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In an optical interconnect circuit, microring resonators (MRRs) are commonly used in wavelength
division multiplexing systems. To make the MRR and laser synchronized, the resonance wavelength
of the MRR needs to be thermally controlled, and the power consumption becomes significant with a
high-channel count. Here, we demonstrate an athermally synchronized rare-earth-doped laser and
MRR. The laser comprises a SisN4 based cavity covered with erbium-doped Al,O5 to provide gain.
The low thermo-optic coefficient of Al,O5 and SizN,4 and the comparable thermal shift of the effec-
tive index in the laser and microring cross-sections enable lasing and resonance wavelength synchro-
nization over a wide range of temperatures. The power difference between matched and unmatched
channels remains greater than 15dB from 20 to 50°C due to a synchronized wavelength shift of
0.02nm/°C. The athermal synchronization approach reported here is not limited to microring filters
but can be applied to any SizN, filter with integrated lasers using rare earth ion doped Al,O5 as a
gain medium to achieve system-level temperature control free operation. © 2017 Author(s). All
article content, except where otherwise noted, is licensed under a Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

[http://dx.doi.org/10.1063/1.4984022]

With an increasing demand for data communication
bandwidth, integrated silicon photonic technologies have
been extensively studied to overcome the limits of electrical
interconnects.” In an optical interconnect circuit, microring
resonators (MRRs) are commonly used as multiplexers/
demultiplexers in wavelength division multiplexing (WDM)
systems.3’4 However, to make the MRR and on-chip laser
work together, the resonances of the MRRs should be
matched to the laser wavelengths for all operating tempera-
tures.”® Although the resonance wavelength of a MRR can be
controlled by using thermal tuning,*’ the power consumption
to align the wavelengths of many MRRs is significant in a
high-channel count WDM system.*® Even when an athermal
reference cavity is used, the laser has to be electronically
locked to it to prevent any thermally induced mismatch from
downstream filters.” To overcome these problems, the MRR
filter resonant wavelength can be matched to the laser wave-
length and have the same thermal wavelength shift as the laser
source.'”!" As a result, system-level temperature control-free
operation can be achieved without the need for additional tun-
ing power.

Prior to this work, on-chip lasers have been demon-
strated using rare-earth elements doped in Al,O; as gain
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media,'*™"” which has proven to be effective for several rea-

sons. First, rare-earth-doped Al,O3 glass can be deposited as a
single-step back-end-of-line process on silicon wafers without
requiring any additional etch steps.'® Second, common rare-
earth-materials such as Erbium have a wide emission spectrum
enabling a wide wavelength tunability and design flexibil-
ity."”* Third, rare-earth-doped gain media do not involve
free carriers, unlike semiconductor lasers, and this reduction in
losses enables a narrow laser linewidth.?%*>?* Furthermore,
the low thermo-optic coefficient of the host medium enables
operation over a wide temperature range.”> Finally, compared
to I1I-V material based systems,?® SisN,, laser cavities utilizing
rare-earth-doped Al,O3 can have a similar overall thermal
response to other Si3N, devices on the chip such as MRR
filters.” This makes it possible to achieve a control-free opera-
tion WDM system consisting of a laser source and a wave-
length filter over a wide temperature range.

Here, we demonstrate an A1203:Er3+ based distributed
feedback (DFB) laser cascaded with SisN, MRRs for filter-
ing different WDM channels on the same chip. The low
thermo-optic coefficient of Al,O3 and Si3N428*31 and the
comparable thermal shift of the effective index in the laser
and microring cross-sections enable lasing and resonance
wavelength synchronization over a wide range of tempera-
tures. We achieve >15 dB power extinction ratio (between a
matched laser-MRR channel and an unmatched channel)
from 20 to 50°C. The wavelength shifts of the laser and
the MRRs are synchronized to 0.02 nm/°C, proving that the

© Author(s) 2017.
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system is athermal. The athermal synchronization approach
reported here is not limited to microring filters but can be
applied to any SizN, filter with integrated lasers using rare
earth ion doped Al,O5 as a gain medium to achieve system-
level temperature control free operation.

