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Abstract. An electrostatically actuated MEMS cantilever beam-based waveguide Bragg grating tunable optical
filter has been designed and simulated. The tunable filter is obtained by shifting the reflected wavelength of the
waveguide Bragg grating located on the electrostatically actuated cantilever beam. An approach to increasing
the electrostatic actuation of the beam by having an electrode underneath the beam is used and a large wave-
length tuning range for the optical filter is achieved. Dimensions of the device are chosen such that full-width-half-
maximum is 0.75 nm, thus capable of filtering adjacent channels of the dense wavelength division multiplexing
(DWDM) network. The filter has a tuning range of 10.65 nm (1552.52 to 1563.17 nm) providing add/drop

functionality for 14 adjacent DWDM channels. © The Authors. Published by SPIE under a Creative Commons Attribution 4.0
Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI.
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1 Introduction

When the micromachining and electronic properties of sili-
con are combined with a layer of an oxide of silicon (SOI),
a high refractive index contrast optically transparent medium
is obtained for wavelength division multiplexing (WDM)
applications. The integration of optical waveguides on
a silicon substrate permits a wide variety of communication
devices." In dense WDM networks (DWDM), to carry
out wavelength (channel) selection functionality, dynamic
optical devices such as tunable optical filters are required.
Tuning range and extinction ratio are some of the important
parameters to consider while designing a tunable filter.
Different optical structures have been proposed to achieve
tunable filters. Silicon on insulator bandpass filters in
Mach—Zehnder configuration with one arm loaded with a
ring resonator has been demonstrated® where filter band-
width can be tuned from 10% to 90% of free-spectral
range (FSR) at an acceptable off-band rejection. However,
the footprint of Mach—Zehnder interferometer (MZI)-based
structures is more when compared to ring resonators and
gratings. Compact ring resonators can be used as spectral
filters and very narrow full-width half-maximum of 200 pm
has been reported using ring resonator filters but they suffer
from low tunable range through effective index variation.”®
Waveguide gratings as integrated filters have a footprint
smaller than MZI but larger than a ring resonator. However,
they are capable of being widely tuned while having fre-
quency selectivity necessary for DWDM network. Properties
of the optical filters that are commonly modified by various
tuning methods are bandwidth, peak amplitude, FSR apart
from peak position. Integrated tunable devices designed to
tune filter bandwidth, peak amplitude, or FSR are wave-
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length specific and hence cannot be used to cover an entire
spectrum of the optical network.

Tuning techniques in integrated optical filters can be
achieved by optoelectronic and MOEMS-based techniques.
The optoelectronic techniques involve methods such as ion
implantation/carrier injection’ or electro-optic'” effect-based
tuning. Due to inherent electronic nature of the tuning,
these techniques have high modulation speeds. However,
they suffer from a limited range of modulation or tunability.
MOEMS techniques include thermo-optic,'' acousto-optic'?
effects apart from MEMS-based electrostatic actuation'*™!
techniques. A wavelength shift of 18 nm using the thermo-
optic effect'® in Bragg grating-based silicon-on-insulator
(SOI) rib waveguide loaded with the heater has been reported
but has broader (4 nm) —10 dB bandwidth. This broader
bandwidth cannot filter more than four channels in DWDM
filter applications. The acousto-optic effect is based on
a change of refractive index of a medium due to the
presence of sound waves in it. Tuning techniques based
on acousto-optic effect are limited by an acoustic source
design and the speed of the acoustic wave. However, when
combined with other components such as Bragg grating and
standard diffraction mirrors, Bitauld et al.'” have observed
a very high-wavelength resolution. Using MEMS, tuning is
easy and monolithic integration is possible.'® Electrostatic
actuation-based MEMS tuning is achieved through the
micromachined structures such as beams, bridges, and
diaphragms and by considering elasto-optic, stress-optic, and
strain-optic effects. In MOEMS tuning techniques, since
mechanical perturbation is involved, tuning speed is lower
compared to optoelectronic ones. However, the large tuning
range is obtained with MOEMS techniques. Further, multi-
ple optical devices can be tuned simultaneously with the
actuation levels depending on the physical configuration
of the optical devices with respect to the MOEMS structure.
In this work, we present the design of a filter with tunable
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peak position based on Bragg gratings with MEMS as
the tuning control mechanism. This filter can be used to
cover 30% of a conventional band of optical spectrum
thus providing a very large tuning range.

