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ABSTRACT

The spectral dependence of the linewidth enhancement factor (ay-factor) of a multimode InAs/GaAs quantum dot laser is analyzed.
Amplified spontaneous and high-frequency modulation methods are used to experimentally retrieve the o;-factor of each longitudinal mode
below and above the threshold. A dispersion of the oy-factor is unlocked across the entire optical spectrum, which is further illustrated in the
context of four wave mixing experiments. The results show that the induced conversion efficiency is increased at lasing wavelengths where
the linewidth enhancement is lower. These results highlight the importance of carefully monitoring the linewidth enhancement factor in
quantum dot lasers especially for frequency combs and mode-locking applications in future optical communication systems.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0077221

Owing to the strong carrier confinement and discrete energy lev-
els, quantum dot (QD) lasers have demonstrated excellent perfor-
mance, such as low threshold current, high temperature stability, and
strong reflection insensitivity. In addition, these light sources offer
broad gain bandwidth, narrow spectral linewidth, and low relative
intensity noise that is highly desired for silicon integrated technologies
and optical frequency comb (OFC) applications." ” An OFC typically
consists of equally spaced discrete optical frequency components,
which is of first importance in high-capacity optical communication
systems. Due to the aforementioned properties, integrated comb QD
sources are particularly attractive for wavelength-division multiplexing
(WDM) systems, thanks to the size and power consumption advan-
tages wherein a low linewidth, a wide tunable comb spacing, and a
high power per comb line are expected.”” Therefore, a single comb
spectrum can be used to replace hundreds of individual lasers with the
goal to decrease the energy consumption and to scale down the size of
the WDM communication system.

When studying the nonlinear and dynamic properties of a semi-
conductor laser, an important gain-medium parameter to consider is
the linewidth enhancement factor (o-factor) that is defined as
follows:

don  (dG\~"
oy = _zkm X <W> s (1)

where 0n is the carrier-induced refractive index, G is the gain, N is the
carrier density, and k is the lasing wavevector. The o-factor governs
many coherent processes in semiconductor lasers. In particular, a prior
work revealed that frequency comb dynamics of a QD laser are
strongly impacted by four-wave mixing (FWM) through the oy-factor
while another one linked that parameter to the onset of a giant Kerr
nonlinearity and frequency modulated combs.'”'" Tt was also shown
that the oy can produce a low-threshold multimode instability and fre-
quency comb formation. In this context, the precise knowledge of the
dispersion of the linewidth enhancement factor across an entire optical
spectrum has become a crucial factor to better analyze the role that
this parameter has on the frequency comb dynamics.'” The oy-factor
can be measured by several methods.”'® Some measurements techni-
ques give access to the material oy, whereas some other reflect the
device 0. Below the lasing threshold, the amplified spontaneous emis-
sion (ASE) is commonly used to extract the spectral dependent mate-
rial op-factor. It relies on measuring the net modal gain change
and tracking the wavelength shift at different sub-threshold bias
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currents.”'”""” The measurements of ¢ above threshold rely on other
measurement methods, such as those using optical injection or high-
frequency modulation. In the former, the accuracy in the oy extraction
is limited because the injection ratio needs to be relatively low in order
to protect the laser from the injected field.”””" The latter relies on
high-frequency laser current modulation, which generates both ampli-
tude modulation (AM) and frequency modulation (FM). The ratio of
the FM over AM components gives a direct access to the linewidth
enhancement factor if and only if the modulation frequency is larger
than the laser’s corner frequency."” This measurement method produ-
ces highly reliable data; however, its applicability is usually restricted
to single-mode lasers.'*” In order to investigate multimode QD lasers,
an optical phase modulation (OPM) method can be considered
instead. In such way, the sinusoidal OPM signal is used to obtain the
information of the longitudinal modes, hence giving access to the spec-
tral dependence of the device oz, "

In this Letter, this spectral dispersion of the a;; is investigated in
a multimode InAs/GaAs QD laser. To do so, both ASE and OPM
measurement techniques are used to track the o parameter of each
longitudinal mode below and above the threshold. A clear dispersion
of the o-factor is observed across the entire optical spectrum. In addi-
tion, four wave mixing (FWM) experiments using an intracavity drive
probe configuration reveal a clear increase in the conversion efficiency
as the linewidth enhancement factor decreases. Overall, these results
highlight the importance of carefully monitoring the o -factor in QD
lasers especially with the view of using such light sources for optical
frequency combs in future information and communication systems.

