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Abstract: The transparent window in optical fiber at 2-um waveband enables a huge
potential for fiber optical communications. Intensive efforts have been devoted to pursuit
of photonic devices in this new band. The arrayed waveguide grating (AWG) is one of
the key components for various functionalities like wavelength multiplexer, optical filter,
spectrometer and so forth. However, the integrated and wavelength tunable AWG has
not been realized in the 2-um wavelength range yet. Here, we demonstrate an 8-channel
thermo-optic tunable AWG at 2 um via silicon photonic multi-project wafer shuttle run. The
device is fully compatible with standard foundry fabrication process without customization.
The TiN heater is designed for uniform waveguide heating and wavelength detuning.
Experiments show that the fabricated AWG has a dense channel spacing of 1.6 nm and
a minimum insertion loss of 6.1 dB. The wavelength tuning efficiency is measured to be
6.4 nm/W.

Index Terms: Integrated optics, arrayed waveguide grating (AWG), thermo-optic (TO)
effect.

1. Introduction

Infrared lasers at wavelengths around 2-um have proven applications in sensing [1]-{4], surgery
[5], light detection and ranging system [6] and so forth. Recently, the 2-um spectral range has
opened a new avenue for optical communication applications. Though transmission experiments
have been only demonstrated for limited distance, solid evidences have been observed for the great
potential for optical interconnects [7], [8]. The communication window shifts to this waveband due
to the ultra-low loss of optical fibers, the maturity of narrow linewidth lasers, thulium doped fiber
amplifier with 30 THz gain bandwidth [9]-[11], high-speed photodiode [12]-[14], and modulator
[15], [16]. The hollow core photonic bandgap fiber (HCPBF) is predicted to have a low latency [17]
and an attenuation of only 0.1 dB/km at 2-m wavelengths [18], which allow for a promising solution
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for datacenter scenario [19], [20]. Driven by the increasing demand for integrated components with
low cost and high performance in the new waveband, rapid progress has been made in various
devices such as grating couplers [21], waveguide detectors [22], filters [23], mode multiplexers
[24], power splitters [25] and etc. These devices are realized by silicon photonics which offer the
advantages of large fabrication volume and potential low cost. It is also interesting to note that,
long wavelength operation of the silicon photonic device has much smaller signal penalties due to
nonlinear absorptions.

As a fundamental building block for photonic integrated circuits, arrayed waveguide gratings
(AWG) play important roles in on-chip spectroscopy [26] and wavelength division multiplexing
(WDM) [19], [27]. It has distinct advantages over other alternative device structures for multi-
channel narrow band filtering. Due to its unique applications, AWG have been widely demonstrated
in C-band on various integration platforms [28]-[33]. An InP-based AWG operated at 2-um is
first demonstrated for WDM transmission to increase the data capacity [26]. More recently, silicon
photonic AWG has been reported on silicon-on-insulator (SOI) substrate near 2-um wavelength.
But a thick silicon device layer of 500 nm is needed to accommodate long-wavelength optical wave,
and the operation wavelengths of the AWG cannot be tuned [34].

In this work, we demonstrate a wavelength tunable AWG which is designed following the standard
design rules for silicon photonic foundry fabrication. The devices are fabricated on a standard SOI
wafer via a multi-project wafer (MPW) shuttle run. The fabrication shares the same process that is
optimized for C-band devices, and no customized process is needed for the proposed 2-um AWG.
The wavelength multiplexer is also integrated with metal heaters to enable the detuning of the
operation wavelength. The co-integration with C-band devices allows for multi-waveband on-chip
applications like ultra-broadband spectrometer for chemical sensing and ultra-large capacity data
communications.

2. Design and Fabrication

The 2-um tunable AWG is designed on SOI wafer with 220 nm top silicon and 2 xm buried oxide
(BOX). According to the working principle of the Rowland circle, the AWG satisfies the following
grating equation:

Ns eff0a SIN 6; + N g1£0a SIN o + N et AL = MA (1)

where ng o¢s and n, ¢ are the effective indice of the slab region and arrayed waveguide, respectively.
6; and 6, are the off-normal angles between the central input/output waveguides and the Rowland
circle, AL is the length difference of arrayed waveguides, m is the diffraction order (m = n, ¢t AL/A),
and A is the operation wavelength. Egn (1) indicates that the path differenceAL of the AWG
increases for long wavelength operation due to increased wavelength A and reduced effective
refractive indice ns e and nge4. As a result, the 2-um AWG is larger in footprint compared to
1550-nm waveband, and the transmission loss is also increased. Therefore, it is more challenging
to design a high-performance long-waveband AWG device.