The waveguide cross-section of the DFB laser is shown
in Fig. 1(a). The width and gap of the SizN, pieces are
selected to be 600 nm and 400 nm, respectively, to provide
high mode confinement for both the 1480nm pump and
1550 nm laser modes within the Al,O5:Er’" film. The con-
finement factors in the ALO5:Er’ " film are calculated to be
84.05% and 84.86% for the fundamental transverse electric
(TE) modes at the pump and laser wavelengths, respectively,
using a finite-difference 2D mode solver. The height of each
SizN4 piece is 200nm. The gap between the SizN, and
AlL,O; layer is 200nm. A 1100-nm thick Al,O5:Er*" film is
deposited on top to provide gain. The DFB cavity is formed
by adding Si;N, grating pieces alongside the waveguide
with a width of 400 nm, a gap of 500 nm, a duty cycle of 0.5,
and a period of 487 nm. The coupling coefficient (k) is calcu-
lated to be 6.4 x 10°m™". The total length of the DFB laser
is 2cm, limited by the maximum length of the chip. For a
laser cavity length shorter than 2cm, with the same pump
power, the lasing power decreases. The coupling coefficient
and cavity length product (x-L) is 12.8. At the end of the
DFB, a transition is designed to adiabatically couple the
mode from the DFB gain waveguide into the mode of a dou-
ble layer SizN, waveguide. After the transition, the double
layer SizN, waveguide is connected to MRRs. The cross-
section of the double layer Siz;N, MRR is shown in the right
side of Fig. 1(a). The Si;Ny4 pieces in the MRR have a width
of 1 um and a height of 200 nm for each layer, with a 100 nm
oxide gap in between. The TE field intensities of the funda-
mental mode for a DFB gain waveguide and a Siz;N; MRR
are shown in Fig. 1(b), which are calculated from a finite dif-
ference mode solver and a bend waveguide mode solver,
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FIG. 1. (a) Cross section of the DFB gain waveguide and double layer SizNy
MRR. (b) The TE field intensity of the fundamental mode for the DFB
gain waveguide and SizN; MRR. (c) Refractive index of the materials at
1550 nm. (d) Sketch of the system, including DFB laser cascaded with SizNy4
MRRs (not to scale).
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respectively. The refractive indices used in the mode solver
are provided in Fig. 1(c). To ensure mode confinement within
the SizN4 MRRs, their diameters were selected to be around
90 pum, which corresponds to a free spectral range (FSR) of
5nm. The entire device is illustrated in Fig. 1(d). Four MRRs
after the DFB represent three types of filter channels: one
matched, one adjacent, and two low-interfering channels. The
diameters of the MRRs are chosen to be 90.02 um, 90.10 pm,
90.18 pm, and 90.26 um in order to evenly distribute the reso-
nances within one FSR. The drop ports of the MRRs are used
to couple out the laser signal.

The device was fabricated using a 300mm CMOS
foundry. The fabrication process is illustrated in Fig. 2(a).
First, a 6-um thick SiO, bottom cladding layer is deposited
on a 300mm silicon wafer via plasma-enhanced chemical
vapor deposition (PECVD). Afterwards, a 200-nm thick
PECVD Si;Ny layer is deposited, followed by a top surface
polishing process to reduce the optical scattering loss (Step
I). The SizN4 layer is subsequently annealed at 1050 °C for
72min to reduce absorption due to Si-H and N-H bonds
around 1.52 um. Then, the SizN, layer is patterned using
193 nm immersion lithography and reactive ion etching (Step
ID). The side wall roughness is minimized by a short 900 °C
wet oxidation, followed by an HF dip. Next, a 100-nm thick
SiO, layer is deposited and the top surface is flattened via
chemical-mechanical planarization (CMP), as shown in Step
II1. Following that step, a second 200-nm-thick Si;Ny layer is
deposited and patterned using the same method as the first
layer (Step IV). The fabrication variation in the SizN, pattern
will lead to MRR resonance shifts of up to 1 nm, but this has
a minimal effect on the DFB lasing wavelength due to the

