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Thermo-Optically Tunable Silicon AWG With
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Abstract— With the ever-increasing demand for small channel
spacing in the dense wavelength division multiplexing technology,
and the wavelength shift arising from the fabrication dimensional sensitivity of the silicon optical communication devices,
wavelength tuning methods for silicon multiplexer/demultiplexer
are therefore of great interest. Thermo-optically tunable silicon
arrayed waveguide grating (AWG) multiplexer/demultiplexer
using TiN heater has been demonstrated for the first time.
Reduced impact of fabrication nonuniformity on the AWG
effective refractive index is achieved through the waveguide
design. Uniform heating is achieved by the heater design, which
is analyzed by thermal distribution simulation. Above 600 GHz
channel tunability has been demonstrated by simulation and
experiment.
Index Terms— Integrated optics, arrayed
grating (AWG), thermo-optic (TO) effect.
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I. I NTRODUCTION

A

RRAYED
waveguide
gratings
(AWG)
have
become increasingly popular as multiplexers/
demultiplexers (MUX/DeMUX) for wavelength-divisionmultiplexing (WDM) applications [1]–[3]. This is due to
the fact that AWG-based devices have been proven to be
capable of multiplexing/demultiplexing a high number of
channels [2], [3]. The ever-increasing demand for bandwidth in
optical communication networks has increased the interest for
dense-wavelength-division-multiplexing (DWDM) technology.
This demand requires high-performance AWG wavelength
MUX/DeMUX with small channel spacing [4], [5]. The
designed peak wavelength of AWGs with small channel
spacing is more vulnerable to the wavelength shift/drift.
Therefore, methods of stabilizing and tuning, such as precise
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positioning of AWGs on the ITU grid, or compensating for
optical wavelength drift, are of great interest. Tunable AWGs
based on silica [5], InP [6]–[9], and polymer [10], [11] have
been reported. However, tuning method for silicon AWG was
not reported yet.
CMOS-compatible silicon photonics is becoming a
promising technology to realize high performance photonicsCMOS integration system. Silicon AWG is a critical and
extensively used optical component in the silicon optical
communication networks. One of the major issues in using a
high-index contrast platform such as silicon-on-insulator (SOI)
for photonic devices is its sensitivity to dimensional variations.
Dimensional deviations of the devices will cause a shift in
the spectral response. AWGs are larger in size (few tens of
micrometers), which makes them much more vulnerable to
different sources of dimensional variations, such as fabrication non-uniformity in the silicon layer thickness, and mask
error [12], [13]. An intra-die average non-uniformity of silicon
layer thickness (∼0.5 nm) and its strong correlation with the
peak wavelength shift (up to ∼2 nm) of AWGs have been
reported [12].
In this letter, a tunable silicon AWG based on thermooptic (TO) effect has been demonstrated. By taking advantage
of the TO effect in silicon, thermal tuning can be employed to
compensate for non-uniformity. The wide ridge-waveguide and
the narrow channel-waveguide are designed for reducing the
impact of the fabrication non-uniformity. The thermal distribution simulation shows that a uniform heating can be achieved
by the heater design, while the experiment results reveal that
above 600 GHz channel tunability has been achieved.
II. D ESIGN AND FABRICATION
An eight-channel 400 GHz silicon AWG is designed as
the MUX/DeMUX. High-resistivity TiN material is used as
heater, while low-resistivity Cu is used as electrode and vias
for the purpose of the photonics-CMOS integration [14]. The
design parameters are shown in Table I. Since the effectiverefractive-index (n e f f ) related optical performance of silicon
AWG is severely sensitive to the fabrication tolerance and nonuniformity as described in introduction section, the following
three designs are adopted to reduce the impact of fabrication
non-uniformity, and to achieve a uniform heating and tuning.
First of all, the wide straight ridge-waveguide
(0.8 μm-rib width) and the narrow bended channelwaveguide (0.5 μm-width) are utilized. One advantage of
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TABLE I
D ESIGN PARAMETERS OF THE S ILICON AWG

Fig. 2. (a) Thermal simulation structure (not to scale). (b) Simulated crosssectional thermal distribution when a 40V bias voltage (1.26 W power) is
applied to the TiN heater. The temperature of the silicon waveguide is ∼53K
higher than the room temperature (298.15 K). The white line in the figure is
the isothermal line. The simulation image is partially presented.