The active region of the QD laser consists of 8 InAs QD layers
directly grown on a GaAs wafer in a solid source molecular beam
epitaxy system. A 37.5nm thick GaAs barrier layer is added
between each QD layers. The density of QDs is as high as
5.9 x 10'®cm ™2 to provide a high gain. The laser is 750 um long
with a 2 yum wide ridge waveguide. Asymmetric reflection facets of
30% at the front and 90% at the rear are coated. The device studied
exhibits sole ground state (GS) emission at 1310 nm. Figure 1 dis-
plays the multimode lasing spectrum for the QD laser at 25 mA.
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FIG. 1. Optical spectrum measured at twice threshold current, and the inset shows
power-current characteristics.
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Let us note that the excited state (ES) transition is not visible in the
range of pump current under study. The figure in the inset shows
the light current characteristics with a threshold current I, of
12.5 mA. During the whole experiment, the QD laser is kept at a
constant operating temperature of 20 °C.
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FIG. 2. (a) Schematic of the experimental setup of the OPM technique. PM, phase
modulator; ODL, optical delay line; OSA, optical spectrum analyzer; BT, bias tee;
RFPS, RF Power Splitter. The black line is the circuit, and the red line is the light
path. (b) Modulated optical spectrum at zero delay with f, =13GHz, and (c)
close-up on one longitudinal mode and the modulation side bands obtained for four
different optical delays.
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Figure 2(a) presents the experimental setup used for performing
the extraction of the oy-factor with the OPM. Details regarding the
ASE method are already described elsewhere. To start, the tunable RF
signal (with modulation frequency f,,) is divided into two channels by
a RF Power Splitter (RFPS) and used to simultaneously modulate the
QD laser and phase modulator (PM). The sinusoidal wave signal
applied to the QD laser is controlled by the RF variable attenuator to
keep it within the small signal modulation. In addition, the bias tee
(BT) allows the QD laser to be pumped by direct current. The laser
beam is coupled with an antireflection (AR) coated lens-end fiber and
then passes through an optical delay line (ODL) before entering the
PM to control the delay between the optical and electrical signal at the
input of the PM. Finally, the modulated signal is sent to an optical
spectrum analyzer (OSA). In this method, four optical spectra corre-
sponding to different delays [n/(4f,,), with #n an integer] are used to
properly extract the o-factor.

Figure 2(b) depicts the modulated spectrum for f,, =13 GHz
and zero delay. It can be seen that the whole spectrum is affected by
the modulation leading to side-modes arising at each comb line. In
order to further analyze the impact of the delay on the modulation
spectrum, Fig. 2(c) shows a close-up on one longitudinal mode and
the modulation sidebands obtained for four different optical delays
(normalized optical spectrum). When the delay is changed, the corre-
sponding intensities are modified and can be measured directly from
the OSA. According to the below expressions, the modulation
frequency-dependent c,,, can be extracted as follows: ™

scitation.org/journal/apl

Gy = Im( Q71Q+1) 7 2)
Re( Q—1Q+1)
with
Q= (Il—l _Ii1) +J'(121 - 131)7 (3)
Qi = (=1} + 1)) +j(I1%, + 1), (4)

where I/, means the side-modes intensity when the optical delay is
n/(4fm) (=0, 1, 2, 3). Finally, it is known that the modulation a,, is
related to the corner frequency (f,) and the modulation frequency

(fm)>13
2
ocm:ocm/lJr(}i), (5)

where the f, is defined as f, = (v,P/2m) x (0g/0P), where v, is the
group velocity, P is the output power, and dg/0P is a nonzero parame-
ter due to the nonlinear gain associated with coulomb scattering
and carrier heating (CH). According to Eq. (4), when f,, > f, the
op-factor can be accurately extracted.

