slope.
Therefore, the bent angle at the centre of mirror is equivalent to angle
at point x = Lppani- Figure 10 plots the deflection for both up and
bottom mirrors. Both mirrors produce almost similar deflection. The
difference is about 0.04% and shows a high parallelism between these
two reflectors. As mentioned, high mirror parallelism will increase filter
finesse.

Figure 9. Displacement of MEMS f-FPOTF due to 1 x 10* Pa pressure
applied on BEAMI1.
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Figure 10. Displacement at the centre of MEMS f-FPOTF mirror.
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3.3. Electrostatic Analysis

Operating voltages (V1, Va and V3) of the proposed structure is limited
by pull in voltage, V}, at each electrostatic cavity. In this analysis, pull
in is assumed to occur at 1/3 of capacitance gap. Therefore, voltage
at this point is considered as a V.

FEA of electro-mechanic coupling analysis for BEAMI1 is plotted
in Figure 11. This is the operating voltage for V; and V3. Thicker
film needs higher voltage to deflect. As for BEAMI1, about 500 volt
is needed to deflect 3nm of BEAMI1 at L = L,. 1nm deflection of
BEAMI can shift about 1 nm MEMS f-FPOTF operating wavelength.
The first prototype is expected to proof the principle of the proposed
structure. Voltage for BEAMI can be reduced by using thinner Si film.

Figure 12 gives the displacement of BEAM2 for a given Va.
Electrostatic force attracts these two beams, hence decreases the
optical length of cavity, d. V,;, for this dual beam structure is about
33 Volt.
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Figure 11. Displacement of BEAM1 MEMS f-FPOTF structure at
L=Ls,.
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Figure 12. Displacement of BEAM2 MEMS {-FPOTF.
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4. CONCLUSION

In conclusion, simulation model of MEMS fFPOTF has been
successfully developed to evaluate optical, mechanic and electrostatic
behaviours. Analytical modelling shows that 1.92% or 10nm
improvement is achieved in terms of tuning range without sacrificing
too much in the transmittivity. This enhancement adds one extra
channel for CWDM application and 10 extra channels in DWDM ITU
100 GHz grid. Tuning range can be further improved by using DBR
mirror, where higher initial angle can be set for this proposed device.

FEA simulation constructs pattern of mechanic beam displace-
ment and its effect to mirror parallelism. Good parallelism between
up and bottom mirrors in the proposed structure increases the filter
finesse.

As for the electrostatic analysis, V; and V3 consume high operating
voltage to actuate BEAM1. This is a drawback of the proposed
structure. Reducing thickness of SOI device layer will reduce the
voltage. Fabrication aspect and experimental results will be discussed
in the future in order to investigate the feasibility aspects of this
proposed structure.
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