Fig. 1. Simulated effective-refractive-index (n e f f ) of the ridge waveguide
with the different slab thicknesses and rib widths.

the ridge-waveguide is the low optical transmission loss of
the straight waveguide under transverse-electric (TE) mode.
Another advantage of the wide ridge-waveguide is the small
impact of the waveguide thickness (rib thickness and slab
thickness) on the waveguide effective-refractive-index (n e f f ).
Furthermore, wide rib dimension is used for reducing the
fabrication non-uniformity impact on the waveguide n e f f .
As shown in Fig. 1, the slab thickness has a smaller impact on
the n e f f of the ridge-waveguide with a wider rib, as compared
to narrower rib. At the same time, a disadvantage of the
ridge-waveguide is the high optical transmission loss of the
bended waveguide. Bended ridge-waveguide with large radius
is one solution to reduce the transmission loss, however, the
large device size arising from the bended waveguide with
large radius is not beneficial to the integration. Therefore,
narrow channel-waveguide is used as the bended waveguide.
Taper is used as the transition structure from the narrow
channel-waveguide to the wide ridge-waveguide, as shown in
inset i of Fig. 4 in section II B Fabrication. Besides, a wide
heater (10 μm) is designed with small spacing (4 μm) to
achieve a uniform heating on the silicon waveguide. The fold
line structure is designed for the heater. To reduce the heater
resistance and hence the operating voltage, parallel structure
of the left and right part of the heater is designed, as shown
in Fig. 4 in section II B Fabrication. In addition, adjacent
deep trenches for thermal insulation with other devices are
designed around the heater.

A. Thermal Performance Simulation and Analysis
To investigate the thermal effect on the device, the crosssectional thermal distributions under different bias voltages/powers on the TiN heater are simulated by COMSOL
Multiphysics commercial software. The thermal conductivity of each material is the important parameter used in
the simulation, which measures its ability to conduct heat.
Figure 2(a) shows the thermal simulation structure, while
Fig. 2(b) shows the simulated result when a 40 V voltage
(1.26 W power) is applied to the heater, and the simulation
image is partially presented here. The minimum temperature
shown in the scale bar is located at the bottom of the silicon
substrate, which is not shown in Fig. 2(b). The temperature of
the Si waveguide is increased by ∼53 K from the room temperature (298.15 K), which will lead to the thermal-induced
wavelength shift (λ) of the device due to the TO effect.
In addition, the simulated temperature of the Si waveguide
under different bias voltages/powers with a step of 5 V on
the TiN heater is shown in Fig. 3. The result shows that the
temperature of the Si waveguide is uniform with a variation
of less than 1 K, which ensures the uniform tunability of the
device.
The wavelength shift (λ) arising from the simulated heating temperature (T ) due to the TO effect can be calculated by
Eq. (1), Eq. (2) and the TO coefficient of Si/SiO2 ((dn/dT )Si =
+1.84e-4/K, (dn/dT )SiO2 = +1.0e-5/K).
n e f f
λ0
ng
∂n e f f
∂n e f f
=
n Si +
n Si O 2
∂n Si
∂n Si O 2

λ =
n e f f

(1)
(2)
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Fig. 5. Cross-sectional SEM images of (a) the heater and the Si waveguide;
(b) the Cu electrode and vias to heater.
Fig. 3. Simulated temperature distribution of the silicon waveguide under
different bias voltages/powers on TiN heater. Less than 1 K temperature
variation is observed from the error bar.