Figures 3(a)-3(c) display the optical spectra and the retrieved a,,
for 18 comb lines under different modulation frequencies at x2, x4,
and x6 threshold current. The extracted o, shows a linear upward
trend as the lasing wavelength increases over a large bandwidth range.
On the one hand, the o, increases with the pump current, which has
already been reported elsewhere.'’ On the other hand, under the same
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FIG. 3. (a) The o, factor measured for each comb line for different modulation frequencies and at x2 threshold current, (b) x4 threshold current, and (c) x6 threshold cur-
rent, and (d) the oy-factor for different pump currents extracted from the OPM and ASE methods.
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pump current, the o, decreases with the modulation frequency
increasing from 9 to 13 GHz. Such an effect can be explained by
Eq. (5). It is worth stressing that the influence of modulation frequency
is amplified at high bias conditions, where f; is increased. In addition,
it has been shown that the longitudinal modes located far away from
the optical gain peak are less efficiently modulated by the sidebands,
which results in an inaccuracy to extract the op-factor. To overcome
this issue, a flat-top behavior is required for the optical spectra. Owing
to the broad 10 dB bandwidth emitted from the device studied, we can
retrieve the o-factors over 20 modes in this study. In this context, the
OPM method is beneficial for extending its functionality to character-
ize frequency comb sources that have flat-top spectra.

Then, fixing the pump current and taking the o, values at the
gain peak for different modulation frequencies, Eq. (5) is used for
curve-fitting the corner frequency and subsequently to extract the
exact ayy. Given that the accuracy to extract the ay-factor approaches
its maximum when f; < f;,, one take f,,, = 13 GHz at which o,, ~ ay.
Therefore, when the QD laser is running at twice threshold current,
the ay-factor at the gain peak is about 1.6, whereas at four times and
six times, the threshold current is about 1.8 and 2.0, respectively, as
shown in Fig. 3(d). We also plot the sub-threshold o-factor measured
with the ASE method (red). The op-factor below threshold is signifi-
cantly smaller than the oy-factor above threshold, which is attributed
to the carrier changes caused by the population inversion.””

A semiconductor comb laser is driven by a FWM process that
exhibits a clear dependence of the oy-factor. In this study, we go a step
further by investigating the FWM conversion efficiency under differ-
ent oy conditions. To this end, the injection-locking wavelength is
applied to be different, where the ay-factor is changed with the varia-
tion of wavelength. To begin with, an intracavity drive-probe experi-
ment is designed. As shown in Fig. 4, two narrow linewidth tunable
lasers are used as drive laser and probe laser of which the light is sent

Drive laser

Probe laser

90% 10%

Polarizer
Bias

scitation.org/journal/apl

to a 90/10 fiber beam splitter and then injected into the QD laser
through an optical circulator and a lens-end fiber. The polarization
controllers are applied to align the polarization of the two tunable
lasers with that of the QD laser in order to reach the maximum FWM
conversion. The optical spectrum is recorded by an optical spectrum
analyzer (OSA) having a 20 pm resolution. The operating temperature
is kept at 298 K throughout the experiment using a thermoelectric
cooler. The drive laser is used to lock the laser cavity modes below
threshold in the presence of the side modes deeply suppressed by a fac-
tor of 30 dB, which allows for generating the FWM coherent beating.
Depending on the frequency detuning Af that is defined as the differ-
ence between the frequency of probe and drive, the FWM is dependent
on different mechanism. In the case of a low frequency detuning of a
few gigahertz, the FWM is dominated by the carrier density pulsation
(CDP). However, the spectral hole burning (SHB) and the carrier heat-
ing (CH) become the principle mechanism that determine the FWM
behavior in the case of a large frequency detuning at terahertz
range.” " To obtain the maximum frequency conversion efficiency,
on needs to adjust the probe signal to perfectly match one of the sup-
pressed Fabry—Pérot (F-P) cavity modes in the stable-locking opera-
tion regime. Then, the conversion efficiency is expressed as

