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Abstract: External cavity mode-locked lasers could be used as comb sources for high volume
application such as LIDAR and dual comb spectroscopy. Currently demonstrated chip scale
integrated mode-locked lasers all operate in the C-band. In this paper, a hybrid-integrated
external cavity mode-locked laser working at 1064 nm is demonstrated, a wavelength beneficial
for optical coherence tomography or Raman spectroscopy applications. Additionally, optical
injection locking is demonstrated, showing an improvement in the optical linewidth, and an
increased stability of the comb spectrum.
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1. Introduction

Frequency combs can be used for applications such as LIDAR [1], high speed dual comb
spectroscopy [2], astronomical spectrograph calibration [3], optical coherence tomography (OCT)
[4] or coherent Raman spectro-imaging [5]. The wavelength of 1064 nm is a desirable wavelength
for ophthalmic OCT systems, due to it being in a dip in the absorption spectrum of ocular
media [6]. For Raman spectroscopy, the wavelength of 1064 can be benificial because it reduces
fluorescence compared to lower wavelengths [7]. By using a semiconductor chip based frequency
comb, both the size and the costs of current systems could be significantly reduced [8].

Currently, three main types of chip based combs have emerged: Kerr combs, electro-optic
combs, and mode-locked laser combs [9]. Kerr combs are generated by pumping a high-Q
ring resonator with a single wavelength pump, the Kerr-nonlinearity then generates sidebands
[10]. For electro-optic combs, sidebands are generated by phase modulating the light of a
single frequency laser. By placing the modulator in a resonator, the sideband modulation can be
cascaded, to create wide frequency combs [11]. Mode-locked lasers inherently create a comb
spectrum, without the need for a single frequency laser or modulators [12].

Current state-of-the-art integrated mode-locked lasers (MLL) use an external cavity design,
where an active gain section is combined with a passive low-loss waveguide cavity. This technique
enables scaling to repetition rates below 10 GHz, and also increases the photon lifetime in the
cavity due to the low loss as, e.g., compared to InP waveguides. If the external cavity is made
from a material with a low thermo-optic coefficient, the cavity length fluctuations caused by
thermal noise will also be reduced. For this reason, SiN is a good candidate [13]. This increased
photon lifetime leads to better fundamental noise performance [14]. To combine the active and
passive sections using chip-based technology, either heterogeneous or hybrid integration has
been used in many recent demonstrations [15-22].
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The highest averaged outcoupled power achieved in these MLL’s is 1.7 mW [19] at 2 GHz
repetition rate. By increasing the saturation energy in the semiconductor optical amplifer (SOA),
the output power of the laser can be increased. To achieve this, the electric field intensity in the
quantum wells of the gain medium can be reduced, by increasing the mode size, or reducing the
confinement for a similar mode-size.

In this paper, the same laser design and cavity fabrication technology as demonstrated in [15]
are used, but a different reflective semiconductor optical amplifier (RSOA) chip is used. The
SOA has a higher saturation energy, and a lower wavelength of 1064 nm instead of 1550 nm.

2. Design and fabrication

The laser is made from two different chips, that are hybridly integrated by butt-coupling the
angled waveguide facets after fabrication as shown in Fig. 1. The butt-coupling can be done
either by using a dynamic, non-permanent setup, or by permanently fixing them in a packaging
process. For this demonstration, a dynamic setup was used, since it allows faster prototyping and
lower costs. One of the two chips is the gain chip, made of an active material, and used for the
light amplification in the laser. The second chip is the external cavity chip, used to increase the
laser cavity length while keeping optical losses low.

~ Gain section

B

Fig. 1. Schematic overview of the laser, with the SiN external cavity on the left in green,
and the active III/V gain chip on the right in pink. Outcoupling is done with a lensed fiber
from the left side of the image.