Fig. 4.
Microscope image of the tunable silicon AWG. Inset i: SEM
image of the rib waveguide. Inset ii: SEM image of the arrayed waveguide.
Inset iii: SEM image of the input waveguide. Inset iv: SEM image of the
TiN heater. Inset v: SEM image of the Cu electrode. Inset vi: SEM image of
8 channels output.

where n e f f denotes the effective-refractive-index of the
AWG, n g denotes the group index, and n Si /n Si O2 denotes
the refractive-index of Si/SiO2 . The change in n e f f of the
AWG (n e f f ) is mainly caused by the change in refractiveindex of Si (n Si ) and SiO2 (n Si O2 ), which is simulated
using Mode Solver of Rsoft commercial software. The
simulated λ under different voltage/power compared with
the measured λ is shown in the Fig. 8 in section III.
B. Fabrication
This tunable AWG was fabricated on an 8-inch SOI wafer
with top Si layer of 220 nm and buried oxide (BOX) of
2 μm. The waveguide was formed by double silicon dry
etching processes. The microscope image of the tunable AWG
is shown in Fig. 4. The insets of Fig. 4 show the scanning
electron microscope (SEM) images of the silicon waveguide,
heater and Cu electrode. After SiO2 dielectric layer was
deposited and polished, Ti/TiN was deposited and etched as
heater. 0.12 μm-thick TiN is used as heater material for its

high resistivity, and 5 nm-thick Ti was fabricated underlying
the TiN heater for improving the material adhesion to oxide.
0.4 μm-thick SiN deposited above the TiN heater is used as
via etching stop layer due to its better etch selectivity.
From the photonics-CMOS integration scenario, Cu was
selected as the electrode and vias material. Since it is difficult
to delineate Cu by subtractive etch due to the limited number
of volatile Cu compounds, dual-damascene process was
utilized to form the Cu electrode vias [16]. Cu deposition and
chemical-mechanical polishing (CMP) processes are included
in dual-damascene process. To avoid the dishing caused by
CMP process on Cu surface, a latticed Cu surface pattern is
designed [17], as shown in inset v of Fig. 4.
After the SiO2 dielectric layer was deposited and polished,
the trench of Cu electrode and the vias were formed in
sequence. To avoid the diffusion of Cu into the Si/SiO2
layer, a 250 Å-thick TaN barrier layer was deposited first.
A 1500 Å-thick Cu seed layer was next deposited by physical
vapor deposition (PVD) followed by 6 μm-thick Cu layer by
electrochemical-plating (ECP). After removing the excess Cu
by CMP, the Cu electrode and vias were finally formed after
annealing. The inset v of Fig. 4 shows the SEM image of the
Cu electrode surface after Cu CMP. A 5000 Å-thick SiO2 was
deposited as a dielectric layer over the Cu electrode subsequently. After the opening of the bond-pad, a thin Al layer
was formed on the bond-pad pattern to avoid the oxidation
of Cu electrode. Finally, 120 μm-deep Si trench was etched
to hold optical lensed fiber for coupling with the nanotaper
of Si waveguide. Other deep trenches were etched also for
thermal insulation around the heater, as shown in Fig. 4.
Cross-sectional SEM images of the heater, the Si waveguide,
the Cu electrode and vias to heater are shown in Fig. 5.
III. C HARACTERIZATION AND D ISCUSSION
Two lensed fibers with 2.5 μm focal-length were used
to characterize the optical performance of this tunable
AWG. When the Cu-to-waveguide distance is more
than 1 μm, the Cu-induced optical loss is less than
0.25 dB/cm [17]. Compared with the other losses, such as
waveguide propagation loss and coupling loss, the Cu-induced
propagation loss in our AWG is negligible [17]. The measured
output spectra of 8 channels output of the silicon AWG before
heating are shown in Fig. 6. The channel spacing is 3.2 nm.
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IV. C ONCLUSION
A thermo-optically tunable silicon AWG using TiN heater
has been demonstrated for the first time. Reduced impact
of fabrication nonuniformity on the AWG n e f f is achieved
through the design of wide ridge-waveguide and narrow
channel-waveguide. Uniform heating is achieved by the heater
design, which is analyzed by thermal distribution simulation.
Above 600 GHz channel tunability has been demonstrated by
simulation and experiment.
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Transmission of 8 channels output before heating.
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Fig. 8. Measured and simulated wavelength shift under different bias powers.
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