_ Pprove ( 6)
P Signal ’

where Pgg,,q is the optical power of the converted signal and Pp,op is
the probe signal power that is injected into the laser. In the experi-
ment, these powers are obtained from the measured optical spectrum.
Finally, the laser—fiber coupling loss is estimated by calculating the
ratio between the laser free-space output power and the laser power
coupled in the lens-end fiber. The total losses include coupling loss
and fiber loss, which are considered in the spectra in order not to over-
estimate the value of conversion efficiency.

Attenuator

FIG. 4. Optical injection locking setup
used for the FWM experiments. The drive
laser is used to lock the F-P mode of the
QD laser. The tunable probe laser is used
to generate the probe signal. The inset

shows the spectrum of FWM.
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With different applied drive wavelengths, the effect of the spectral
dispersion of the oy-factor can be qualitatively analyzed through the
FWM conversion efficiencies with respect to the frequency detuning.
Here, the conversion efficiency is extracted at twice the threshold of
the QD laser and assuming two different drive wavelengths located on
each side of the optical spectrum, namely, 1304 and 1310 nm, respec-
tively. As the experiment is performed above the laser threshold, the
device oy-factor measured by the PM technique is obviously consid-
ered for the analysis. Thus, Fig. 3(a) reminds that the oy-factor at
1304 nm is 20% smaller than that at 1310 nm. Considering a frequency
detuning Af between the drive and the probe in the range of
+500 GHz, the conversion efficiency retrieved in the FWM regime is
shown in Fig. 5 at 1304 nm (purple) and 1310 nm (orange), respec-
tively, for both up- and down-conversions. The region where the fre-
quency detuning is negative represents the case for upconversion,
where the frequency of the probe laser is lower than the drive laser fre-
quency. However, the positive frequency detuning region accounts for
the downconversion case, where the frequency of the probe laser is
higher than the drive laser frequency. At 1310 nm, the maximum con-
version efficiency of —15.6dB (ay-factor=2.0) is found against
—11.5dB at 1304 nm (op-factor = 1.6). Moreover, at 1304 nm, the
conversion efficiency exhibits a better symmetrical shape over the
whole detuning range. The ay-factor is indeed closely related to CDP
and SHB, hence influencing the third-order nonlinear parameters and
determining the symmetry of the conversion efficiency.” Therefore, a
small op-factor is beneficial for producing a higher conversion effi-
ciency and a better symmetry between up- and down-conversions.
The results show that conversion efficiency is increased at lasing wave-
lengths where the linewidth enhancement is smaller, which is impor-
tant for understanding mode-locking and frequency comb dynamics.

To summarize, this work investigates the oy-factor of a multi-
mode QD laser. We extracted the op-factor below and above the
threshold whereby the spectral dependence of this parameter is per-
formed for each longitudinal mode. A dispersion of the oy-factor
across the entire optical spectrum is observed, which is further illus-
trated with drive probe experiments. The results show that conversion
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FIG. 5. The measured conversion efficiency as a function of the frequency detuning
for two injection-locking wavelengths of 1304 and 1310 nm, respectively.
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efficiency is increased at lasing wavelengths where the linewidth
enhancement is smaller. The results confirm the importance of the
linewidth enhancement factor in QD lasers especially for frequency
combs and mode-locking applications in future optical communica-
tion systems. Future work will focus on the op-factor analysis of
silicon-based quantum dot lasers and frequency comb lasers for
WDM systems and their impacts on nonlinear dynamics.
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