For a design target of 1.6 nm (~120 GHz at 2-.xm) channel spacing, 60 arrayed waveguides are
designed with a waveguide length difference AL of 18.7 um according to Eqn. (1). The diameter
of the Rowland circle is chosen to be 120 um. The top-view and cross section schematic diagram
of the designed AWG is shown in Fig. 1(a) and (b). The waveguide core is 600 nm-wide with
220 nm full etching depth to ensure the single mode operation and low scattering loss from sidewall
roughness at 2-um band. The minimum bending radius of the waveguide is defined as 20 um to
minimize the radiation loss. Fig. 1(c) show the simulated top-view and cross-section optical field
distribution of the strip silicon waveguide with 20-um radius by 3D FDTD method. The calculated
radiation loss is only ~0.012 dB/90°bend. The effective refractive index of silicon waveguide with
different widths is shown in Fig. 1(d). The linear adiabatic taper is designed to reduce the coupling
losses from the Rowland circle to the array waveguide and the input/output waveguide. To further
alleviate the impact from sidewall roughness, a 70-nm shallow-etch process is chosen in the taper
region to further reduce the device loss which is shown on the fabricated AWG in Fig. 5(b) and (c).
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Fig. 1. (a) The layout of the designed 2-um wavelength tunable AWG. (b) The cross-sectional schematic
view of the AWG structure. (c) The calculated top-view and cross-section optical field distribution of the
strip waveguide with 20-um radius for TE mode at 2-um. (d) The calculated effective refractive index
for TEy mode under different silicon waveguide widths.

The TE-polarization grating couplers are designed with 10-degree tilt in both the input and output
ports to reduce the back reflection. The grating coupler has 220 nm etching depth and can operate
at 2-um waveband with simulated coupling efficiency of —4.5 dB. The period of the grating coupler
is 950 nm with a filling factor of 0.23. The output grating couplers are arranged in an array with
127 um pitch which can be interfaced with a commercial fiber array. The footprint of the whole
device layout is ~1.6 mmx1.3 mm.

We build the AWG model in Lumerical Mode Solutions for waveguide design. Since the arrayed
waveguide region is too large in area, the simulations consume huge amount of computational
memory and time. Here we use the time delay to emulate the waveguide array with a certain length
difference in the simulation model. The time delay can be expressed by the following equation:

At = AL/vg )

where vy is the group velocity (vg = ¢/ng), ¢ is light velocity in vacuum, ng is the group refractive
index. In this way, we can simulate and plot the optical field profile of the output free propagation
region in Fig. 2(a). The simulated transmission spectrum of the AWG is also obtained as shown
in Fig. 2(b). It can be seen that the channel spacing is 1.6 nm and the insertion loss is ~3.5 dB.
Since the waveguide array transmission is not performed in the model, the simulated loss is a bit
underestimated.

Al pads and TiN heaters are designed for wavelength tuning via thermo-optic (TO) effect. As
shown in Fig. 1(b), high-resistivity TiN heaters with 0.12 um thickness are designed on top of the
arrayed waveguide to tune the center wavelength of the AWG passbands. There is 1.2-um-thick
SiO, cladding sandwiched between the metal and waveguides to avoid high loss. The top-view
layout of the designed TiN heater is shown in Fig. 3(a). It can be seen that the heater strip has a
width of 8 um, and the array of heaters with a spacing of 4 um is densely patterned. The arrayed
heaters are designed in parallel and symmetrically arranged with respect to the central axis of the
waveguide array, which allows for efficient and uniform waveguide heating. As shown in Fig. 3(b),
the resistance of the designed heater is calculated to be R = li + R3 + R4 = 3630 Q. For the

R1TR2

finalized AWG design, the main parameters of the device structure are summarized in Table 1.
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Fig. 2. (a) The simulated optical field distribution (E) of the output free propagation region. (b) The
simulated transmission spectrum of the designed AWG.
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Fig. 3. (a) The top-view layout of TiN heater. (b)The equivalent circuit and the related parameters.

