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This work reports on the influence o f b ias voltage 
applied on saturable absorber (SA) on sub-threshold 
linewidth enhancement factor (LEF) in hybrid-silicon 
quantum dot optical frequency comb lasers (QD-
OFCLs). Results show that the reverse bias voltage 
on SA contributes to enlarge the LEF and improve the 
comb dynamics. Optical injection is also found to be 
able to improve the comb spectrum in term of 3-dB 
bandwidth and its flatness. S uch n ovel fi ndings are 
promising for the development of high-speed dense 
wavelength division multiplexing (DWDM) photonic 
integrated circuits (PICs) in optical interconnects and 
datacom applications. 

http://dx.doi.org/10.1364/ao.XX.XXXXXX

Wavelength-division multiplexing (WDM) solutions can be
strongly supported by a variety of photonics integrated technolo-
gies that can be reused as what was done in telecommunication
industry in using the vast amount of bandwidth offered by opti-
cal fibers which contributed to enhance the data transmission.
Therefore, the largest future cost reduction due to integration
will then likely be enjoyed by more feature-rich blocks such
as WDM versus single-wavelength interface[1]. The realiza-
tion of WDM functions is mainly based on the multiple single-
wavelength laser sources, however, the massive laser bar could
be disadvantage in several applications such as photonic inte-
grated circuits (PICs). Optical frequency combs (OFCs) are thus
a competitive candidate for WDM, considering that the past laser
bar could be easily replaced by a single laser. Various researches
on OFCs were deployed in the past decade for optical com-
munications in particular with quantum dot (QD) lasers which
were found to be efficient comb light sources owing to the very
large gain bandwidth[2] as well as to the narrow linewidth[2, 3],
low relative intensity noise[4] and higher resistance against ex-
ternal reflections[5, 6] and temperature[7]. With the view of
developing low-cost and energy-efficient integrated photonic
components for PIC technologies, hybrid semiconductor comb
lasers fabricated on silicon substrate have already shown high
transmission efficiency[8]. Further improvements need to be

carefully taken into account so as to obtain high performance
OFCs with much larger bandwidth and optimal comb flatness.
To this end, various techniques such as phase-modulation[9],
mode-locking[10, 11] and optical injection-locking (OIL)[12, 13]
have been deployed. In this Letter, one go a step beyond by
investigating the effects of the linewidth enhancement factor
(LEF) and the optical injection (OI) on the comb performance
of hybrid-silicon QD-OFCs. The former is known to be a key
parameter in semiconductor lasers hence influencing the spec-
tral linewidth and the frequency chirp under direct modulation
[14]. On the other hand, OI was proved to be an efficient way
of improving the performance of semiconductor lasers such as
the modulation bandwidth, the frequency chirp as well as the
intensity noise, and the transmission efficiency[15–17]. In this
Letter, it is also shown that the frequency comb dynamics is
stimulated at larger LEFs whereas the optical injection can fur-
ther improve both the bandwidth and the flatness of the entire
comb spectrum. To do so, we report on the saturable absorber
(SA) voltage dependence of the LEFs extracted from two hybrid-
silicon QD-OFCs (named L1 and L2) and having the same free
spectral range (FSR). The values of the LEFs are found to in-
crease with the SA reverse voltage which is in favor of a better
comb dynamics through increasing the single-mode suppres-
sion ratio (SMSR) of the comb lines. Last but not the least, the
observed enhancement of both the bandwidth and the flatness
of the entire comb spectrum proves that the OI technique is also
strongly beneficial for improving the OFCs dynamics.

Fig. 1. Schematic diagram of the hybrid-silicon QD-OFCs L1.
SOA, semiconductor optical amplifier; SA. saturable absorber;
BM, back mirror; FM, front mirror; GC, grating coupler.

