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This work investigates the effects of the saturable absorber on the linewidth enhancement
factor of hybrid silicon quantum dot comb lasers, which is a key parameter involved in
frequency comb generation. Experiments have been performed on two carefully chosen laser
devices sharing the same gain material and cavity design, with and without saturable
absorber. The results unveil that the increase of the reversed bias on the absorber drives up
the linewidth enhancement factor, which gives birth to the comb spectrum. This paper brings
insights on the fundamental aspects of comb lasers and provides concepting guidelines of
future on-chip light sources for integrated wavelength-division multiplexing applications.
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INTRODUCTION

The recent years have seen a great increase in data transfer for smaller and smaller distances, in particular for High
Performance Computing (HPC) systems where it reaches several petabits per second between the memory and the
different compute nodes®. These optical interconnects rely on on-chip wavelength-division multiplexing (WDM) to
transmit the data through multiple separately modulated channels at once, in order to vastly improve the transfer
speed. Although this approach can be achieved using one single-wavelength laser per channel, it is not very suitable
for silicon based integrated photonics circuits (PICs) as it results in a larger footprint and energy consumption. On
top of that, it is also associated to a lower stability since WDM requires all modes frequencies to stay equally spaced.
Therefore, a better solution consists in using a single laser with a quantum dot (QD) active region producing an
efficient optical frequency comb (OFC) wherein the phase of each line cannot shift independently from the others?.
Furthermore, the ultimate carrier quantization within the QDs provides lasers with an exceptional thermal stability,
along with a large gain bandwidth and a narrow linewidth® which is desired in OFC. On the first hand, the linewidth
of each comb line is linked to the phase noise and can be reduced through the linewidth enhancement factor (ow-
factor), while on the other hand, the operating comb bandwidth directly scales with the magnitude of ax-factor*>.
As a consequence of that, the optimization of the comb properties requires a careful understanding of the ay-factor
in particular, when a saturable absorber (SA) is incorporated in the device. In this work, we are experimentally
looking at this concern in two hybrid silicon InAs/GaAs QD comb lasers. The lasers share the same gain material,
but possess slightly different cavity designs hence one has a SA section and the other does not. We believe that this
paper brings further insights on comb lasers which is of paramount importance for future on-chip light sources for
integrated WDM applications in data centers and in supercomputers.

LASER STRUCTURE

The multi-section cavity design of the devices is shown schematically in Figure 1(a). The structure consists of a 2.6-
mme-long cavity that has mirrors with 50% reflectivity on one side and 100% on the other, and a 1.4-mm-long active
region is placed in the center. The semiconductor optical amplifier (SOA) section incorporates 8 layers of QDs, and
one of the two lasers has a 176-um-long SA positioned in the middle in order to favor the frequency comb operation.
Mode converters ensure the optical mode transfer from active waveguide down to the passive Si waveguide and
the output light is coupled out through a grating coupler (GC).

The integration on silicon is realized by wafer-bonding an unpatterned InAs/GaAs QD wafer to a Silicon-on-Insulator
(SOI) wafer already patterned with the Si passive devices. The QD material is then etched and the p- and n-contacts
are deposited, using standard 1lI-V processing techniques. More information about the epitaxial structure can be
found elsewhere®”.
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Fig. 1. (a) Schematics of the laser design. SOA: semiconductor optical amplifier; SA: saturable absorber; GC: Grating Coupler;
DC: directional coupler. (b) LI characteristics of the two lasers at 20°C. (c)(d)(e) Optical spectra of the two lasers at 2x Iy, and
20°C.

Figure 1(b) shows the LI characteristics of both lasers at room temperature (20°C), with applied voltages of Vsa = 0V,
-2V, -4V and -5V for the SA. The threshold current I, increases from 23 mA to 27 mA when the SA voltage goes
from OV to -5V, while the laser without SA has a threshold at 16 mA. The higher threshold is due to the increased
internal loss coefficient in the SA. The optical spectra depicted in Figure 1(c), (d) and (e) show the evolution of the
frequency comb at room temperature (20°C) for the laser without SA and for the other one at Vsp = OV and -5V.
Both lasers are pumped at 2 X I;;. Under these conditions, the emission wavelength is centered around 1292 nm,
1296 nm and 1297 nm, respectively. At a -5V reverse voltage condition, the comb spectrum takes place with 15

lines above noise floor, and with 6 lines within the -10 dB bandwidth.

RESULTS AND DISCUSSION

The impact of the SA on the ay-factor of the laser can be better understood by tracking the modal wavelength shift
below threshold. The ay-factor has often been measured in mono-section devices under straightforward biased
condition whereas for reverse biased SAs it has not been extensively studied or measured despite the importance
to understand its magnitude in SAs. The an-factor is measured from the Amplified Spontaneous Emission (ASE)®11,
Its extraction is performed by capturing a set of optical spectra below and above the laser’s threshold with a high-
resolution (10 pm) optical spectrum analyzer (OSA), and then by calculating the differential gain 4g/AI and the
wavelength shift A1/AI for each longitudinal mode. A correction for the thermal red-shift is taken into account
using the above threshold spectral. Finally, the ay of each comb line is retrieved through the expression®1%11

_ Anm AA/AI L
%= T2 ag/A1 M

where n is the effective group index, A the photon wavelength, and g the net modal gain.

Figure 2(a) shows the wavelength shift AA with respect to the normalized current I /I,;, for one mode in each laser.
Without SA, the wavelength is found slightly blue-shifted below threshold and red-shifted above due to thermal
effects. However, when the SA is included (assuming Vsa = 0V), the wavelength is found redshifted with increasing
the pump current even from below threshold. This thermal load is also retrieved at any other reverse voltage
conditions. Therefore, the saturation of the absorber is connected with the thermal heating of the device.

Figure 2(b) displays the threshold value of the linewidth enhancement factor for each condition on the SA studied
in this work. This value is taken as the mean of the an-factors of a few modes around the first lasing mode, which is
to say the mode with the highest intensity just above threshold. As the two lasers have the same design, the
difference in the ay-factor is only due to the presence of the SA. First, the orange triangle represents the laser
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without SA. Therefore, the measured value at 0.9 reflects the ay of the sole nominal gain section. In the open circuit
(OC) configuration, the laser with SA exhibits a ay-factor of around 1, hence slightly higher than the one without.
At higher reverse voltages, it slightly goes up monolithically until a sharp increase occurs around -4V, up to ~2.5 for
Vsa = - 5V. This threshold effect is concomitant with the birth of the comb lines displayed in Figure 1(c). Note that
this phenomenon has already been observed in other similar devices®. This result somewhat illustrates the interplay
between this device parameter governing many coherent processes in semiconductor lasers, and the frequency
comb operation.
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Fig. 2. (a) Wavelength shift AA with respect to the normalized current I/l for the laser without SA and for the laser with SA at
Vsa = 0V. (b) The mean value of the ay-factor for a few modes around the first lasing mode at different SA conditions. OC: open
circuit.

CONCLUSION

In this work, the influence of the SA on the linewidth enhancement factor is studied in multi-section hybrid silicon
QD lasers. The experiments unveil that, the introduction of the SA enhances the ay-factor of the device especially
when the comb spectrum is formed at higher reverse bias conditions. Here, we present an experimental
demonstration of a QD comb laser, confirming the predicted key role of the au-factor in the formation of the
frequency comb dynamics. These results gained deeper insights on the underlying physics of multi-section comb
lasers and thus provide further guidelines for the conception of future on-chip multi-wavelength light sources in
integrated WDM applications.
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