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1. Introduction

Lasers are susceptible to instability induced by parasitic back reflections. Bulk laser
systems mitigate these reflections using free-space isolators, which traditionally use
magneto-optic effects to break reciprocity. Although on-chip isolators can also use
magneto-optic effects to achieve nonreciprocal operation, they require heterogeneous
integration of magneto-optic materials and a magnetic field source, whether external
or integrated as an electromagnet.! Alternate methods to break reciprocity have also
been explored. Spatiotemporal modulation® has been used but requires higher
power to drive complex modulation schemes. Nonlinear optical effects® provide a
purely passive method but often require strong optical power to function. Self-
injection locking* provides linewidth reduction in addition to stabilization but
requires aligning the laser frequency to the external cavity resonance, potentially
increasing system loss. superfluous

In this work, we implement a frequency-agnostic, tunable reflection controlling
circuit (RCC), as demonstrated by Esmaeeli et al.,’ to control laser dynamics in our
photonic integrated circuit (PIC) systems. Since it can be fabricated in the same
silicon photonics process as the rest of our system, fabrication complexity is
greatly reduced, enabling scalable production. Its lack of frequency-dependent
resonances makes it widely usable without the need to control the laser wavelength
to achieve a stable lasing state. Its simplicity and small footprint make it a viable
candidate for compact, fully integrated devices. Although the concept has been
proven in other foundry processes,” we designed and fabricated the silicon photonic
chip using the AIM Photonics foundry process with our internally designed
components to explore its functionality in our custom devices.

2. Circuit Layout

On the input side, the distributed feedback (DFB) laser was photonically wire bonded
to an edge coupler (EC) to couple light into the chip. The major elements of the RCC
are a tunable Mach-Zehnder interferometer (MZI) and loop mirror (Figure 1). The
MZI is used to selectively direct power to the output port or to the loop mirror. By
changing this ratio, the amplitude of back-reflected optical power can be adjusted.
An additional heater before the loop mirror is used to adjust the phase of the back-
reflected light. By adjusting both of these parameters, laser stability can be achieved.
In our device, we also included a directional coupler (DC) at the output port to direct
light to an on-chip photodetector (PD) for power and stability monitoring and an
on-chip PIC system. In this work, the PIC system was designed for free-space optical
communication, but a variety of applications could also be implemented. An



additional PD on the fourth port of the DC can be used to monitor intrinsic back
reflections from the on-chip structures downstream. We also implemented doped
silicon blocks adjacent to the waveguide to absorb unintended higher-order modes
(HOMs) without inducing further loss to the fundamental mode.®

10% -> On-Chip PD

Back Reflection
PD

[ Tunable MZI
o FSOIN of j — - 90% >

On-Chip Device

Tunable
Loop Mirror

Figure 1. RCC with labeled components: EC, HOM blocks (HOMB:s), tunable MZI with
2 x 2 multi-mode interferometers (MMIs) and heaters, tunable loop mirror, and a 90:10 DC
to directlight to an on-chip PD and on-chip system. A back reflection PD is used to monitor any
parasitic reflections from on-chip components.

3. Components

Because many of the components in this circuit were internally designed, we
provide characterization data for each component in the circuit to fully predict the
device performance. All components are designed for the fundamental TEO mode
at 1550 nm on the silicon-on-insulator platform provided by AIM Photonics.

3.1 Waveguides

The routing waveguides are designed to be 480-nm width, 220-nm height crystalline
silicon waveguides in oxide cladding. Based on spiral propagation loss structures
on the same wafer, the loss is estimated to vary from —1.65 to —2.2 dB/cm between
chips. The orientation of the waveguides and the wavelength have minimal effect
on loss (Figure 2). The spiral structure with vertical waveguides exhibits slightly
higher losses at approximately —2.25 dB/cm, rather than —1.8 dB/cm for the spiral
with horizontal waveguides, but the difference over small lengths is minimal. The
bends in the spirals used a radius of 10 um, so bend loss is expected to be negligible.
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Figure 2.  Propagation loss vs. wavelength for horizontal and vertical waveguide spiral
structures, with an average of 2 + 0.5 dB/cm. Wavelength has a minor effect on loss.