Figure 1 depicts the schematic diagram of the hybrid-silicon
QD-OFCs L1, the full laser epitaxial structure could be found
elsewhere[8]. Device L1 consists of a 2.3-mm-long internal cavity
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which leads to 17 GHz FSR. A 1200-µm-long semiconductor op-
tical amplifier (SOA) with a 120-µm-long SA at the center were
then bonded on the laser cavity, with front mirror (FM) and back
mirror (BM) at v50% and v100% power reflectivities placed at
both sides. The 0.75-mm-long (51 GHz) external cavity placed
outside the laser cavity is then applied to get a 102 GHz FSR on
frequency comb behavior. To do so, the SA at the center con-
tributes at first to suppress every even mode of the laser cavity,
thus changing the FSR from 17 GHz to 34 GHz; then, the 51 GHz
external cavity would only transmit every third mode of the 34
GHz FSR, and eventually ensures that the channel spacing of the
comb laser equal to 102 GHz (6th harmonic of 17 GHz). The light
would finally coupled out by a v10% coupling efficiency grating
coupler (GC). The comb dynamics is observed by varying the
reverse voltage applied on the SA whereas the mode convert-
ers are applied to transfer the optical mode between the active
hybrid waveguide and the passive Si waveguide. Compared
to L1, the differences in L2 structure are that it has not only a
wider silicon waveguide of 0.85-µm (compared to 0.68-µm on
device L1) but also a shorter SA of 60-µm. As those features may
eventually cause a degradation in the OFCs performance, the ex-
perimental study depicted hereinafter is mainly performed with
device L1. In what follows, measurements are all conducted at
room temperature (293 K)

Fig. 2. Mapping of the coupled power (QD-OFCs L1) under
different reverse voltage on SA and bias current conditions.
The green dashed line represents the evolution of the laser
threshold with the reverse voltage. The red bullet corresponds
to the device operation conditions applied in the optical injec-
tion (OI), which is introduced in this paper hereafter.

Figure 2 depicts a mapping of the coupled power of L1 for
different reverse voltage on SA and bias current conditions.
The evolution of the threshold current Ith marked by the green
dashed line is found to slightly increase from 32 to 38 mA as the
reverse voltage is varied from 0V to -6V. At the same time, the
coupled output power also decreases at higher reverse voltages.
Such phenomenon, similar to that observed in mode-locked QD
lasers on silicon[18], is due to the higher internal loss caused
from the larger absorption in the SA. Let us note that the coupled
power remains pretty low due to the loss induced by the vertical
grating and the difficulty to monitor the coupling during the
whole experiment. A similar trend could also be observed on
device L2 (not shown here).

Then, the effects of SA reverse voltage and bias current from
the gain section on the combs dynamics are shown in Figure 3
(device QD-OFCs L1). As aforementioned, the contribution of
the SA on the occurrence of the comb dynamics can be clearly
seen. Without biasing the SA, no comb spectrum is observed
(Fig.3(a)) whereas under a reverse voltage of -6V, the laser ex-

Fig. 3. Optical spectrum of QD-OFCs L1 at (a) 5×Ith without
biasing SA and evolution of the combs forms of QD-OFCs L1
under bias voltage at -6V on SA, with bias current at (b) 5×Ith,
at (c) 3×Ith and at (d) 1×Ith.

hibits a clear comb spectrum (Fig.3(b)) at 5×Ith. On the other
hand, frequency comb behavior appear when the SA is properly
biased, and the central wavelength red-shift results from the
increased internal loss introduced by absorption effect from SA
as well. Assuming the best comb performance with -6V reverse
voltage, the influence of the bias current on the combs dynamics
is now displayed in Fig.3(b)-(d). The increase of the bias cur-
rent from 1×Ith to 5×Ith leads to a shift of the central frequency
comb from 1298 nm to 1312 nm. This red-shift of the comb po-
sition with the bias current is due to thermal effects. Moreover,
it should be noticed that both the bandwidth and the flatness
of the comb spectrum are also enhanced with the bias current.
At 3×Ith, the comb spectrum exhibits 12 lines above noise floor
and 3 lines within 3 dB bandwidth (Fig.3(c)) against 26 and 8 re-
spectively when the bias current increases to 5×Ith (Fig.3(b)). In
general, comb dynamics is usually explained through four-wave
mixing (FWM) effect that is ruled out by the LEF[19]. In partic-
ular, both the sign and amplitude of the LEF associated to the
different individual processes determine how the corresponding
third-order susceptibilities contributions add up [20]. By the
way, with the devices under study, a continuous-wave (CW)
output, containing no pulses, is preferred for WDM applications
as such devices are likely to have better reliability from the lower
instantaneous power. In addition, the high instantaneous power
of a temporally mode-locked laser is likely to trigger unwanted
thermal non-linearities[21] in the microring modulator array
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which would degrade the signal being transmitted.
In this section, the extraction of the LEF is performed from the