TABLE 1
Designed Parameters of the 2-um TO AWG

Parameter Symbol  Value Parameter Symbol Value
Center wavelength Ao 2000 nm Diameter of Rowland circle D 120 um
Channel spacing A2 1.6 nm Diffraction order m 25
Minimum bending radius T 20 ym  Spacing of arrayed waveguide d, 1.5 um
Path diffrence AL 18.7 um Heater width dy, 8 um
Number of output channels N, 8 Heater spacing dg 4 ym
Number of arrayed waveguides N, 60 Designed resistance R 3630 Q

To better understand the TO tuning effect of the proposed AWG, here we theoretically calculate
the wavelength shift of the device. From Eqgn. (1), we can see that the refractive index of the
arrayed waveguide varies with the temperature, and the wavelength is shifted accordingly. The
corresponding wavelength shift AL as a function of the index change can be expressed as:

A\ = Anc:)\/nc,eff (3)

where An, is the waveguide effective refractive index change due to temperature variation.
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Fig. 4. (a) The simulated 3D temperature distribution of the AWG heat-transfer model. (b) The partial
cross-section temperature distribution of the model. (c) Calculated temperature of the silicon waveguide
under different powers on TiN heater.

Then, we built a 3D heat transfer model based on the design parameters as shown in Table 1 to
calculate the temperature distribution of the AWG structure via COMSOL Multiphysics commercial
software. The calculation is performed by a MEAS Module of the electro-thermal structure which is
modeled by Poisson equation and heater transfer equation. The electric conductivity and thermal
conductivity of TiN materials is defined as 454.6 S m~' and 29.3 W m~'K~', respectively. The
thermal conductivity is set to 80 W m~"K=" for silicon and 1.4 W m~'K~" for silica, respectively.
The heat convection coefficient of air is set to ~ 5 W m~2K~', and the room temperature (RT) is
298.15 K in this model. Fig. 4(a) shows the simulated temperature distribution of the 3D device
model when the applied electrical voltage is Vicating = 40 V (440 mW). The power density is ~
7.3 x 1073 mW um 3. It can be clearly seen from the temperature distribution that the TiN heater
has the highest temperature, and the temperature drops gradually towards room temperature from
the top to silicon substrate. Fig. 4(b) shows the cross-sectional temperature distribution of the
AWG model, which confirms that the silicon waveguide layer is almost uniformly heated up with
temperature increased by ~ 55 K. Fig. 4(c) is the calculated temperature of the silicon waveguide
under different powers. The temperature almost changes linearly as a function of the heating power.
The linearly fitted slope is dT/dPyeaing = 0.125 K/mW. Such a uniformity for waveguide heating is
important for stable and linear wavelength detuning of the wavelengths.

Then, the devices are fabricated by the silicon photonic MPW shuttle run where the waveguide
is defined by 193 nm UV lithography and then transferred to silicon layer via dry etching process.
Fig. 5(a) shows the top-view microscope image of the fabricated 1x8 tunable AWG. The device
is well fabricated as we designed and is co-integrated with other O-band and C-band devices on
the same chip. Fig. 5(b)-(c) are the zoom-in images of the free propagation region between the
array waveguides and output waveguides. The green area is the 70 nm etched silicon slab which
ensures low scattering loss from the sidewall roughness. The minimum gap size of the linear taper
is 0.2 um, which is the allowed minimum feature size for low coupling loss of the free propagation
region to the array/output waveguides. Fig. 5(d) is the close-up microscope image of the fabricated
focus grating coupler.