A grating is placed on a cantilever beam such that pertur-
bation of the beam due to electrostatic actuation causes
strain along the length of the waveguide grating. Based on
the work presented by Ref. 19, an integrated guided-wave
MOEMS filter is designed. The above technique enables a
larger tuning range of the filter. In the rest state, the designed
grating has a uniform period, and under mechanical pertur-
bation the period changes. The change in period is kept
uniform by appropriate positioning of the waveguide grating
on the beam. Due to the uniform change in period, the
Bragg wavelength of the grating changes. With the chosen
dimensions of the structure, we have obtained a tuning range
of 10.65 nm with full-width-half-maximum (FWHM) of
0.75 nm which can be used to filter 14 adjacent channels
in the C-band.

2 Proposed Filter Configuration

Figure 1(a) shows a schematic of the proposed electrostati-
cally actuated MEMS cantilever beam-based waveguide
Bragg grating tunable filter for C-band optical DWDM net-
work. The cantilever beam is composed of the metal layer at
the bottom, over which is a silicon dioxide beam with amor-
phous silicon waveguide and waveguide grating on top. The
metal layer functions as the electrode for electrostatic actua-
tion. There is an air gap between the bottom of the beam and
the ground plane on the substrate. The cross-sectional view
of the beam with rib waveguide grating is shown in Fig. 1(b).
When the beam deflects due to electrostatic actuation,
the grating period changes giving rise to shift in Bragg

wavelength. As the Bragg grating acts like a filter, by varying
the period, tunability can be achieved.

2.1 Proposed Fabrication Procedure

Fabrication of MEMS Bragg reflectors presented in the
literature'®? generally refers to bulk micromachining of sub-
strate to realize the MEMS device. In our design, we propose
adaptation of fabrication procedures developed for plas-
monic optical waveguides’! to realize large actuation in
the MEMS electrostatically actuated beam. The proposed
fabrication steps are given in Fig. 2. The proposed structure
can be realized by surface micromachining techniques start-
ing with silicon wafer.!” The silicon dioxide layer is grown
by PECVD. Titanium is deposited over oxide which forms
the bottom electrode. Etch and patterning of silicon dioxide
and photoresist spin coat is carried out. Lithography of pho-
toresist as a sacrificial layer is done. To achieve adhesion of
metal with an oxide layer, titanium is deposited over the
oxide layer by sputtering. Following this gold is electro-
plated to form the top electrode. Silicon dioxide and amor-
phous silicon layers can be deposited by PECVD on the
metal layer consecutively.”! E-beam lithography to define
the beam, waveguide, and grating is carried out. The
sacrificial photoresist is to be carefully chosen such that it
is insensitive to developing and resist removal steps of
E-beam lithography. This can be achieved by use of alkaline
developer and corresponding photoresist for E-beam lithog-
raphy and using SU-8 2000 as the sacrificial photoresist
which can be stripped using oxidized acid solutions but
not with conventional solvent-based resist strippers. The
sacrificial photoresist can be stripped out to release the
beam.

[ a-Silicon

[ SiO2

[ Gold/Titanium
[l Silicon substrate

a-Silica

SiO2

Air gap

i

Gold/Titanium

Silicon substrate

(b)

Fig. 1 (a) Schematic of the proposed device. (b) Cross sectional view of the proposed device.
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Fig. 2 (a-l) Proposed fabrication steps.