The GaAs-based asymmetric large optical cavity (ASLOC) structure of the gain chip is
designed for weak optical confinement (equivalent vertical spotsize d/T" = 1.2 um), low optical
losses (o< 4 dB/cm) and reduced electron leakage current to enable high-power operation. It
consists of n-Aly35GagesAs cladding, 1.6 um n-Alp,5Gag75As confinement, active region,
0.8 um p-Alg»5Gag75As confinement, p-Aly gsGag 15As cladding and p-GaAs contact layer. The
active region contains a compressively strained InGaAs single quantum well embedded in GaAsP
spacer and AlGaAs graded index layers. Figure 2(a) shows the calculated vertical profiles of the
refractive index and the waveguide mode assuming lateral uniformity.

For mode-locking, two-section ridge-waveguide (RW) devices were fabricated from a wafer
with the epitaxial layer structure described above by a standard cleanroom process [23]. The
width of the ridge is 5 um and the total gain section length 2000 um. The saturable absorber
section, located at the high-reflection coated rear side of the chip, is 200 um long. The gain
section includes a 1 mm RW bend with a tilt angle of 3° at the anti-reflection coated front facet to
avoid parasitic reflections. The electrical isolation between absorber and gain sections is achieved
by a 30 um wide interruption of the metalization and a shallow He* implantation. To evaluate
the electro-optical performance, a single-section RW laser having no bend was operated in pulsed
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Fig. 2. (a) Calculated profiles of refractive index squared (blue, right axis) and mode
intensity (red, left axis) of the gain chip. (b) Measured total output power versus injection
current of a 2 mm long RW laser with as-cleaved facets emitting an 1060 nm. Inset: Vertical
profile of the far-field intensity.

mode (pulse length 1 us, repetition frequency 1 kHz). The reflection on the as-cleaved facet was
30%. The measured results are shown in Fig. 2(b). The threshold current is 22 mA and the slope
efficiency 0.87 W/A. The full-width at half maximum of the vertical far-field of 24°, a result of
the broadened near-field, also facilitates the coupling into the polymer entrance waveguide.

The external cavity chip is made on an SiN-on-insulator platform using 300 nm thick SiN. The
waveguide dimensions for the gain chip dictate the mode-shape in the coupling section between
both chips. In order to couple from the gain chip to the external cavity chip efficiently, an SU8
intermediate waveguide has been used on the cavity chip for edge coupling, as demonstrated
earlier in [15]. This type of structure was chosen because it allows independent tuning of the
horizontal and vertical mode size, without having to change the SiN layer thickness. This allows
efficient coupling to the non-circular mode shape of the gain chip. The used waveguide and taper
sections are schematically shown in Fig. 3.

250 pm

Fig. 3. Schematic drawing of the used taper structure for the spot size converter. The blue
material is SiN, the green material is SU8. The inset modes show the mode profile at both
sides of the abrupt transitions, simulated at 1060 nm.

The waveguide dimensions at the facet were optimized in simulation for optimal coupling
to the gain chip, and are 8.6 X 1.8 um?, and the waveguide angle is 6.6° to match the beam
angle in air. Since this waveguide is highly multimode, the adiabatic transition from SiN to
SU8 waveguide was made while the SU8 waveguide was still narrower, at 2 um, where the SU8
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waveguide supported only three TE modes, to prevent coupling to higher order modes. The
SUS8 was then tapered up to the final dimensions over 250 um. After fabrication, the achieved
thickness of the SUS8 layer was 1.6 um. The structure was resimulated for this thickness. The
simulated loss of the entire fabricated coupling structure at 1060 nm is 0.84 dB, 0.36 dB for the
overlap losses between the gain chip, 0.18 dB for the fresnel transmission between air and the
SUS8 waveguide, and 0.30 dB for the SU8-to-SiN transition (simulated using an EME solver).
There is no AR coating applied to the SiN chip. This could reduce the coupling loss by another
0.18 dB

After the edge coupling structure, the external cavity contains a spiral waveguide with a length
of 3.05 cm to increase the cavity length. The outcoupling mirror is formed by a Sagnac reflector
designed for a reflection of 75%. The actual reflectivity after fabrication was determined to be
83%, as explained in the Characterization section.. After the Sagnac reflector, a similar SU8
edge coupler is placed, but with a width of 3.0 um for optimal coupling to a lensed fiber. The
height of this structure is not optimal for coupling to a lensed fiber, because it is made in the
same process step as the chip-chip edge coupler. The simulated coupling loss is 0.68 dB.

