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Compiled XXX

We report on a significant reduction of both the radio-
frequency beat note line width at 40.7 GHz and the in-
tegrated relative intensity noise of a 1mm long edge-
emitting monolithic Fabry-Pérot InAs/InGaAs quan-
tum dot semiconductor laser emitting from the ground
state at 1250 nm by injection current control. For in-
creasing injection currents, first an unlocked multi-
mode behaviour is observed and then, at a certain cur-
rent above lasing threshold, self-locking of the longi-
tudinal modes due to internal non-linear effects occurs
yielding a beat line width of 20kHz (-3 dB) in contrast
to tens of megahertz for lower injection currents. These
results are confirmed by simulations. © 2020 Optical Society
of America

OCIS codes: (140.5960) Semiconductor lasers, (230.5590) Quantum-well,
-wire and -dot devices, (140.4050) Mode-locked lasers

http://dx.doi.org/10.1364/a0. XX. XXXXXX

Optical frequency combs (OFCs) generated by monolithic
semiconductor lasers (SCLs) are ideal candidates for high-data
rate optical interconnect systems based on silicon photonics [1],
for the generation of sub-terahertz signals by comb line mixing
on fast photo detectors [2, 3] and for dual-comb spectroscopy
featuring high speed and good precision [4], as recently reported
on the chip-scale level based on quantum cascade laser (QCL) [5].
OFCs offer a broad spectrum of frequency equidistant lasing
modes with low phase noise, amplitude noise and nearly equally
distributed spectral power [6]. Thereby, in monolithic SCLs, the
longitudinal modes are phase-locked without the need for a
saturable absorber or any active optical or electrical modulation.
The underlying physical effects causing this self mode-locking
(SML) are yet to be fully understood and are thus subject to
intensive theoretical and experimental investigations, although
a fundamental role is played by four-wave-mixing (FWM) [7-14].
Recently, by applying a time-domain traveling-wave (TDTW)
model, the multi-longitudinal mode dynamics of a 250 pm long
single-section SML quantum dot (QD) laser has been simulated
including the sub-wavelength carrier grating that is not washed
out by diffusion in zero-dimension QDs. The numerical results

showed that multi-mode emission can be observed directly at
the lasing threshold, and that by increasing the injected gain
current, a transition from unlocked regime to SML due to FWM
occurs in the simulations [13].

Experimentally, SML has been reported for single-section
Fabry-Pérot quantum well (QW) SCL [15-17], quantum dash
(QDash) SCL [18-20], QCL SCL [4, 5, 12, 21] and QD SCL [22, 23].
The first integrated single-section SML laser on a CMOS com-
patible Si-platform has been demonstrated recently [24]. Ultra-
short pulses of 312 fs directly at the laser output facet have been
reported [23], or dispersion compensation by a single mode
fiber is employed to access pulses as short as 600 fs [20]. Single-
section SCLs with low-dimensional active regions have been
used to generate OFCs at near-infrared wavelengths with -3 dB
optical comb-widths of up to 15nm [7] and up to 110 optical
modes [9]. OFCs with a mode-spacing of 4.4 GHz, correspond-
ing to a 10mm long SCL laser [9], and up to 100GHz in a
0.24mm long device [10] have been realized. While SML in
some devices is reported to start directly at the lasing threshold
and is observed for all currents [23], others exhibit regimes of
SML or irregular behavior corresponding to narrow and large ra-
dio frequency (RF) line widths respectively [25] as can be derived
from simulations (see, e.g., [13]). The RF beat note line width
was used in QCLs to characterize different operation regimes
depending on injected current and operating temperature [21];
narrow beat note values indicate OFC.

Here, we investigate the RF line width and the integrated
relative intensity noise (RIN) characteristics of a single-section
QD SCL. In particular, we find experimentally that well above
lasing threshold at a certain value of the gain current, multi-
mode emission of the laser switches from uncorrelated modes to
SML. In fact, an RF line width reduction from tens of megahertz
to tens of kilohertz is accompanied with a substantial reduction
of the integrated RIN. The theoretical predictions are in very
good agreement with the experimental data.