3.2 Edge Coupler

The EC escalates light from the silicon waveguide to a silicon nitride layer, and then
to a second nitride layer above the first, at which point it exits the side of the
chip. The narrow width of the final nitride taper at the chip edge forces the light to
be poorly confined and have a larger mode field diameter (MFD) that better matches
the intended output mode for 1) lensed or cleaved fiber coupling or 2) photonic wire
bonds (PWBs). For this coupler, the simulated output MFD in air is approximately
4 um (Figure 3). However, since the output facet of the EC is rectangular, the free-
space mode field deviates from a Gaussian beam, so there is some coupling loss
from imperfect mode overlap. When coupling light into the chip, increasing
the MFD of the input beam from air achieves stronger coupling, with a 5-um MFD
corresponding to a transmission insertion loss of —1.92 dB (Figure 4).
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Coupling Efficiency: fiber to waveguide, input beam diameter = 2.5 um
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Figure4. Simulated coupling efficiency vs. wavelength between a free-space Gaussian beam
in air and EC with input free-space MFDs of a) 2.5 pm, b) 3.8 pm, and ¢) 5 pm.



3.3 Heater

To control phase in the tunable MZI and loop mirror, we used thermo-optic phase
shifters formed from doped silicon segments with electrical contacts placed in
proximity to a waveguide. By applying a voltage, current flows through the doped
silicon, which acts as a resistor and generates heat. The partial-height heaters include
an additional contact between doped silicon and metal to reduce resistance and thus
the voltage required to achieve high power. Heaters are included on either side of the
waveguide for higher efficiency. The phase shift scales linearly with applied power,
so the MZI transmission versus power exhibits the expected sinusoidal behavior
(Figure 5b). Since heater resistance changes with applied voltage, the transmission
versus voltage deviates from sinusoidal (Figure 5a). Since V= is approximately 4.3
V (Figure 5), microcontrollers with a 5V output limit can be used to control these
heaters up to a  phase shift for a compact electronic control system.

a) b)

400 400

w
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200

Photocurrent (uA)
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100 100

—— North Heater —— North Heater
0 South Heater 0 South Heater

0 2 4 6 8 0 10 20 30 40 50
Heater Voltage (V) Heater Power (mW)

FigureS.  Thermo-optic phase shifter response in an MZI vs. a) voltage and b) power for
partial-height heaters.

3.4 Directional Coupler

The DC is used to split light between an on-chip monitor PD and a functional, on-
chip system. Light travels from the input port and either continues on the same path
to the bar port toward the on-chip system or switches over to the cross port
connected to an on-chip PD. The other input port is terminated by a PD to monitor
back reflections. The splitting ratio has some dispersion over the wavelength region
of interest, varying from 90:10 at 1480 nm to 78:22 at 1630 nm (Figure 6). At 1550
nm, the bar port transmission is 88.5% and the cross port is 11.5%.
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Figure 6.  DC splitting ratio vs. wavelength. Most light is directed toward the bar port while
10%—-20% is directed toward the opposite cross port.

3.5 Multi-Mode Interferometer

The MMl is used as a splitter and combiner to form the tunable MZI and loop mirror.
According to simulations, the splitting ratio at 1550 nm is approximately 50:50, with
losses below —0.3 dB (Figure 7). Although experimental data of the isolated
component is unavailable, the simulated behavior matches its performance in
systems. We use splitters with 2 input and 2 output ports, rather than 1 x 2, to avoid
excitation of evanescent HOMs that result from combining out-of-phase signals. In
2 x 2 combiners, destructive interference couples light to the other output port, which
can be terminated using absorptive highly doped silicon, whereas 1 x 2 combiners
couple light into HOMs that can persist and affect system performance.
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Figure7. Simulated MMI transmission per output arm vs. wavelength.