After fabrication, the waveguide losses were measured by comparing the transmission trough
several different lengths of waveguide. The measured losses were 1.26 dB/cm at 1064 nm. This
is around the expected value, since single mode waveguides for 1550 nm made using the same
process technology have losses of 0.3 dB/cm. Since scattering losses scale with wavelength to the
fourth power [24], the calculated losses at 1064 nm would be 0.3 dB/cm x(1550/1064)* = 1.35
dB/cm. The waveguide losses add a loss of 3.8 dB to the cavity in a single pass. Between the
reflector and the outcoupling section on the cavity chip is 0.5 cm of waveguide, adding an extra
outcoupling loss of 0.68 dB.

3. Characterization

During characterization of the laser, the active chip was mounted to a small aluminum block,
mounted on a Peltier element, with a water-cooled aluminum heatsink. The temperature of the
active chip was kept at 20 degrees Celsius during all measurements. The electrical contacting
was done through the contact tabs of the C mount. The mount of the active chip was fixed to the
optical table. The temperature of the passive chip was not actively controlled.

For butt coupling the passive and the active chip together, the passive chip was placed on a
computer controlled XYZ-piezo stage. Using a microscope view from the top, the two chips could
be visually aligned. After visual alignment, the alignment was further optimized by maximizing
the photocurrent measured in the SA, which is related to the intra-cavity optical power, as long as
no mode-locking or Q-switching occurs. Therefore, the alignment was done using a low reverse
SA bias of -0.5 V and a gain current slightly above threshold of 65 mA, where only continuous
wave (multimode) lasing was observed.

On the fabricated chip, there were also some short cavities. One of these cavities had a
threshold current close to that of the chip without external cavity shown in Fig. 2 (25 mA,
compared to 22 mA for the as-cleaved chip) when the gain section and SA section were connected
in parallel to the current source. The slope efficiency for this laser was 0.064 W/A. Since the
threshold current is (almost) the same, the amount of reflection back into the gain chip should
be close to the 30% from the as cleaved facet. Using the difference in slope efficiency as well
(given by losses including the mirror transmission loss between the gain chip and the outcoupling
fiber), two equations with two unknowns can be used to derive the mirror reflection achieved in
fabrication and the coupling loss between the active and passive chip. 1 dB coupling loss was
added to the simulated value for the lensed fiber coupler, to agree with measurements of test
structures, to account for misalignment and fabrication imperfections. Between the outcoupling
section and the mirror was 0.9 mm of waveguide, for 1.11 dB of loss. Between the mirror and
the gain chip coupling section was 0.2 mm waveguide for 0.25 dB loss, and a theoretical loss of
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0.84 dB between the two chips. The extra chip-chip coupling loss was used as a free variable,
as well as the mirror reflection. This led to a derived mirror reflectance of 83%, and an extra
non-simulated chip-chip coupling loss of 1.15 dB single pass, for a total chip-chip coupling loss
of 2.02 dB single pass.

LI curves of the external cavity laser with a longer cavity length (3.05 cm) can be seen in
Fig. 4, for SA biases of 0 V, -1 V and -2 V. As expected, the threshold current increases for more
negative SA bias. The maximum observed output power in these non-mode-locked operating

points is 3 mW.
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Fig. 4. LI curves of the laser at SA biases of 0, -1 and -2 V. None of these points were
mode-locked operating points.