3 Design

For electrostatic actuation of MEMS beams, a ground elec-
trode is chosen as gold. Generally, the second electrode is the
topmost metal layer on the MEMS beam and its dimension
determines the electric field distribution along it. The air gap
and material composition of the beam apart from its dimen-
sions determine the pull-in voltage and thus usable actuation
range of the MEMS beam. As the gap between the electrodes
decreases and the medium present between them has a lower

dielectric constant, a better mechanical response is obtained
for an applied electric potential. Thus, the electrode present
underneath the MEMS beam, as shown in Fig. 1(b), maxi-
mizes the strain obtained in it. This allows the beam top sur-
face to be used for other optical waveguides and devices.
This configuration is free from plasmonic and electro-
optic effects even for MEMS beams of nominal thickness.

Figure 3 shows dimensions of the proposed device. The
composite MEMS cantilever beam has length 1400 pym,

- a-Silica
510,
[ Gold/Titanium

8 Silicon substrate

0.7 ym t

I 1.5 uym

= $ 0.011pm

Air gap (14 gm)

(b)

Fig. 3 Dimensions of the proposed device (a) top view (b) cross sectional view.
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width 100 gm, and thickness 5.1 ym. A silicon rib wave-
guide of cross-section 1.5 X 1.6 yum? runs along the length
of the cantilever beam as shown in Fig. 3. Waveguide
Bragg grating of 600 ym length is positioned at distance
of 750 um from foot of cantilever beam. The following
sections detail the mechanical, optical, and optomechanical
design considerations and optimization for the proposed
device.

3.1 Mechanical Design

Tuning speed of optical filter depends on mechanical reso-
nance of MEMS structure as the technique used for tuning is
change in stress/strain of the MEMS beam in response to
applied electric potential. The analysis on the design of
beam parameters such as suspended beam length, the thick-
ness of beam, the gap between ground and bottom of the
beam are shown in Figs. 4-7. Figure 4 shows variation of
fundamental frequency with length of the beam. The varia-
tion of resonant frequency with the length of the beam and
thickness is given in Eq. (1), where [/ is the length of
the beam, ¢ is the thickness, E is the elastic modulus, and
p is the density. From Eq. (1), we can see that resonant
frequency is inversely proportional to length:

1 JE [t
=as (8) ®

Fundamental frequency (KHz)

1 | | | o
800 1000 1200 1400 1600 1800 2000
Beam length (#m)

Fig. 4 Fundamental frequency variation of cantilever beam with beam
length.

2.8 T T T T T

Fundamental frequency (KHz)

1 1
6 61 62 63 64 65 66 67 68 69 7
Beam thickness (#m)

22 I 1 I 1

Fig. 5 Fundamental frequency variation of cantilever beam with beam
thickness.
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For narrow FWHM, longer length of grating is required.
For appropriately placing 600 ym grating, we have chosen
1400 um length of the beam which has fundamental fre-
quency of 2.5 KHz under no actuation. Width of the
beam is taken as 100 ym. Figure 5 shows the fundamental
frequency variation with thickness of the beam. It can be
seen that the increase in thickness increases the fundamental
frequency as evident from Eq. (1), but strain decreases with
increase in thickness as shown in Fig. 6. For this device con-
figuration, thickness is taken as 5.1 um. At a given voltage,
strain reduces with increase in gap as shown in Fig. 7.
The strain variation with increase in actuation voltage for
a chosen value of 14 ym is shown in Fig. 8.

Strain (mg)
=]
“w

0.2

0.1

0 1 1 1 1
44 4.6 4.8 5 5.2 54 5.6

Beam thickness (#m)

Fig. 6 Maximum value of strain with beam thickness for cantilever
beam.

Strain (mg)

1
8 9 10 1 12 13 14 15 16 17 18
Air gap (um)

Fig. 7 Variation of maximum strain with an air gap at a given voltage
of 5 V.

Strain (mg)

0 1 1 1 1 1 1 1 1 1 1 1
7 75 8 85 9 9.5 10 105 11 115 12

Applied voltage (V)

Fig. 8 Maximum strain variation for different applied voltages.
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Table 1 Parameters used for pull-in voltage calculation.