3.6 Photodetector

The on-chip PDs utilize Ge-on-Si and couple light from the waveguide into the
detector region via evanescent taper, improving coupling compared with alternative
taper methods.”® Based on a similar PD design fabricated through AIM Photonics,?
responsivity is estimated to be 1 A/W at 1550 nm, with lower responsivity at longer
wavelengths. Our PD has similar dispersion with additional ripples due to back
reflections, which are attributed in some part to the uncoated chip facet (Figure 8).
By comparing the strength of these ripples to the maximum photocurrent,’ we
estimate back reflections between the PD and edge facet to be —18 dB.

w
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o

N
o
o

1501

Photocurrent (uA)

1001

1500 1550 1600
Wavelength (nm)
Figure 8.  On-chip Ge-on-Si PD characterization. The measured response from 1480 to
1630 nm for our PD design has some wavelength dispersion, with higher responsivity at

shorter wavelengths. Interference ripples are due to back reflections between the PD and edge
facet.

3.7 HOM Attenuation

Although the components and layout of our on-chip circuit have been designed to
prevent issues from HOM excitation, HOMs can still be generated by misaligned
coupling, whether lateral or angular. To prevent their propagation within and past
the circuit, we include HOM attenuators throughout. The HOMBSs are highly doped
silicon blocks adjacent to the waveguide. Based on prior measurements, these
absorptive blocks can reduce HOMs by at least =10 dB, without adding significant
loss to the fundamental mode.® For passive fabrication processes that do not allow
doping or absorptive materials, tightly curved Z-bends, formed from two 90° Euler
bends, can also be used to strip out HOMs while retaining power in the fundamental
mode.



3.8 DFB Characterization

We used directly modulated DFB laser diode chips (model DFB-1550-B-B-CHS5-
B28) with anti-reflection coating from Applied Optoelectronics, Inc. (AOI; Sugar
Land, Texas) for our measurements. The die used for the following measurements
had reported room temperature specifications: side mode suppression ratio (SMSR)
of 46.5 dB, wavelength of 1549.41 nm, efficiency of 0.295 mW/mA, and threshold
of 4.75 mA. Measurements of a similar die, including optical spectrum analyzer
(OSA) measurements (Figure 9), dependence on current (Figure 10), and
dependence on temperature (Figure 11), indicated similar performance to these
reported specifications.
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Figure 9. DFB spectral response at 25 °C with a DFB current of 10 mA. a) OSA spectra,
with center wavelength of 1549.84 nm. The side peak is offset by 1.65 nm, with SMSR at
approximately 45 dB. b) OSA spectra over a wide wavelength span, with center wavelength of
1549.84 nm. c¢) Gain spectrum. Maximum output power without lasing is —72.3 dB at 1549.55
nm, and the 3-dB bandwidth is 50.24 nm.
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3.9 Photonic Wire Bond

The PWB dimensions are elliptical, with the major axis oriented in the horizontal
direction, to better match the elliptical output mode formed by the rectangular
waveguide of the EC (Figure 3). In the middle of the bond, the width of the PWB is
2.2 um and the height is 1.8 pm. To improve coupling between the PWB and chip,
a 50-pm taper is used to gradually increase the core size of the PWB (Figure 12a).
Based on simulations, the optimal core size at the interface of the chip is
approximately 7.8 x 5.6 pm to maximize mode overlap to —1.3 dB (Figure 12b).
Transmission between the EC and PWB is simulated to be —2.21 dB at 1550 nm
(Figure 12c), with field simulations showing reasonable matching between the PWB
and EC modes at the X = 0 pm position (Figure 12d). The dimensions for the PWB
connection to the laser are approximately 3.5 x 3 um at the attachment point, tapering
to 2.2 x 1.8 um over 40 pm. Based on simulations, the estimated laser-to-PWB loss
is —1 dB. Thus, the expected total PWB loss is at least —3.21 dB. Optical images of
the fabricated PWB indicate that the PWB is smooth and well anchored, with no
obvious mechanical defects that would increase loss (Figure 13).
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Figure 12. Simulated coupling efficiency between the center of the photonic wire bond and
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waveguide (pink). b) Mode overlap between PWB and EC at 1550 nm in dB vs. PWB core size.
The optimal size is 7.8 x 5.6 um, with a maximum overlap of —1.3 dB. ¢) Simulated
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EC vs. wavelength. Transmission at 1550 nm is —2.21 dB. d) Real part of E, at 1550 nm when
light is coupled from the 50-pum-long PWB into the EC.
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Figure 13. Microscope images of the photonic wire bond between the DFB laser and on-chip
waveguide, with zoomed-in views of the attachment points to the laser and PIC.