®  DFB Laser MRR DFB Laser MRR
Step I Step V
Si;N, Gratin
b | . Step VI
Step VII

Step IV

®) ©

00000000000000000000000

00000000000000000000000

FIG. 2. (a) The DFB laser and MRR fabrication steps including (I) deposi-
tion and (II) patterning of the bottom SizNy layer, (IIT) deposition and flat-
tening of the SiO, cladding layer, (IV) deposition and patterning of the top
SizNy layer, (V) deposition of the top SiO, cladding layer, (VI) patterning
and etching of the top SiO, cladding to form a laser trench, and (VII) deposi-
tion of SiO, and A1203:Er34r within the laser trench. (b) and (c) SEM image
of the Si;N, pattern (top view) for the DFB laser and MRR after removing
SiO, top cladding from Step III.
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fact that most of the modes is confined in the Al,O; film and
that the fabrication variations only affect the duty cycle and
not the grating period. Above the top SizN4 layer, a 4-um-
thick SiO; layer is deposited. The fabrication of the MRRs is
completed at Step V, but the DFB laser needs two additional
steps. In Step VI, the top SiO, layer is patterned and a 4-um-
deep and 80-um-wide gain trench is etched using the top
SizNy layer as an etch stop. Finally, in Step VII, a 100-nm-
thick SiO, layer is deposited within the laser trench and a
1110-nm-thick A1203:Er3+ thin film is deposited via reactive
co-sputtering. The thickness of the Al,O5:Er’™ film is chosen
to ensure that the lasing wavelength matches with one of the
SizNs MRR resonances. The deposition of the A1203:Er3+
film is a single-step back-end-of-line process on the silicon
wafer, allowing direct access to the laser design. Controlling
the A1203:Er3+ thin film thickness can be used as a general
approach to ensure that the lasing wavelength matches with a
single channel resonance. Precise control of the DFB lasing
wavelength from different wafers has been demonstrated
recently in a thulium doped AlL,O; film.*> Deposition runs
with different doping levels reveal an optimum Er’ " doping
concentration of 1.2 x 10*°cm . Given the same pump
power, a lower doping concentration will suffer from lower
gain while a higher concentration will result in ion clustering
or quenching.”"34 In order to visualize the SizN4 patterning,
the top SiO, cladding layer was etched. Scanning electron
microscopy (SEM) images of the Siz;N, patterns (top view)
for the DFB laser and a MRR filter are displayed in Figs. 2(b)
and 2(c), respectively.

To characterize the system, both external and internal
laser measurements were performed on the device. Figure 3(a)
shows the setup of the measurement using an external laser,
which includes a tunable laser source (Keysight 81600B) to
sweep the wavelength of the input signal, a polarization con-
troller to ensure that the input is coupled into the fundamental
TE mode of the DFB and MRRs, an optical power meter to
record the signals from the drop ports of the MRRs, shown in
Figs. 3(b) and 3(c), and a thermoelectric cooler (TEC) to moni-
tor and stabilize the operating temperature of the system with a
feedback loop. A cleaved single-mode SMF-28 fiber is used on
each side of the chip to butt-couple the tunable laser signal
onto the chip and butt-couple the output signal from the chip,
respectively.