amplified spontaneous emission (ASE)[5, 22]. In the experiment,
we used a CW current source to get smooth optical modes, which
would then be captured by a 20 pm high resolution optical spec-
trum analyzer (OSA). Such operation ensures a better precision
of the LEF extraction. The modal wavelength red-shift above
threshold caused by thermal effects is then totally subtracted
from the wavelength blue-shift below threshold, hence leading
to an accurate extraction of the LEF from below to threshold.
Let us note that the device temperature is carefully monitored
and kept constant at room temperature (293K) throughout the
experiment.

Fig. 4. The measured LEF at threshold as the function of the
reverse voltage on SA for the QD-OFCs L1 (blue) and L2 (red).

Figure 4 displays the extracted LEF values (threshold) as the
function of the reverse voltage on SA for devices L1 (blue) and
L2 (red). In both cases, the LEFs are found to increase with the
reverse voltage due to the decrease of the differential gain. For
instance, it varies from 0.9 (without reverse voltage on SA) to 4.2
(-6V on SA) for device L1. As for L2, a similar trend is observed
except at the highest reverse voltage for which the LEF slightly
drops down to 2.4. This last effect is attributed to the higher
bias voltage applied on a shorter SA causing more carriers being
swept-out and leading to a stronger reduction of the stimulated
photon density. Together these assumptions can explain the
redecrease of the LEF at -6V for device L2. Experiments depicted
in Fig.3 show that the comb dynamics is optimal when the LEF
is larger. Indeed, the effective LEF αe can be calculated from the
quadratic mean by integrating over the entire comb spectrum
such as,

αe =

√
1

∆ν

∫
comb

dν′α2(ν′) (1)

with ∆ν the width of the comb spectrum while ν is the frequency
of the radiation emitted by the laser. Therefore, assuming a QD
as a two-level atomic system and that the entire gain media of
the QD laser is composed of uniform QD with the same size,
integration of (1) leads to ∆ν = 2

√
3Γαe with Γ the homogeneous

broadening of the QD transition. Let us stress that this relation-
ship is obtained assuming that the center of the emitted comb
spectrum corresponds to the center of the QD transition. Thus,
this equation shows that a larger LEF is indeed more beneficial
for improving the comb dynamics through FWM as shown in
Fig.3 [23]. A larger LEF was also proved to enhance the mode-
locking effect [24], which is in favor of improving the frequency
comb dynamics. On the top of that, this equation shows that
strengthening the spatial overlap among the dots hence increas-
ing the temperature-dependent homogeneous broadening can
a priori contribute to further broaden the comb bandwidth[25].

However, this last statement has some limitations since the in-
crease of the inhomogeneous broadening will not necessary lead
to an unlimited increase of the frequency comb bandwidth. In-
deed, for larger gain linewidth, the FWM that is intended as
self-injection locking mechanism, in providing equally spaced
and phase-locked modes becomes less efficient because the dis-
persion for high frequency active modes is bigger. Also, it is im-
portant to remind that the inhomogeneous broadening remains
fundamentally an incoherent mechanism thus potentially being
more detrimental for a coherent phenomenon like frequency
combs.

Fig. 5. Schematic illustrating optical injection operation. ML,
master laser; SL, slave laser.