4. Measurements

Laser performance and stability were characterized through a variety of measurements.
Optical power and wavelength versus input parameters such as drive current and
temperature provide information on the performance of the laser. Significant changes
in optical power or the presence of side peaks in the optical spectrum indicate
instability. By using a PD to monitor output power from an unstable laser, the
resultant photocurrent includes noise at specific frequencies that can be observed
by an RF spectrum analyzer or envelope detector.

4.1 Optical Power

The optical power versus drive current for the DFB when photonically wire bonded
indicates reasonable performance (Figure 14). The measurements were performed
at 25 °C, with both MZI and loop mirror heaters remaining unheated, directing
almost all of the power toward the output rather than the loop mirror. The output
optical power is measured by the on-chip PD. The expected threshold at room
temperature is 4.75 mA, whereas our measurement at 25 °C indicates a similar
threshold at approximately 5.75 mA. Mode hops occur at higher DFB currents,
particularly around 90 mA, as evidenced by deviations in power from the linear
trend. However, these mode hops do not significantly impact output power.
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Figure 14.  Optical power vs. drive current for the photonically wire-bonded DFB at 25 °C with

unheated MZI and loop mirror. Threshold current is 5.75 mA. The linear fit for photocurrent
Ipp in pPA as a function of drive current Io in mA is Irp = 8.289 x Iy — 44.035.

By tracking the increase in optical power as a function of drive current, it is possible
to extract an estimate of PWB loss. The fitted slope is approximately 0.008 mW of
optical power at the on-chip monitor PD per milliamp of drive current. The PD
responsivity at 1550 nm is expected to be approximately 1 A/W based on reported
values from similar on-chip PDs (Figure 8). The expected efficiency for this DFB is
0.295 mW/mA based on its provided specifications, indicating a total loss of —15.51
dB in the connected system. On-chip losses include the following: —9.39 dB loss due
to the DC splitting ratio, —0.055 dB loss due to the MZI splitting ratio when
unheated, —0.56 dB from a propagation loss of —2 dB/cm over 2.8 mm, and —0.29
dB additional loss from the MMIs based on simulated values; total on-chip losses
sum to —10.295 dB. Thus, the additional loss of —5.215 dB is attributed to the PWB
losses. Although the actual loss may be slightly better due to MMI behavior,
variation in PD responsivity, and slight differences in measurement temperatures, the
estimate is reasonable compared with the minimum value of 3.21 dB, which assumed
perfect alignment, fabrication, and no bending in the PWB.

When the DFB drive current is tuned from 80 mA to 100 mA to 80 mA in time, we
can observe whether the trend in output power remains linear to check whether the
laser is operating in a stable state (Figure 15). When all the light is directed toward
the output port, as is the case when the MZI and loop heaters are unbiased, the
increase in optical power versus current remains monotonic. The power may not
increase linearly with drive current for every small increment, but it follows the
same trend. When 30% of the optical power is intentionally injected into the loop
mirror by biasing the MZI to 2.91 V, the back reflections from the loop mirror
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become strong enough to induce instability. This is evident in the major deviations
from linearity at approximately the 15-s mark or 87 mA, where an increase in drive
current causes the optical power to drop significantly. The same feature occurs when
decreasing drive current, indicating a repeatable feature.

DFB Current from 80 to 100 to 80 mA

= MZI = 0.0V, Loop = 0.0V
MZI = 2.91V, Loop = 0.0V

80 mA

100 mA

[*)]
o
o

PD Current (uA)

80 mA 80 mA

450 A

0 10 20 30 40 50 60 70 80
Time (s)

Figure 15. Output optical power vs. drive current for MZI bias at 0 and 2.91 V, respectively;
the drive current was incremented manually in time by 1-mA steps approximately every second
from 80 mA to 100 mA to 80 mA. The loop mirror phase shifter is held at 0 V. Significant

deviations from linearity occur when sufficient light is coupled into the loop mirror, indicating
unstable operation.