Parameter Value

E (Youngs modulus) 66.4 GPa
9go(gap between bottom of beam and ground) 14 um

H (thickness of beam) 5.111 ym
v (Poisson ratio of material) 0.18

&0 (permittivity of free space) 8.854 pF/m
L (length of the beam) 1400 ym
W (width of the beam) 100 ym

¢4, C», and c3 (constants) 0.07,1, and 0.42

The pull-in voltage of this device configuration is
obtained through simulation as 12.1 V which is verified
by the mathematical model as given in Eq. (2). The
100-ym wide MEMS beam is composed of silicon-dioxide
of 5 ym above a gold layer of 11 nm. The a-Si is deposited
and patterned in the form of a rib optical waveguide of slab
height 0.8 um and rib cross-section of 1.6 x 0.7 yum? on top
of the silicon dioxide layer. The parameter values chosen to
calculate the pull-in voltage of the composite beam are given
in Table 1 where Young’s modulus and Poisson ratio is taken
as the weighted average values proportional to the individual
material thickness:

4c¢\B
Vpull—in = L > (2
gyL*c3 (1 +c3 %")
where B is
B=EHg. (€)

If the beam has narrow width relative to its thickness, E is the

Young’s modulus E otherwise E and E, the plate modulus
are related as*

'

—1_,2
=l (0.5+(%)1'37

Therefore, as a trade-off, a cantilever silicon-based beam of
1400 um length, 100 ym width, and 5.1 ym thickness with
an air gap of 14 um are considered here. The fundamental
frequency of the device varies with an application of external
static voltage due to a build-up of strain in the structure under
steady-state conditions as shown in Fig. 9.

0.98 (%) —-0.056
pee »

)|

3.2 Optical Design

In this work, we have chosen a rib waveguide with a 1.5 ym
thickness and 1.6 ym width. The refractive indices of the
silicon dioxide and a-silicon are taken as 1.45 and 3.545
near the C-band, respectively, as shown in Fig. 10. This
rib waveguide is designed to operate in a single mode at
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Fig. 9 Fundamental frequency variation for different applied voltages.

3.545

0

Fig. 10 Refractive index profile of rib waveguide structure.
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- |

2 -1 0 1 2
X (um)

1552.52 nm with effective refractive index of 3.49 as evident
from mode profile shown in Fig. 11. The waveguide Bragg
grating consists of periodic corrugations along the length of
rib waveguide with a period of 222.3 nm and has a Bragg
wavelength 1552.52 nm. The length of a grating is 600 ym
and the modulation depth of the grating is 45 nm to obtain
FWHM lower than 0.8 nm, which is desirable for C-band
DWDM optical communication network with channel
spacing of 100 GHz. Using finite-difference time-domain

Transverse Mode Profile (m=0,n,=3.493029)

) =b

. ©

..
i

Y (um)

S

oL

X (um)

Fig. 11 Mode profile of rib waveguide.
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(FDTD) simulation, the waveguide grating is found to have
a propagation loss of 0.15 dB/cm.

3.3 Optomechanical Design

The waveguide Bragg grating is positioned along a length of
the cantilever beam toward its free end. When a voltage is
applied, Bragg wavelength shifts due to two effects, change
in a period with strain and change in a refractive index of
a waveguide with stress. In this design, the impact of strain
on the optical properties of Bragg grating is more than that
due to stress. As seen in Fig. 12, the peak stress occurs at
the foot of the beam and remains in the order of 10° Pa.
For silicon/SiO, waveguide, the corresponding stress-optic
coefficients are in the order of 10712 Pa~!.

The period of the grating varies with voltage as given as

AV) = [1 +&(V)]Ao, o)

where A is the initial period of the grating and ¢ is the value
of strain over the grating length at a given voltage, V. It can
be noted from Fig. 12 that ¢ varies nonuniformly along gra-
ting length thus causing chirp in the grating period. It can be
noted that the strain is maximum near the free end of the
beam and strain variation along beam length is minimum.
Thus, the position of Bragg grating of 600 ym length is
chosen as being 750 um from the fixed end as shown in
Fig. 12. For accurate analysis of the grating with nonlinear
chirp, an instantaneous period of the grating is approximated
to the polynomial function of fourth order which has consid-
erably minimal error.