3. Results and Discussions

To characterize the 2-um AWG, we setup the system using a narrow line width 2-xm band tunable
laser (OETLS-300-2000), a fiber-chip coupling stage, DC probes, an InGaAs optical power meter
(S148C), and a Keithley 2450 SourceMeter. The light is coupled into/out the silicon waveguides
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Fig. 5. (a) The top-view microscope image of the fabricated tunable AWG. (b) The zoom-in image of the
free propagation region to the array waveguide. (c) The zoom-in image of the free propagation region
to the output waveguide. (d) The close-up image of the focus grating coupler.
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Fig. 6. The measured transmission spectra of the fabricated 8-channel AWG at 2-um waveband.

via a pair of grating couplers. The coupling loss per facet is measured to be approximately 7 dB at
1980 nm. The measured transmission spectra of the 8 output channels are normalized and plotted
in Fig. 6. It can be observed that the center wavelength has a 27 nm offset from the designed center
wavelength of 2000 nm due to the phase error. The channel spacing is measured to be ~1.6 nm,
which is well consistent with the design target. The measured insertion loss of different channels
ranges from —6.1 dB to —7.8 dB. The loss difference is due to the different waveguide length and
curvature radius for each channel.

The loss mechanisms of the AWG mainly come from the waveguide propagation loss due to
the silicon waveguide sidewall roughness in fabrication process. While the intrinsic absorption
loss in silicon waveguide and SiO, layer is negligible at 2000 nm wavelength, the narrow width
of the arrayed waveguide magnifies the impact from sidewall roughness which results in significant
scattering loss and crosstalk [35], [36]. Though increasing the waveguide width can reduce the
loss from sidewall roughness, it increases the radiation loss in the bending area. Considering the
trade-off between radiation losses and sidewall scattering losses, waveguides with non-uniform
width can be applied to further optimize the device losses. The narrow waveguide can be used in
bending region, and wide waveguide can be used for straight waveguide region. The transitioned
can be realized by an adiabatic taper. In addition, the phase error is also caused by the non-uniform
change of the silicon waveguide effective refractive index in propagation process due to rough
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Fig. 7. (a) The transmission spectra of Ch1-8 with 0 mW and 360 mW applied electrical power.
(b) The wavelength shift of Ch 1 under different applied electrical power Pycating, inset: the transmission
spectra of Ch 1 with different power.

sidewalls and tilted waveguide sidewalls. the phase error makes it challenging to precisely control
the center wavelength of the AWG. Thus, it is highly desirable to compensate the wavelength shift
using TO phase shifter.

Then, we characterize the TO performance of the tunable AWG. The transmission spectra of
the 8 output channels are measured under different electrical power applied to the TiN heater via
a Source Meter. Fig. 7(a) shows the transmission spectra of channel 1-8 with different electrical
power (Ppeating)- It can be observed that the spectrum is red-shifted by ~2.3 nm with Prcating =
360 mW, which is beyond a channel spacing of 1.6 nm. This indicates that we can accurately control
the channel wavelength of the AWG by fine tuning of the heater and handle arbitrary wavelength
within the AWG pass band. As shown in Fig. 7(b), the wavelength is shifted almost linearly with
different electrical power (Preating) Which implies a good linearity of the TO tuning. The experiment
results show that the channel tuning efficiency is 6.4 nm/W. We also extract the resistance of
the heater from the experiment which is ~4400 Q. The difference between the calculated and
measured resistance is mainly due to the additional contact resistance, such as layer-contact
(Al/Cu/TiN) resistance, probe-electrode contact resistance in measurement. The tuning efficiency
of the heater can be further improved by optimizing the layout of the heater array to reduce
resistance such as using the parallel heater-structure layout and increasing heater-waveguide
width.

4. Conclusion

In conclusion, we experimentally demonstrate an 8-channels wavelength tunable AWG on SOI
platform at 2-um waveband. The device is fabricated on a standard silicon photonic multi-project
wafer and is fully compatible with the design rule for 1.55 um components. The AWG is measured
to have a dense channel spacing (120 GHz) and a minimum insertion loss of 6.1 dB. The operation
wavelength of the AWG can be thermally tuned with an efficiency of 6.4 nm/W. The wavelength
can be easily tuned across one channel spacing which allows the AWG to operate at arbitrary
wavelength within its spectral band. The possibility of co-integration with C band components can
potentially enable ultra-broadband photonic integrated circuits.
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