4.2 Back Reflections

Since parasitic back reflections induce instability in laser operation, it is useful to
quantify the expected intrinsic reflections in our system. The total reflection expected
in this RCC depends on routing and additional components. In our system, light that
travels to a monitor PD experiences close to 10 dB loss from the 90:10 splitter, 0.5
dB from propagation loss for a single pass, and 18 dB from the PD’s back reflection.
Thus, the amount of light reflecting back into the laser from this path would be
approximately —39 dB. For the on-chip system, only 0.5-dB loss occurs due to the
90:10 splitting ratio because more power is coupled toward that path. Propagation
loss is expected to be high, at approximately 4.4 dB in one direction, due to the
inclusion of a silicon modulator with higher losses. Combined with the expected
PD back reflection, the round-trip loss on that branch is expected to be —28 dB. Thus,
intrinsic back reflections are expected to be on the order of —28 dB at most. If the
PWB loss in both travel directions is included, there is an additional —10.43 dB that
further reduces this value to —38.43 dB compared with the light coming from the
laser facet.

Laser stability can be predicted depending on the level of feedback and distance to
the reflection using the Tkach and Chraplyvy (T-C) diagram of feedback regimes
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in lasers.!” When feedback is below —45 dB, the laser may experience subtle effects
from instability such as changes in linewidth or mode hops. In a narrow feedback
range from approximately —45 to —39 dB, the laser is expected to be well behaved,
single mode, and narrow linewidth. If feedback is higher than —39 dB, the laser will
start to experience significant linewidth broadening and competing side modes. The
maximum level of intrinsic back reflection we expect may place our system in the
stable operation zone; if the back reflections are smaller, there may be variation in
linewidth or mode hops, but any side modes will still be suppressed. As a result, the
intrinsic instability in our system is expected to be minimal.

4.3 Optical Spectrum Analyzer

In our system, the RCC output only guides light to on-chip components and does
not have a separate EC for monitoring the laser spectrum. To monitor the light
using off-chip equipment, we placed a fiber at the reflective back end of the DFB
since a small amount of light escapes and can be observed. To measure optical
spectrum, the light was coupled into a Yokogawa AQ6370C OSA. As a result, the
absolute power from the OSA measurements is low, but important spectral features
are still evident.

The central wavelength of the laser depends on both drive current and temperature.
Based on OSA measurements when the MZI and loop mirror were unheated, the
laser wavelength increases with both drive current and temperature. There is some
crosstalk between the two control variables, as different set points of one variable
can change the slope of another. However, the wavelength can generally be predicted
linearly, with an increase in wavelength of 25-30 pm/mA of drive current and
100 pm/°C (Figure 16). From this data, it is possible to tune the central lasing
wavelength by a few nanometers.
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Figure 16. DFB wavelength vs. a) drive current and b) temperature at different set points.

OSA measurements can also confirm laser stability. By adjusting the MZI bias, we
can control the amount of light directed toward the loop mirror and thus injected
back toward the laser. For these measurements, we used the north heater in the MZI
to supply bias; the south heater gave a similar result. Tuning the phase of the loop
mirror can then induce or prevent instability. When the DFB is driven with 30 mA
of drive current at 25 °C and the MZI is tuned from 0 to 2.5 V, less than 30% of the
optical power is coupled into the loop mirror. In this regime, tuning the loop mirror
from 0 to 5 V to induce a variable phase shift from 0 to = does not cause significant
side modes, indicating that the laser is stable (Figure 17). Wavelength does shift
depending on the loop mirror phase and may hop between modes, but the SMSR is
well above 40 dB for both MZI biases, indicating that competing modes are
suppressed. This measurement confirms that our PIC-laser system does not have
sufficiently strong parasitic back reflections at rest to impact laser stability in a
significant capacity.
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Figure 17. OSA measurements for the DFB at 30-mA drive current at 25 °C when the MZI
is biased at a) 0 V, with no light directed to the loop mirror, and b) 2.5V, directing 30% of the
optical power toward the loop mirror. The phase shifter for the loop mirror is then tuned from
0 to S'V. Both cases show high SMSR above 44 dB, indicating reasonably stable laser operation.