Experimentally, a single-section Fabry-Pérot ridge waveguide
QD SCL is studied. The active region consists of 10 layers of
InAs/InGaAs QDs. The facets are as-cleaved and the ridge is
6 um wide. The laser length of 1 mm corresponds to an optical
mode spacing (RF beat note frequency) of 40.7 GHz. The laser
cooling block temperature is stabilized to 10 °C. Gain currents
up to 400 mA are injected into the laser corresponding to a maxi-
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mum current density of 6.6 kA cm™!. The laser emission wave-
length is centered around 1250 nm and the lasing threshold at
this temperature amounts to 16 mA. The developed and adapted
experimental setups for RF line width and integrated RIN mea-
surement [26] and analysis are depicted schematically in Fig. 1.
To measure and analyze the RF beat note, the emitted light from
the laser is coupled into a standard single-mode optical fiber and
is detected by a fast photo diode connected to an amplifier and
an electrical spectrum analyzer (ESA) (bandwidth 50 GHz). An
optical isolator before the fiber coupling (isolation > 60 dB) pre-
vents unwanted optical feedback. The RF beat note line width
is determined by well-matching Lorentzian fits to the RF beat
note and is directly related to the pulse-to-pulse timing jitter
SCL [27, 28]. The optical spectra are obtained using an optical
spectrum analyzer (OSA) (spectral resolution 0.01 nm). The inte-
grated RIN of all modes is measured by splitting the signal of a
free-space photo diode into an AC and a DC part by a bias-tee.
The amplified AC part is integrated using a 1.5 GHz ESA while
the DC part is detected by a multi-meter. This direct detection
technique has been validated in previous works [26, 29]. We
focus on the low frequency fluctuations (10 MHz to 50 MHz) of
the RIN, since this is the interval where we expect to observe a
significant difference between the locked and unlocked configu-
rations [13]. Two RF beat note spectra experimentally acquired
for 170mA and 300mA are depicted in Fig. 2a where -3 dB
widths of 144 MHz and 2.75 MHz are found by Lorentzian fits to
a zoom into the beat notes. We attribute the broad beat note cen-
tered at 40.67 GHz to emission of unlocked longitudinal modes
whereas the narrow one centered at 40.72 GHz indicates locked
longitudinal modes in agreement for e.g. with the theoretical
results reported in [13]. The corresponding optical spectra are
depicted in Fig. 2c. For certain currents, we observe a second
RF beat note with significantly lower spectral peak power than
the central RF beat note. It can be attributed to the appearance
of a second group of longitudinal modes in the optical spec-
tra. The broad RF beat note line widths of two- or three-digit
megahertz indicate that these modes are not locked. Such a
splitting of the optical spectrum has also been described in [30].
By systematically increasing the gain current up to 400 mA in
steps of 5mA and fitting Lorentzian curves to the main beat
notes, the beat note frequencies and corresponding -3 dB RF
line widths are studied experimentally. The beat note frequency
shifts to higher frequencies with higher injection currents by
0.125MHz/mA. The recorded RF line widths are depicted in
Fig. 3a as a function of gain current. Up to a gain current of
190 mA, line widths from 9 MHz to 50 MHz are evident. Above

1240 1250 1260
Wavelength / nm

Fig. 2. Exemplary (a) experimentally obtained and (b) simu-
lated RF beat note spectra for a current below (black) and a
current above (red) the mode-locked (ML) threshold. (c) Exper-
imental optical spectra for corresponding currents.

this threshold denoted by a dashed red line in Fig. 3, the RF line
width reduces significantly to a minimum of 20 kHz at 230 mA.
The inset of Fig. 3a depicts RF beat note line width for a selected
current range on a logarithmic scale. The measured integrated
RIN of all modes is depicted in Fig. 3b in dependence on the
gain current up to 250 mA. The current has been increased in
steps of 5mA. The integrated RIN values are decreasing with in-
creasing current with a steepest decrease of 0.36 (dBc/Hz)/mA
for currents ranging from 170 mA up to the SML threshold of
190mA. The minimum RIN amounts to —148 dBc/Hz and is
identified well above the SML threshold. Experimentally, the
particular integrated RIN characteristics and RF trends indicate
the existence of two regimes, one with unlocked multi-modal
emission and a second with locking or SML of the longitudinal
modes. A distinct current threshold appears to exist between
both regimes.

In order to theoretically reproduce these experimental results,
we describe the coherent interaction between QDs inhomoge-
neous broadened gain medium and the intracavity electric field
trough a set of coupled traveling wave equations for the slowly
varying envelope of the fundamental TE electric field E* (z, t)
and of the slowly varying envelope of the microscopic polar-
izations pii (z,t), coupled with the evolution equations for the
electron occupation probabilities of ground state p; in each dot
sub-group i and in the wetting layer (WL) pwr [31, 32]. The
standing wave pattern due to the interference between forward
and backward fields generates a grating in the carrier density
that is not washed out by diffusion in zero dimension active
media such as QDs. This effect is taken into account by deriv-
ing the evolution equations for the first Fourier components of
the spatial grating denoted as pi+ and pTTVL following the pro-
cedure highlighted in [13]. Thereby, the cavity length can be
discretized in spatial steps of few microns, but still the effects
of a fast standing wave pattern on the carrier dynamics can be
investigated [33-36]. The resulting multi-populations TDTW
model is a more accurate version of the one recently used by
the authors [13] since it accounts for the medium polarizations
dynamics beyond any adiabatic approximation and it includes
the inhomogeneous broadening of the gain line width associated
with the normal distributions of the self-assembled QD sizes.
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Fig. 3. Experimental results for a 1 mm long QD laser. (a) RF
line widths (b) integrated RIN (10 MHz to 50 MHz) versus
gain current. Dashed red lines: transition to SML.
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In the compact adimensional formulation provided by Egs. (1)-
(6) we scaled time to the fastest time scale in the system rep-
resented by the dipole dephasing time 7; and the longitudinal
coordinate to the cavity length L and the complex dynamical
variables E* and pijE are normalized as in [13]; ayg represents
the waveguide losses, vp = T304/ L is the normalized photon
decay rate, v,c = T3/ 7, c are the normalized escape and cap-

ture rates, ysp = T3/ Tsp is the normalized spontaneous decay

rate from the ground state, YINLCS — g,y WLGS represents the

normalized nonradiative decay rates and A is the carriers in-
jection probability per unit time. Finally, G; is the probability
that a QD belongs to the sub-group i and it follows a Gaussian
distribution. The adimensional parameters C, D, F, H have the
following expressions:

_wollxyp  d®Np . Dwy

_ Tspl“zwol"xyhethD
2C77 T EOhthD’ a ]/lND T

UwidzND

C

where wy is our reference angular frequency coincident with the
cold cavity mode closest to the ground state gain peak, I'yy is
the transverse optical confinement factor in the total QD active
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Fig. 4. Simulation results for a 1 mm long QD laser. (a) RF
line widths and (b) integrated RIN (from 10 MHz to 50 MHz)
versus gain current. Dashed red lines: transition to SML.

region, y is the degeneracy of the ground state, 7 is the effective
refractive index, d is the dipole matrix element associated with
the optical transition from ground level, Np is the number of
QDs per unit area, I' = 1/7y, hgp is the QDs layer thickness,
Dy is the number of WL level per unit area per QDs layer, and
wj is the frequency of transition from the ground state of the
i group so that §; = w; — wp, In Eq. (1) we take into account
the spontaneous emission trough the terms SZ;,, which have the
same expression introduced in [37]. In the Fabry-Pérot edge
emitting configuration, the field envelopes satisfy the bound-
ary conditions ET(0,t) = r{E~(0,t) and E~ (L, t) = r,E* (L, ¢),
with r; ; reflection coefficients at the two SCL facets. The sys-
tem of coupled Eq:.s (1)-(6) is numerically solved using a Finite
Difference discretization scheme integrated in time using a 24
order Runge-Kutta method. For this study we considered a 30 fs
integration time step. For our simulations, we use the same
values of the material and device parameters introduced in [32],
except for the device length which is chosen as in the exper-
iment (L =1mm) and the full-width at half maximum of the
inhomogeneous broadening, set to 2.4 THz (and corresponding
to three QD populations) to better reproduce the experimentally
estimated SML threshold.

In the simulations, two regimes are observed when increasing
the gain current, which is in qualitative agreement with the ex-
periments. Right above the lasing threshold, multi-modal emis-
sion is identified whereas these mode have no constant phase
difference. By further increasing the gain current, a sharp transi-
tion to a regime of locked laser modes is evident. In this regime,
adjacent modes in the optical spectrum have a constant phase
relation, but the phase difference between adjacent modes devi-
ates across the whole spectrum [13]. Therefore, in the simulation,
optical pulses cannot be observed directly at the laser output. In
Fig. 2b two exemplary simulated RF spectra are depicted. The
black colored spectrum corresponds to a low gain current of
230 mA and thus the laser operates in the unlocked regime. The
red colored spectrum is simulated for an injected gain current of
365 mA, where the modes are locked. In the regime of SML op-
eration a significant reduction in the RF line width is evident. In
Fig. 4a, the -3 dB line width of the simulated RF beat note spec-
tra is plotted in dependence on the injected gain current. Again,
in agreement with the experimental outcomes, as a general trend,
a significant narrowing of the beat note above the locking thresh-
old is observed, indicated by the red dashed line, from hundreds
of megahertz to few megahertz, that represents the resolution
limit of our numerical analysis. The locking threshold strongly
depends on the self-injection locking mechanism [38], caused by
FWM, which depends in turn on the physical and geometrical
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device parameters. This might explain the difference between
the locking thresholds currents of the experimental and numeri-
cal results reported here. In Fig. 4b the simulated integrated RIN
is depicted as a function of gain current. The lowest RIN values
are found above the locking threshold, while a steplike transition
occurs at that threshold. Numerical simulations also suggest
a reduction of the optical line width and the RIN of the single
longitudinal modes, as discussed in [13], which will be a subject
of future experimental investigations. In agreement with the
results presented in Fig. 3 and with other experimental findings
about SML in low-dimensional SCLs [39], we observe current
intervals where an alternance between broad and narrow RF
beat notes may exist. Although, the origin of this peculiar phe-
nomenon, that it likely to involve complex nonlinear processes
in radiation-semiconductor interaction, is not fully understood
yet, a tentative interpretation based on phase-transition theory
is outlined in [13].

In this contribution, the self-locking of longitudinal modes in
a 1mm long single-section QD SCL emitting from the ground
state centered at 1250 nm is investigated, with experiments and
by TDTW simulations, studying the RF beat note line width and
integrated RIN. A SML threshold well above the actual lasing
threshold is observed. Experimentally, this locking threshold is
characterized by a reduction of the RF beat note line width to
20kHz and the integrated RIN. This novel threshold behavior is
confirmed by the numerical simulations.
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