To find operating points where the laser is mode-locked, a sweep was made over several
gain currents and SA biases. The sweep was performed by setting a gain current, and then
sweeping the SA bias from the most negative to least negative voltage. Two mode-locking
regions were found, one at 4.06 GHz, and one at 6.09 GHz, showing second- and third harmonic
mode-locking, respectively. Around the points showing mode-locking, sweeps with smaller steps
were performed, which are shown in Fig. 5. No fundamental harmonic mode-locking points
were found. It is known, that higher-order harmonic mode locking appears with increasing gain
current due to the rise of the unsaturated gain [25]. We think that the absence of fundamental
mode locking is caused by a combination of several parameters such as the dependence of the
modal gain on the carrier density, the carrier lifetime in the SA and the round-trip time which
prevent the existence of a suitable net gain window for fundamental mode locking but still enables
higher-harmonic mode locking. The optimal operating conditions for the 4.06 GHz operating
point were 102 mA gain current, and -2.38 V absorber bias, while for the 6.09 GHz point it
was 123 mA and -2.58 V. The optimal point was chosen as the point with the lowest residual
amplitude modulation at 2.03 GHz. The optical output power and RF peak power as a function of
the operating point can be seen in Fig. 5. As can be seen, in mode-locked operation, the output
power can be higher than the CW measurements shown in Fig. 4. This is because the saturable
absorber absorbs less power overall during mode-locked operation. The measured SA current
also drops when the laser switches from CW lasing to mode-locked lasing.

Figure 6 shows the optical and RF spectra for the optimal operating point for both second and
third harmonic mode-locking. The optical spectra have a 3.8 and 3.9 nm -10 dB bandwidth. It
can be seen that for both points the mode-locking is not strictly harmonic, small RF beatnotes can
be seen at multiples of the fundamental cavity frequency of 2.03 GHz, but they are at least 35 dB
lower than the strongest peaks. This indicates that the pulse train has slight amplitude modulation
at the fundamental frequency of 2.03 GHz. The optimal point was chosen where the intensities
of these fundamental frequencies were the lowest. The second harmonic mode-locking point
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Fig. 5. Mode-locking maps of two operating regions. The crosses show the optimal
operating points. (a) shows the optical output power in dBm for the 4.06 GHz operating
region, (b) the optical output power in dBm for the 6.09 GHz operating region, (c) the RF
peak power in dBm for the 4.06 GHz operating region and (d) the RF peak power in dBm for
the 6.09 GHz operating region. The maps were obtained by sweeping the absorber bias from
most to least negative voltage for increasing gain currents.

was chosen as the best operating point, because the optical spectrum shows a flat-top, which is
useful in for example (dual) frequency comb spectroscopy [26]. The 6 GHz operating point is
shown because it is where a secondary laser could be used for optical linewidth measurements
described later in this section.

At the 4 GHz operating point, the phase noise of the repetition rate beatnote was measured
by measuring the light output using a Discovery DSC10H-39 photodiode, and measuring the
RF signal without any amplification with a Keysight N9O70A ESA. The result can be seen in
Fig. 7. Almost the entire measurement range shows noise that the noise is not Lorentzian shaped
(-20 dB/decade), as would be the theoretically expected shape of the repetition rate beatnote [27].
This means the noise that is measured is coming from technical noise sources. It is expected that
the main sources are mechanical vibrations slightly changing the distance between both chips,
modulating the cavity length and loss, temperature fluctuations, and electrical noise in the output
of the laser driver and absorber bias source. An upper limit to the fundamental ASE limited
noise linewidth can still be determined from the plot, by finding the highest Lorentzian linewidth
that can be put in the graph that doesn’t go above the measured noise. This line is given in the
plot, and is for a Lorentzian linewidth of 1.7 Hz. It overlaps with the measurement data in the
measurement range from 60 Khz until the noise floor starts.