If the MZ1 is tuned from 2.91 to 4 V, more than 30% of the optical power is coupled
into the loop mirror. With stronger back reflections, side modes of varying strength
competitively lase depending on the phase shift applied to the loop mirror
(Figure 18). The SMSR indicates the onset of these competitive modes and thus
whether the laser is operating in an unstable condition. When the MZI has a2.91 V
bias, directing 30% of the light to the loop mirror, and the loop mirror is not biased,
the SMSR is high at approximately 48 dB. However, the SMSR decreases to 36
and 33 dB when the loop mirror phase shifter is biased at 2 and 5 V, respectively,
indicating mode competition. When the MZI is biased to 3.5 V, directing 56% of
the optical power into the loop mirror, the SMSR drops to 1.3 dB at a loop mirror
bias of 1 V, indicating strongly competing modes and instability. For the same MZI
bias, a loop bias of 3 V recovers a SMSR of 47.5 dB, regaining stable operation.
Finally, the SMSR drops as low as 0.22 dB when the MZI is biased to 4 V and loop
mirror to 0 V. For the same MZI bias, the SMSR recovers to above 42 dB by
changing the loop mirror bias to 1.8 V. Although our system does not have strong
intrinsic instability, this mechanism of controlling phase and amplitude of back
reflections can be utilized to compensate for intrinsic parasitic reflections,’ enabling
stable laser operation without resorting to an off-chip isolator. In our system, this
demonstration of induced instability indicates the RCC’s ability to control laser
stability.
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Figure 18. OSA measurements for the DFB at 30-mA drive current at 25 °C for an MZI

biased at a) 2.91 V, directing 30% to the loop mirror, b) 3.5V (56%), and c) 4 V (77%) for
different loop mirror phase shifts. SMSR worsens to 35 dB or lower for at least one phase for
the loop mirror, becoming as poor as 0.223 dB when the MZI is biased at 4 V and loop mirror
atQVv.

4.4 RF Power Detector

Instability can also be measured through RF noise in the photocurrent. In stable
operation, RF noise is minimal, whereas unstable operation induces measurable RF
noise at gigahertz frequencies. To confirm this method, we coupled light from the
back end of the DFB into an external high-speed photodiode with built-in
transimpedance amplifier (TIA) for amplification (Thorlabs RXM40AF, Newton,
New Jersey). Its output RF signal was then monitored using a compact RF power
detector (Mini-Circuits ZX47-60-S+, Brooklyn, New York) with frequency range
of 10 MHz to 8 GHz. For this detector, higher RF power causes lower output voltage.
Since we measured this voltage as a negative current using a 1-kQ resistor, high RF
noise indicating instability corresponds to peaks in current.

Using this method, we were able to measure stability versus both MZI bias and loop
phase shifter bias for DFB drive currents at approximately 30 mA (Figure 19a) and
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40 mA (Figure 19b). In both cases, we only measured significant instability when
the MZI bias was 3 V or higher, directing more than 30% of'the optical power toward
the loop mirror. The instability onset occurred at different loop heater voltages
depending on the drive current, as expected. Since these measurements were taken
several weeks after the OSA measurements, there was some drift in the loop mirror
bias voltages, so the unstable and stable regions occurred at different loop heater
voltages between the types of measurements. However, both methods can detect laser
instability. The max RF power observed was —1.4 mA = 1.4 V, which corresponds to
approximately —25 to —15 dB of RF power depending on frequency according to the
RF detector responsivity. Note that this detector will not detect regions of instability
that induce RF noise at frequencies above 8 GHz.
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Figure 19. RF power measurements for the DFB at 25 °C for a) 30-mA and b) 40-mA drive
current. Peaks in the current correspond to high RF power, indicating laser instability, and occur
when the MZI bias exceeds 3 V at different loop heater biases.

4.5 RF Spectrum Analyzer

To further understand the spectrum of RF noise that is induced during unstable laser
operation, we also measured RF spectra for different operation cases by connecting
our external PD to an RF spectrum analyzer that operated at RF frequencies up to
26.5 GHz (Advantest R3271A). When unstable operation was induced intentionally,
a fundamental peak typically appeared, along with its higher harmonics (Figure 20).
Fundamental frequencies ranged from as low as 3.3 GHz to as high as 23.4 GHz,
with peak powers in the —20 to —30 dB range. Note that the TIA in the external PD
increased RF power, so these powers are amplified. More importantly, this
measurement technique was able to pick up on a few unstable operation points that
the RF power detector would not have been able to observe due to its limited
frequency range.
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Figure 20. RF spectra measurements for the DFB at 25 °C with 30-mA drive current, using
an external PD with TIA. a) Background response with the laser on; the MZI and loop heater
are both at 0 V bias. b) Laser instability, with RF noise at 5.648 GHz and its harmonics, for
MZI heater =3.5V (56% of the optical power in the loop mirror) and loop heater =2.3 V. c) RF
noise at 3.362 GHz and its harmonics, for MZI heater = 3.7 V (65% in loop) and loop heater =
2.3 V. d) RF noise at 18.351 GHz, for MZI heater =4 V (77% in loop) and loop heater =2.5 V.
e) RF noise at 23.383 GHz, for MZI heater =5V (100% in loop) and loop heater =2 V.