3.4 Power Consumption

Power consumption for the operation of a proposed device is
observed as 0.122 nW. It has two contributing factors, the
energy stored as strain in the beam and capacitive energy.
Strain energy is obtained by taking line integral of strain
energy density over beam length and multiplying with a
cross-sectional area since the beam has a uniform cross-
section. Variation of strain energy density over a length at
a voltage of 12.07 V is shown in Fig. 13 and the maximum
strain energy obtained is 1.8 pJ. In the proposed structure, the
two electrodes and the gap between them form a capacitor.

0.2 T T T

0.15 1

0.1+ 1

Strain energy density (nJ/m?)

0 1 1 1 1 L
0 200 400 600 800 1000 1200 1400

Beam length (#m)

Fig. 13 Strain energy density of the device at 12.07 V applied voltage.

Capacitive energy, the energy required to maintain the
potential difference across these electrodes, is 0.12 nJ at
the maximum voltage of 12.07 V. Thus maximum power
consumption for the proposed structure is estimated as
0.122 nW.

4 Simulation and Results

The mechanical characteristics of the cantilever beam were
studied numerically using finite element analysis and optical
characteristics of waveguide grating were analyzed numeri-
cally using coupled mode theory. The Bragg wavelength for
unperturbed grating with period 222.3 nm at no actuation is
1552.52 nm with the FWHM of 0.75 nm which is less than
0.8 nm required for DWDM optical network. When the can-
tilever beam is actuated electrostatically with 12.07 V applied
voltage the Bragg wavelength shifts to 1563.17 nm as
observed from Fig. 14, thus providing a total tuning
range of 10.65 nm. By careful design, optimization minor
effects that affect device performance can be minimized.
Temperature invariance along length can be achieved by
appropriate positioning of the electrode contact pads, which
is the major cause of heating/temperature variation. The
waveguide and grating carrying DWDM optical signal is
on the top surface of the largely insulating (SiO,) beam of
5.1 um thickness. And the electric potential is applied to the
bottom of the beam. Thus, the optical medium is insulated
from electrostatic field edge effect.

10 T T T T —I — - - [ B 7

- 6
-~ 15 _
n‘f Grating position along W
= beam length > 4 é
5 :
£ 3 :
) , 7

1

0 | | L | | | 0

0 200 400 600 800 1000 1200 1400

Beam length (#m)

Fig. 12 Stress and strain along the beam length at 12.07 V.
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Fig. 14 Bragg wavelength shift at 12.07 V applied voltage.
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Fig. 15 FWHM of reflected spectrum over the tuning range.

Figure 15 shows variation of FWHM with applied volt-
ages up to pull-in value. It can be seen from Fig. 15 that
FWHM lies below 0.8 nm for all the voltages. By applying
different voltages to the cantilever beam, the Bragg wave-
length shifts and hence we can achieve a tunable filter.
Table 2 shows the Bragg wavelength for various applied volt-
ages from 0 to 12.07 V. The maximum voltage that can be
applied for the cantilever beam is limited by pull-in voltage
which is 12.1 V for chosen parameters. From Table 2, we can
observe that 14 DWDM channels (1552.52 to 1563.17 nm)
can be tuned by applying 0 to 12.07 V and the maximum
peak position deviation is not greater than 0.04 nm at the
given applied voltages. Figure 16 shows the reflected
Bragg wavelength with applied voltages from 6.9 to 12.07 V.
This variation can be put in a cubic polynomial fit as
Eq. (6), where 1 is the wavelength in nm and V is the voltage
in volts:

A(V) = 0.0041039V3 + 0.51784V2 — 0.40089V + 1552.5.
(©)

It can be observed that for the applied voltage range of 6.9 to
10.65 V the Bragg wavelength shifts from 1553.32 to
1558.92 nm is linear with a sensitivity of 0.17 nm/V.
Also for the applied voltage range of 11.06 to 11.71,
the Bragg wavelength shifts from 1559.71 to 1561.31 nm
with a sensitivity of 0.1 nm/V. Further, we note that for
the applied voltages from 11.94 to 12.07 V Bragg wave-
lengths shifts from 1562.15 to 1562.90 nm with voltage sen-
sitivity of a 0.04 nm/V. Care must be taken when the voltage
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Table 2 Bragg wavelength variation with applied voltage.