At the 4 GHz operating point, an autocorrelation measurement was done. The output power of
the laser was high enough that this was possible without a booster amplifier. the autocorrelation
trace can be seen in Fig. 7. A sech? pulse shape was fit to the trace, showing a pulsewidth
of 6.032 ps. The fourier limited pulsewidth for the spectral width is 335 fs. The pulsewidth
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Fig. 6. Spectra measured at the chosen operating points. (a), (¢) and (e) are for the 4.06
GHz operating point. (b), (d) and (f) show the 6 GHz operating point. (a) and (b) show the
optical spectrum, (c)-(f) show the RF spectrum.

might be slightly broadened due to the dispersion in the 2 meters of fiber between the MLL
and the autocorrelator. SMF-28 fiber was used, with a dispersion of -30 ps/nm/km at 1060 nm
[28]. multiplying this with a bandwidth of 3.8 nm and fiber length of 2 m leads to a maximum
fiber-induced pulse broadening of 0.228 ps.

At the 6 GHz operating point, a single mode laser was available with a wavelength range
overlapping with the spectrum of the mode-locked laser. The laser was a Koheras Adjustik Y10
from NKT Photonics with a maximum optical linewidth of 160 kHz FWHM. A heterodyne
measurement could be done to estimate the linewidth of the mode-locked laser. The resulting
beatnote between the mode-locked laser and fiber laser can be seen in Fig. 8. The Voight fit
for this beatnote indicates a linewidth of 4.5 MHz, which is is an upper limit of the optical
linewidth of the mode-locked laser. Since this linewidth is an order of magnitude higher than the
external laser linewidth, the contribution of the external laser linewidth to this measurement is not
significant. The measurement could not be done using a lower resolution bandwidth on the ESA,
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Fig. 7. Phase noise and autocorrelation measurement at the 4 GHz operating point. (a) shows
the phase noise of the 4 GHz beatnote. (b) shows the autocorrelation measurement (black
markers) and the 6.032 ps sech? pulse fit to the data (orange line).

because the beatnote frequency was not stable, therefore, the apparent beatnote linewidth would
increase with lower resolution bandwidths. This is attributed to the comb spectrum drifting (in
both Frep and Fcgo) during the longer sweep time for finer resolution bandwidths.

a) b)

C —_~
a S
A —40 pr
g
> =
= i b =
o ‘@
g 5
—80 4 £

3.0 3.5 4.0 2.94 2.96 2.98 3.00

Frequency (GHz) Frequency (GHz)

Fig. 8. Measurement of the optical linewidth using a heterodyne measurement with an
external fiber laser. (a) Peaks on a large frequency span. Peak a and b are beatnotes between
the MLL and the external laser, where a is the beatnote with the 4.06 GHz residual AM
peak, and b the beatnote with the lower 2.03 GHz AM peak. Peak c is the 4.06 GHz residual
amplitude modulation peak of the MLL (at the 6.09 GHz operating point). The resolution
bandwidth is 1 MHz. (b) shows a zoom on peak a from the same trace, with the measured
datapoints as black markers, and the Voight shape fit in blue. The measured linewidth is 4.5
MHz. reducing the resolution bandwidth increased the measured linewidth, due to the line
drifting during the slower ESA measurement sweep.

Many applications of frequency combs require a comb that is stabilized both in repetition
rate Frp as well as carrier envelope offset frequency Fceo. Repetition rate stabilization can be
done using hybrid mode-locking, where an RF tone is applied to the SA in addition to the set
bias voltage, locking the repetition rate to the RF tone. This is not possible in this laser because
the electrical contacts to the SA are large, and therefore have a capacitance too high for RF
frequencies to be applied effectively. One of the optical laser lines can be stabilized by using
injection locking [29]. This will not stabilize either Fiep or Fcgo, but it will create a relationship
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between them. The same fiber laser used for the linewidth measurement was used to demonstrate
injection locking. The experimental setup can be seen in Fig. 9. The output of the fiber laser is
first split, and one part is sent into the laser output port trough a polarization controller. The other
part of the light is frequency shifted using an acousto-optic modulator (AOM) with a modulation
frequency of 200 MHz. The frequency shifted laser light is combined with the output of the
mode-locked laser before hitting a fast photo-detector. Using the beatnote frequencies measured
by the photodetector as feedback, the external laser can be tuned to be close to a laser line in
the MLL spectrum. If it gets within the locking range of the MLL, the comb of the MLL will
shift to incorporate the external laser line into the comb. In order to measure that the external
laser is actually locked to other laser lines in the comb spectrum, a beatnote between the AOM
shifted laser line and a second line in the MLL spectrum can be measured. These beatnote will
have a frequency of N X Frep + Faom. If the beatnote width is lower than the optical linewidth
of the free-running laser comb lines, this shows the external laser and comb lines at a different
wavelength are also coherent, proving the injection locking has an effect over the entire comb,
and not only over the single locked comb line.