As aforementioned, OIL has been broadly used in semicon-
ductor lasers with the view to enhance the relaxation oscillations,
or to reduce the relative intensity-to-noise, the nonlinear distor-
tion, and most importantly the linewidth and frequency chirp
[15]. In this Letter, we also investigated the effects of the OI
as a way to process optical frequency comb by isolating and
amplifying individual comb modes. A schematic illustrating
the experimental setup is represented in Figure 5. To this end, a
master laser (ML) and a slave laser (SL) are involved. The master
laser is a single-mode laser with a narrow spectral linewidth
which is injected into the slave comb QD laser. The injection
strength Rinj, in dBm, is calculated through the relationship:

Rinj = Pml − Pout + 2× (Lext + L f m + Lgc) (2)

where Pml the injection power of ML, Pout the free-space output
power of the SL, Lext the one-way external cavity waveguide loss,
L f m and Lgc are the FM and GC transmission loss respectively.
In the experiments, the values of L f m and Lgc could be confirmed
at -3dB and -9dB respectively. By the way, the waveguide loss
Lext structures were not present on the mask but it is estimated
to be less than 2 dB/mm based on data from previous process
runs. This should give an upper limit on the loss of the external
cavity. Taking Lext into account, the total loss could exceed -
12dB. Nevertheless, when it comes to the calculation of Rinj,
such loss introduced by the external cavity should be doubled
and eventually would exceed -24dB.

Let us note that in these experiments, the frequency of the
slave QD comb laser is not locked to that of the master laser.
Instead, a low OI strength is considered in order to optimize the
combs dynamics. OI operation is served when the device L1
works at 3×Ith with -6V applied on SA, the Rinj could thus be
estimated to be below -12 dB based on equation 2, as the Pml and
Pout are found to be 6 dBm and -6 dBm respectively. Due to such
low injection strength, the LEF is considered not being affected
by the injected field. In other words, the LEF can be treated as a
constant and does not impact the changes observed in the comb
dynamics. Figure 6 unveils two types OI-driven states on device
L1 when operated at 3×Ith with -6V reverse voltage on the SA.
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Fig. 6. (a) Optical spectra of L1 at free-running, and in inset,
the magnification of the yellow area in the figure. The in-
tramodal injected wavelength (red arrow) and the intermodal
injection wavelength (black arrow) of ML are highlighted. Op-
tical spectra of L1 (b) under intramodal optical injection at
1303.9 nm (red arrow) and (c) under intermodal optical injec-
tion at 1305.2 nm (black arrow). Device is operated at 3×Ith
and bias voltage applied on SA equals to -6V.

The free-running state (without OI) is shown in Fig.6(a) as a ref-
erence. The inset of Fig.6(a) highlights the injection wavelength
of ML, seeing that the intramodal injection and intermodal injec-
tion are marked by a red arrow and a black arrow respectively.
Once OI intramodal injection is applied (injection wavelength
at 1303.9 nm in this case, marked by a red arrow in Fig.6(b)), a
blue-shift of the comb spectrum is observed. In this configura-
tion, both the bandwidth and flatness of the comb spectrum can
be regenerated compared to the free-running state. For instance,
the full bandwidth of the comb laser broadens from 5.7 nm (11
lines above noise floor) to 10.7 nm (20 lines above noise floor),
and its 3-dB bandwidth enlarges from 1.1 nm (3 lines) to 4 nm (8
lines).

On the other hand, another OI-driven state can also be ob-
served when intermodal OI is applied with an injection wave-
length at 1305.2 nm as marked by black arrow in Fig.6(c)). How-
ever, in this configuration, no obvious improvements of the
comb dynamics is observed despite a slight red-shift of the comb
central wavelength. Therefore, intermodal injection does not
allow to improve neither the bandwidth nor the flatness of the
entire comb spectrum. The reasons why two OI-driven states
are unveiled between intra and intermodal injections are uncer-
tain yet, hence corresponding studies would be investigated in

further work.
To summarize, this work demonstrates the influence of the

SA reverse voltage on sub-threshold LEFs of hybrid-silicon QD-
OFCs as well as the optical injection effect on enhancing the
bandwidth and flatness of OFCs. Larger LEF was observed
when higher reverse voltage was applied on SA, which con-
tributes to enhance OFCs performance. Intramodal OI was
shown to improve the bandwidth and flatness of the comb spec-
trum. Those novel findings are very encouraging for the future
integrated technologies required for optical interconnects and
datacom applications. Further work will now concentrate on the
improvement of the QD devices as well as on the loss reduction
in the experimental set-up.

Disclosures. The authors declare no conflicts of interest.
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