Figure 3(b) shows the passive response of each of the
four MRR drop ports with an external tunable laser at 20 °C.
The main peaks represent the TE resonances of the MRRs,
and the smaller lobes on the right side of the peaks are the
transverse magnetic (TM) resonance of the MRRs. The
loaded quality factor of TE resonance is 2.2 x 10*. The exis-
tence of the TM mode may be due to the fact that the wave-
guide after the DFB laser has an asymmetry in the horizontal
direction. Under the condition that the transition is not per-
fectly adiabatic, the TE mode couples into the TM mode.
The polarization controller is tuned to couple into the funda-
mental TE mode of the DFB gain waveguide. For channel 1,
only one TE mode peak is observed at 1539.9nm. At
1544.4 nm, there is no TE mode peak in the system, indicat-
ing that the response of the MRR cancels with the DFB cav-
ity response. From the simulation, the MRR corresponding
to channel 1 has a resonance at 1544.4nm, and hence, the
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FIG. 3. (a) External laser measurement setup including a tunable laser to
sweep the wavelength of the input signal, a polarization controller to ensure
that the input is coupled into the TE mode of the DFB and MRRs, an optical
powermeter to record the signals from the drop port of the MRRs, and a
TEC temperature controller to modify, monitor, and stabilize the operating
temperature of the system. (b) Passive responses of channels 1, 2, 3, and 4 at
20 °C showing matched, low-interfering, and adjacent channels. (c) The pas-
sive response of channel 1 at different temperatures. A 0.2 nm wavelength
shift is observed for a 10 °C temperature change from 20 to 50 °C.

DFB lasing signal can have high transmission into this chan-
nel. For comparison, the passive response of the DFB cavity
together with the MRR drop channels 2, 3, and 4 is shown in
Fig. 3(b). For these channels, two orders of TE resonance are
observed instead of one. For channels 2 and 3, at the DFB
cavity resonance wavelength of 1544.4 nm, the drop ports of
the MRRs have low transmission because the channels are
not matched. Therefore, these two channels are expected to
have less power in the drop port when the on-chip laser with
a lasing wavelength of 1544.4 nm is on. While for channel 4,
at 1544.4 nm, the transmission is not as low as channels 2
and 3 since it has a tail of the TM mode at this wavelength.
Therefore, channel 4 will have a relatively higher output
power for the input laser at 1544.4 nm. From Fig. 3(b) and
using channel 2, 3, or 4, the FSR of the MRR is measured to
be 5nm. The temperature of the system was then controlled
using the TEC, and the passive responses of channel 1 at dif-
ferent temperatures were measured, as shown in Fig. 3(c). A
wavelength shift of 0.2 nm is observed for a 10°C tempera-
ture change within a temperature range from 20 to 50°C.
While beyond 50°C, the wavelength shift becomes larger
than 0.2 nm per 10 °C.

The internal on-chip laser measurement setup is shown
in Fig. 4. A 1480 nm pump source together with a polariza-
tion controller is used to couple the pump signal into the



211105-4 Li etal.

Temperature

Polarization
Controller

Pump  wDM
=

spectrum Rl
Analyzer Il

Lasing
Signal

Spectrum
Analyzer |

FIG. 4. Internal laser measurement setup including a 1480 nm laser pump
source together with a polarization controller to ensure that the fundamental
TE mode is coupled into the Al,O5:Er’" DFB laser, optical spectrum ana-
lyzers I and II to monitor the DFB laser output and MRR drop port signals,
respectively, and a temperature control feedback loop to modify and monitor
the temperature of the system.

fundamental TE mode of the laser gain waveguide. An exter-
nal WDM is used to couple out the lasing signal from the
pump side of the DFB for analysis. A cleaved SMF-28 fiber
is used on each side of the chip to butt-couple the pump onto
the chip and output signal from the chip, respectively.
Optical spectrum analyzers (OSA) I and II are used to moni-
tor the signal from the DFB laser and MRRs, respectively. A
thermoelectric cooler (TEC) is used to modify and monitor
the operation temperature of the system. In addition, it also
stabilizes the device temperature by reducing the thermal
shift due to the pump power.