Reflected
Channel Actuation  wavelength ITU-T standard Deviation
number  voltage (V) (nm) wavelength (nm)  (nm)
1 0 1552.52 1552.52 0.00
2 6.9 1553.32 1553.32 0.00
3 7.56 1554.16 1554.12 0.04
4 8.05 1554.90 1554.92 0.02
5 8.6 1555.72 1555.72 0.00
6 9.15 1556.53 1556.52 0.01
7 9.7 1557.36 1557.32 0.04
8 10.2 1558.15 1558.12 0.03
9 10.65 1558.92 1558.92 0.00
10 11.06 1559.71 1559.72 0.01
11 11.43 1560.54 1560.52 0.02
12 11.71 1561.31 1561.32 0.01
13 11.94 1562.15 1562.12 0.03
14 12.07 1562.90 1562.92 0.02
1564
<+ Wavelength
1562 — Linear fit

—
wn
=N
=

Wavelength (nm)
n
o wn
aN =)

1554 -

1552

7 75 8 8.5 9 9.5 10 105 11 115 12
Applied voltage (V)

Fig. 16 Bragg wavelength with applied voltage.

is approaching close to the device pull-in voltage of 12.1 V.
Table 3 shows the voltage tolerance range for reliable
operation of proposed C-band 100 GHz DWDM optical filter
for a wavelength range of 1553.32 to 1561.31 nm. Here, we
have considered the allowed deviation of Bragg peak
position to be below 0.25 nm for optimal performance.
For channels 2 to 9 where voltage tuning sensitivity is
1.49 nm/V, 0.17 V applied voltage can be tolerated in
each channel. For channels 10 to 12 where the tuning
sensitivity of 2.46 nm/V, 0.1 V applied voltage can be
tolerated. Similarly, for channels 13 to 14 where the tuning
sensitivity of 5.76 nm/V, 0.04 V applied voltage can be
tolerated.

Jan-Mar 2019 « Vol. 18(1)



Uppalapati et al.: Electrostatically tunable MOEMS waveguide. . .

Table 3 Voltage tolerance range for DIWDM channels.

DWDM

Channel wavelength Tolerance Voltage

number (nm) V) range (V)

2 1553.32 0.17 6.73 to 7.07

3 1554.162 0.17 7.39 10 7.73

4 1554.92 0.17 7.88 to 8.22

5 1555.72 0.17 8.43 to 8.77

6 1556.53 0.17 8.98 to0 9.32

7 1557.36 0.17 9.53 to 9.87

8 1558.12 0.17 10.03 to
10.37

9 1558.92 0.17 10.48 to
10.82

10 1559.71 0.1 10.96 to
11.16

11 1560.54 0.1 11.33 to
11.53

12 1561.31 0.1 11.61 to
11.81

5 Conclusions

An electrostatically actuated MEMS cantilever beam-based
waveguide Bragg grating tunable optical filter has been pre-
sented in this work. An approach to increasing the electro-
static actuation of the beam by having an electrode
underneath the beam is used and a large wavelength tuning
range for the optical filter is achieved. A narrow FWHM of
0.75 nm was achieved for the chosen dimensions of this
device allowing filtering of adjacent channels of DWDM net-
work, separated by 0.8 nm. The filter can be tuned from
1552.52 to 1563.17 nm (14 DWDM channels) utilizing
look-up Table 2. The tuning behavior is linear in the wave-
length regions 1553.32 to 1558.92 nm, and 1559.71 to
1561.31 nm with tuning voltage sensitivities of 0.17 and
0.1 nm/V, respectively. All the channels from 1 to 14
(1552.52 to 1562.90 nm) can be filtered out with the applied
voltages given in Table 2. Taking into account voltage tol-
erance of actuation, pull-in voltage, and frequency stability
of the beam, the filter has a tuning range of 10.65 nm
(1552.52 to 1563.17 nm) providing add/drop functionality
for 14 adjacent DWDM channels.
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