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In this paper, we design and fabricate a silicon integrated optical filter consisting of two cascaded micro-ring resonators
and two straight waveguides. Two micro-heaters are fabricated on the top of two micro-rings respectively, which are
employed to modulate the micro-rings to perform the function of a tunable optical filter by the thermo-optic effect. The
static response test indicates that the extinction ratio and 3-dB bandwidth are 29.01 dB and 0.21 nm respectively, the
dynamic response test indicates that the 10%—90% rise and 90%—10% fall time of the filter are 16 us and 12 us, respectively,
which can meet the requirements of optical communication and information processing. Finally, the power consumption
of the device is also characterized, and the total power consumption is about 9.43 mW/nm, which has been improved

efficiently.
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1. Introduction

Tunable band-pass filters, which can be used to choose
a signal with arbitrary wavelength according to the practical
requirement, have important applications in optical communi-
cation and information processing.!!*! Therefore, the tunable
band-pass filter is a key research topic in the field of opti-
cal information processing. Various optical filters have been
reported, including the Mach—Zehnder interferometer,!>-f]

[7.8] micro-ring resonator,°1% micro-disk

Bragg grating,
resonator,[!] etc.

The micro-ring resonator (MRR) is a key building block
for on-chip integrated optical information processing due to
its natural features such as compact dimension, low power
consumption, large-scale integration, etc. MRR has good fil-
tering performance, resulting in popular application in WDM
systems. MRR-based filters can choose the light at particu-
lar wavelengths and allow light at other wavelengths to pass
through without being affected;!'®-2!1 furthermore, compared
to single MRR filters, there is a flat top spectrum performance
and the out-of-band signal rejection ratio is higher for high-
order MRR filters, which is very fitting for optical information
processing.[?>6] The drop port of the second-order MRR is
in the same direction as the input port, which is beneficial for
optical network decreasing crossing in the construction. In ad-
dition, a second-order MRR structure is easier to fabricate than
other higher-order MRR filters. Based on the reasons above,
the second-order MRR structure has promising potential for
practical application and has attracted wide attention.?’-3!]
Considering the outstanding performance of filtering and easy
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implementation in technology of the second-order MRR struc-
ture, we design and fabricate a tunable second-order MRR fil-
ter with the micro-heaters fabricated on the top of MRRs; the
filtering wavelength can be exactly controlled by the voltage
applied to MRRs. Compared with previous works, this de-
vice possess lower power consumption, 32! and the flexibility
of this device is promoted due to the tunable filtering wave-
length based on the thermo—optical effect.

2. Architecture and principle

The structure of the second-order MRR filter consisting
of two cascaded MRRs and two straight waveguides is shown
in Fig. 1.
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Fig. 1. (color online) Structure of high-order micro-ring resonator filter
(TVS: tunable voltage source).
Continuous optical signals propagated in the upper
straight waveguide can couple into MRR1 by evanescent field,
and then couple into MRR2 in the same way. Finally, the
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optical signal at the resonant wavelength can be directed to
the Output port. All other optical signals at the non-resonant
wavelengths will be directed to the Through port. In addition,
the resonant wavelength of the second-order MRR filter can be
tuned by the silicon thermo—optic effect. Therefore, the pro-
posed device can perform the filtering performance of the filter
with tunable filtering wavelength.

The performance of the second-order filter can be simu-

d.133-37] The structure of

lated by the scattering matrix metho
the device can be divided into three coupling regions, which
is shown in Fig. 1. Each coupling region can be described by
a unique scattering matrix. The scattering matrix of Z; can be

expressed in the following form

|:Et11:| _ [ n k1} {Eill} )
E2 —ki 7| |En2 |’

where ki and #| are the cross-coupling coefficient and the self-
coupling coefficient of the optical field amplitude, whose value
depends on the specific coupling gap. The matrix is symmet-
ric because the networks under consideration are reciprocal.
Therefore, t12 + k% = 1. Each coupling region has its unique

cross-coupling coefficient when taking the maximally flat ef-
fect into consideration!3?!

k3 = 0.25k7 = 0.2543, )

where ki, k>, and k3 are the cross-coupling coefficient of Z;,
Z», and Z3, respectively. Defining a vector with the different
field components P, as follows:
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Equation (1) can be rewritten as

Ein Eim
—P . 4
(Enz) I(Em) @

As the optical signals propagate in the ring waveguide, it ac-
cumulates a phase shift and may be attenuated, so

i
Epi = ae' E,

Ena = ae'®Ep, ()

where a and 0 are the half round trip loss and phase in both
MRRs. Equation (5) can be rewritten as

Ep1 ) _ 0 ael® Ei» ©)
Epy o~ le"i® 0 En )’

Defining a vector matrix Q as follows:

0= 0 oel? 7
“\atle® o '

The relationship between input and output described by matrix
P, and Qis

Em\ En\ (AB Einn
(Em) = hOROR (Em) B (C D) (Ezu) ®

The optical power at the Drop port and the Through port of the
second-order MRR filter are described as follows:

A 1
En = _EEill + EEi32>
BC—AD D
— " Ei +—=Em. 9
B n+pEsn )
The matrices P, and Q are completely general, which can ac-

Eizn =

count for the transfer characteristic for any frequency depend-
ing on the effective index, loss, and transmission and cou-
pling coefficients. Furthermore, we can calculate any-order
cascaded MRRs array by matrices cascading.