Figures 5(a) and 5(b) show the output spectra recorded
at different temperatures from OSA I and II, respectively.
For the DFB laser, a 0.2 nm wavelength shift is observed for
a 10°C temperature change, which matches to the wave-
length shift at the output of the MRR shown in Fig. 3(c).
Comparing Figs. 5(a) and 5(b), the overall coupling loss
from the DFB laser to MRR is 2.5dB. From Fig. 5(b), the
power at the drop port of the matched MRR reduces as the
temperature increases, which is caused by the larger
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FIG. 5. (a) and (b) Optical spectrum of the DFB output (recorded by OSA I)

and channel 1 MRR drop port (recorded by OSA II), at different tempera-

tures. (¢) Wavelength shift comparison between the DFB laser and channel

1 MRR. (d) Relative power of the different channels over the temperature
range of 20 to 50°C.

Appl. Phys. Lett. 110, 211105 (2017)

wavelength mismatch between the DFB and MRR at higher
temperatures of our temperature control range. The wave-
length comparison of the DFB and channel 1 MRR is shown
in Fig. 5(c). As the temperature increases, the channel 1
MRR has a slightly larger wavelength shift compared to the
DFB laser. The relative transmission powers from the four
channels are recorded in Fig. 5(d). More than 15dB power
extinction between channel 1 and the rest of the channels is
observed within the temperature range from 20 to 50°C
showing athermal operation, which is sufficient for signal
processing in a WDM system.” As the temperature is set
beyond 50°C, the power in channel 1 drops by more than
5dB, due to the wavelength mismatch between the MRR and
the DFB, shown in Fig. 5(c). Furthermore, Fig. 5(d) shows
that channel 1 has relatively high power and hence it is the
matched channel; channels 2 and 3 have relatively low
power, and therefore, they are low-interfering channels;
channel 4 has medium power so it is the adjacent channel.
This matches with the results from the external laser charac-
terization in Fig. 3(b). With the aim of obtaining a more uni-
form output power over the temperature range from 20 to
50°C, the DFB laser can be designed to be exactly matched
with the resonance of the MRR at 40 °C instead of at 30 °C.
Starting at 20 °C, the DFB laser is slightly off the resonance
of the MRR. As the temperature increases (to 40°C, for
example), the DFB and MRR resonances will be exactly
matched. As the temperature further increases (e.g., 50 °C),
the DFB resonance will be slightly off with respect to MRR
resonance again. This method is equivalent to shifting the
red DFB laser resonance up in Fig. 5(c), so that red and blue
points match exactly at 40 °C. In this way, the transmission
power will be more uniform over this operation temperature
range.

In the future, in order to ensure that the resonance of the
MRR matches with the laser source on a wafer scale, the
design of the MRR filter can be improved. For example, high-
order filters or contra-directional couplers can be used to get a
flat-top response with wider bandwidth®®*” and hence relax-
ing the requirement of perfect alignment. Additionally, an
adiabatic ring design®® can be used to make ring more
fabrication-tolerant. The work presented in this manuscript
acts as a prototype for system-level control-free synchroniza-
tion while further design effort will offer a wafer-scale pro-
duction solution. Furthermore, these improved MRRs can be
cascaded with multiple grating-based lasers®® for a tempera-
ture control-free wavelength multiplexer.

In conclusion, we have demonstrated athermally syn-
chronized operation of an integrated DFB laser cascaded
with Si3zN, WDM MRRs on a silicon photonic platform. By
making use of the low thermo-optic coefficient of the
ALO;:Er’™ laser gain medium and Si3;Ny, athermal operation
is demonstrated over a temperature range from 20 to 50 °C.
A power extinction ratio of >15dB between matched and
unmatched WDM channels is achieved, and a synchronized
wavelength shift of 0.02nm/°C is reported. The athermal
synchronization approach reported here is not limited to
microring filters but can be applied to any SizN, filter cas-
caded with a laser using rare-earth-doped Al,O3 as a gain
medium to achieve system-level temperature control free
operation.
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