Hybrid MLL
iber

FPC

AOM

Fig. 9. Measurement setup used for the injection locking experiment.

Injection locking experiments were done on the demonstrated laser as well. A slight
blueshift was observed in the optical spectrum compared to the operating point for the linewidth
measurement. This was attributed to slighly different alignment between both chips. The external
laser was set to the lowest possible wavelength of 1062.965 nm, which was the closest possible
to the center wavelength of the comb. The power injected from the lensed fiber into the MLL
was 1.2 mW. The polarization controller between the external laser and the MLL was optimized
to have the highest amount of power in the laser line right after the output port of the splitter at
the MLL output, by measuring the peak intensity on an OSA. The other polarization controller
was optimized for the highest signal strength on the ESA.

For the demonstrated laser, the injection-locking range was larger than the fine tuning of the
external laser (14 pm) The measurements showing injection locking can be seen in Fig. 10. The
measurements shown are the optical spectrum and large span RF spectrum with the injection
locking laser turned on and off. The optical spectrum narrows slightly when the laser is injection
locked. The RF spectra show that the injection locking does not change the mode-locking
harmonic, as the laser keeps the same repetition rate. The difference in intensity of the peaks is
caused by the extra strong laser line coming directly from the external laser into the PD. Lastly,
Fig. 10(e) is a zoom on the RF spectrum showing the repetition rate RF peak and the AOM
beatnote in the same measurement. Finally, there’s a high resolution zoom on the beatnote
between the second comb line and the AOM shifted external laser line, showing a -10 dB width
of 28 kHz. This linewidth is significantly narrower compared to the linewidth measured in the
heterodyne measurement, showing that the injection locking is working as expected.
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Fig. 10. Measurements showing injection locking. (a) shows the optical spectrum at the
free-running operating point. (b) shows the RF spectrum at the free running operating point,
showing 3rd harmonic mode-locking with some residual amplitude modulation. (RBW 1
MHz) (c) shows the optical spectrum when the laser is injection locked. A part of the red
side of the spectrum disappeared. (d) shows the RF spectrum when the laser is injection
locked, still showing 3rd harmonic mode-locking, but now additional beatnotes can be seen,
caused by the AOM shifted external laser. (RBW 3 MHz) (e) shows the main repetition
rate peak, and the beatnote of a comb line with the AOM shifted external laser 200 MHz
lower (RBW 11 kHz). The inset shows a high resolution (RBW 3.3 kHz) measurement of
that peak, with a measured -10 dB width of 28 kHz, showing coherence between the second
comb line and the external laser.

4. Conclusion

The laser in this paper shows that the output power of a hybrid-integrated MLL can be increased
by changing the gain chip to one with a higher saturation energy. The MLL also exhibits a low
fundamental Lorentzian RF linewidth below 1.7 Hz. Additionally, injection locking could be
demonstrated within the comb, both improving the optical linewidth of the comb lines, and fixing
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one of the comb lines to a known frequency. This greatly improves the stability of the comb, and
if combined with hybrid mode-locking, this would allow the stabilization of both Fcgo and Frep.
greatly increasing the possible applications for such a comb.
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