3. Device fabrication

The device is fabricated on an eight-inch (the unit
1 inch=2.54 cm) silicon-on-insulator wafer with a 220-nm-
thick top silicon layer and a 2 um-thick buried SiO, layer. The
rib waveguide with 400 nm in width, 220 nm in height, and
70 nm in slab thickness is employed to construct the device.
Both MRRs have the same radii as 10 pm. Gaps between the
ring waveguides and the straight waveguides are 300 nm and
the gap between two micro-ring waveguides is 575 nm. After
the waveguides are fabricated, 1.5 pum-thick SiO; is deposited
on the top of the waveguides as a separate layer, and then two
TiN micro-heaters with the width of 1 um and the thickness
of 120 nm are fabricated on the top of the ring waveguides.
Aluminum pads with 100 pmx 100 pm size are deposited to
connect to the TiN micro-heaters by aluminum wires. Spot
size converters (SSC) are integrated on the input and output
terminals of the waveguides to enhance the coupling between
the waveguides and the fibers. The SSC is a 200 um-long lin-
early inversed taper with a 180-nm-wide tip.

4. Experimental results

Experimental tests of the device include a static response
test, tunable performance test and dynamic response test.

4.1. Static response test

Experimental setup for the static response spectrum of the
device is shown in Fig. 2. An amplified spontaneous emis-
sion source (ASE), two tunable voltage sources (TVS), and
an optical spectral analyzer (OSA) are employed to charac-
terize the static response of the device. A continuous optical
wave is launched from the ASE and coupled into the input port
of the device through a lensed taper fiber; two tunable volt-
age sources are applied to the two micro-heaters to modulate
micro-rings in order to demonstrate the tunable function of the
filter.
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—— RF cable —— fiber

Fig. 2. (color online) Experimental setup for the static response test of the
device. ASE: amplified spontaneous emission source. TVS: tunable voltage
source. OSA: optical spectral analyzer. DUT: Device under test.

The measured static response spectrum of the device is
shown in Fig. 3, from which we can see the extinction ratio is
about 29.01 dB, the Q-factor is about 3 x 103, the free spec-
trum range (FSR) is about 9.52 nm, and the 3-dB bandwidth
is about 0.21 nm. There are some ripples at the bottom of the
spectrum, which are mainly induced by the reflections of the
input and output terminals. However, these ripples do not hin-
der the filtering function of the device since the rolling power
is too low to trigger a response.
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Fig. 3. (color online) Static response result of the second-order MRR filter.

4.2. Tunable performance

In order to demonstrate the tunable feature of the device,
we tune the filtering wavelength with a wavelength spacing of
0.5 nm through the voltages applied to the micro-heaters by

the silicon thermo—optic effect (Fig. 4).3%40]
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Fig. 4. (color online) Response spectra of the device with the wave-
length spacing of 0.5 nm.

From Fig. 4 we can see that the filtering wavelength of
the device can be continuously tuned by the applied voltages,

which means the device can achieve the tunable function. The
wavelength tuning range of an FSR is tested.

The power consumption performance of the device is also
analyzed by tuning the filtering wavelength, which is shown in
Fig. 5. Benefiting from a precise fabrication process, the two
MRRs have the same resonant wavelength in the initial state,
and the two micro-heaters are exactly the same. Therefore, the
power consumption performances of the two MRRs are almost
identical. In order to describe this simpler, we only analyze the
power consumption of MRR1 in Fig. 5. It needs a threshold
voltage to activate MRR1, therefore, the start point of applied
voltage in Fig. 5 is not from the origin but 0.69 V, which means
the threshold voltage of MRR1 is about 0.69 V. The blue dot
line in Fig. 5 represents the sum power consumption of MRR1
and MRR2. The sheet in Fig. 5 shows the parameters adopted
in linear fitting of the blue dot line.
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Fig. 5. (color online) Power consumption of this device. P; and P, are the
power consumption of MRR1 and MRR2, respectively. Py is the sum of
P] and Pz.

Figure 5 indicates that the device can be tuned under the
total power consumption of 9.45 mW/nm linearly. Further op-
timization should be done to further decrease the power con-
sumption, such as etching air trenches below the device.*!)

4.3. Dynamic response test

The dynamic response is characterized by a tunable laser,
a two-channel arbitrary function generator (AFG), a photodi-
ode detector and an oscilloscope. The monochromatic light
with the wavelength of 1550.98 nm output from the tunable
laser is coupled into the device through a lensed fiber. Two
binary sequences non-return-to-zero signals at 20 kbps gen-
erated by the two-channel AFG are applied to MRR1 and
MRR?2, respectively. The output light signal is transformed
to an electrical signal by a photodiode detector. All the two
input and output electrical signals are fed into a multi-channel
oscilloscope for waveform observation.

Figure 6 indicates that the device responds well to the
20 kbps thermally tuning signal. The 10%-90% rise and 90%—
10% fall time are 16.0 ps and 12.0 us, respectively.
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Fig. 6. (color online) Dynamic response result of the second-order
MRR filter: (a) applied voltage and (b) photodiode voltage.

5. Conclusions

In order to achieve an outstanding performance in filter-
ing and easy implementation in technology, a structure of the
second-order MRR filter consisting of two cascaded MRRs
and two straight waveguides was proposed. This structure
has been analyzed by the scattering matrix method. In this
method, each coupling region can be described by a unique
scattering matrix and any-order cascaded MRRs array can be
calculated by matrices cascading. In addition, we have fabri-
cated and tested a second-order micro-ring filter in this paper,
which has an extinction ratio of 29.01 dB with a 3-dB band-
width of 0.21 nm. It can be thermally tuned over the whole
FSR with the tuning efficiency of 9.45 mV/nm. The 10%—
90% rise and 90%—10% fall time of the filter are 16.0 us and
12.0 ps, respectively, which is fast enough for the applications
of the tunable optical filter.
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