To confirm whether the on-chip PD can provide similar information, we used an RF
probe rated up to 40 GHz (GGB 40A Picoprobe, Naples, Florida) to contact the PD
pads. The probe was then connected to a high-speed bias tee with a frequency range
of 0.1 to 18 GHz (HP 33150A); the DC output from the bias tee was used to monitor
the probe contact with the PD while the RF output was connected to the RF
spectrum analyzer. To increase the RF signal strength, a +12 dB RF amplifier with
operation frequency from 300 kHz to 14 GHz (Mini-Circuits ZX60-14012L-S+) was
included. The RF power measured with the on-chip PD was weaker than the power
measured by the external PD with TIA, ranging from —40 to —50 dB, but the RF
noise response from instability was still measurable compared with the background
response (Figure 21). The background response for this measurement has low-
frequency noise at approximately a few gigahertz due to the amplifier. Based on
Figure 21b, the on-chip PD can operate at frequencies up to 11 GHz at least, with
the amplifier imposing a frequency limit below 14 GHz in this setup. Although we
were able to measure unstable behavior without the amplifier (Figure 21c¢), the RF
power was barely above the noise floor at approximately —70 dB. Thus, some form of
amplification is likely necessary for practical measurements.
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Figure 21. REF spectra measurements for the DFB at 25 °C with 30-mA drive current, using
the on-chip PD, high-speed bias tee, and amplifier. a) Background response with the laser on;
the MZI and loop heater are both at 0 V bias. Additional noise at lower frequencies is induced
by the amplifier. b) With the amplifier, RF noise at 5.535 GHz and its next harmonic indicate
instability when the MZI heater = 3.5V (56% of the optical power in the loop mirror) and loop
heater = 2.6 V. ¢) Zoomed-in view of 5.535 GHz peak caused by instability for the same bias
point without the amplifier. The peak is barely visible above the noise floor.

5. Conclusion

We have demonstrated and characterized laser stability for a photonically wire-
bonded DFB laser attached to an on-chip RCC on a PIC platform. By controlling the
magnitude and phase of back reflections using on-chip structures, the laser can be
forced into a stable or unstable operating state. Although our current system has
minimal intrinsic back reflections, improvements to PWB loss or including output
ECs in the PIC system may increase intrinsic back reflections enough to induce
instability in the attached laser. In these future designs, the RCC will become a
necessity for controlling laser stability. Future iterations of these experiments will
also explore more compact methods to monitor and avoid instability, such as using
off-chip envelope detectors or on-chip electronics to measure RF noise. By providing
quantitative feedback on laser stability, we will ultimately be able to automate
control of the RCC and ensure stable laser operation in a variety of PIC-based
applications that utilize attached lasers.
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List of Symbols, Abbreviations, and Acronyms

3D Three-Dimensional

AOI Applied Optoelectronics, Inc.
ARL Army Research Laboratory
DC Directional Coupler
DEVCOM U.S. Army Combat Capabilities Development Command
DFB Distributed Feedback

EC Edge Coupler

HOM Higher-Order Mode

HOMB HOM Block

MFD Mode Field Diameter

MMI Multi-Mode Interferometer
MZI Mach-Zehnder Interferometer
OSA Optical Spectrum Analyzer
PD Photodetector

PIC Photonic Integrated Circuit
PWB Photonic Wire Bond

RCC Reflection Controlling Circuit
RF Radio Frequency

SMSR Side Mode Suppression Ratio
T-C Tkach and Chraplyvy

TIA Transimpedance Amplifier
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