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Time Domain Traveling Wave analysis
of the multimode dynamics of Quantum Dot
Fabry-Perot Lasers

Mariangela Gioannini, Paolo Bardella and Ivo Montrosset, Member, IEEE

Abstract—In this paper we investigate with numerical simu-
lations the rich multi-mode dynamics of Quantum Dot Fabry-
Perot Lasers. We have used a Time Domain Traveling Wave
approach including the electron and hole carrier dynamics in
the various Quantum Dot confined states, the inhomogeneous
broadening of the complex gain spectrum, the polarization
dynamics and the effect of the carrier-photon interaction in the
cavity. The role of the various non-linear interaction mechanism
on the broadening of optical spectrum of the Quantum Dot laser
has been investigated and the main parameters responsible for
the phase locking between the longitudinal modes have been
identified. We show that in some cases it is possible obtaining
pulses after simulating the propagation of the laser output field
in a dispersive medium. Many of the obtained simulation results
are in good agreement with the experiments reported in the
literature.

Index Terms—Quantum Dot semiconductor lasers, Fabry-
Perot lasers, Time Domain Traveling Wave simulations, Mul-
timode dynamics, mode locking.

I. INTRODUCTION

HE complicate dynamics of multi-mode Fabry-Perot (FP)

Semiconductor Laser and the various physical effects at
the origin of the multi-mode coupling have been investigated
from long time in various materials systems: bulk lasers were
considered for example in [1]-[7], Quantum Well (QW) lasers
in [8]-[10] and Quantum Cascade (QC) lasers in [11], [12].

Recently, several experimental works on Quantum Dash
(QDash) [13], [14] and Quantum Dot (QD) [15]-[18] lasers
have shown the possibility of generating wide optical comb
spectra with a single section FP cavity and, frequently, the
emission of a pulse train directly at the laser output [15]
or after propagation in a proper length of dispersive optical
fiber [13], [17]. This phase locking regime obtained in a
single section FP laser will be indicated hereafter as self-mode
locking (SML) regime, to distinguish it from the passive-mode
locking (PML) regime where a saturable absorber section is
required.

In the last years the research on SML at the optical
communication wavelengths has almost focused on the QDash
and QD material systems, but it is important to point out
that SML is not peculiar of nano-structured active materials
since it was reported also for QWell lasers in a few papers
[9], [10]. Compared to the QW counterpart, the QDash lasers
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have provided higher output power, broader optical spectrum
and smaller linewidth of the RF line at the cavity round
trip frequency [19]. The SML mechanism seems also more
robust in nano-structure materials since it has been found
by several independent groups on different FP samples and,
recently, also in QD based VCSELs [20]. QDash and QDs
seem therefore more promising for this application because,
thanks to the inhomogeneous broadening of the gain spectrum,
a wide optical spectrum of lasing modes above threshold can
be achieved [21]. It is important to note that the broad optical
spectrum often measured in QD and QDash lasers does not
automatically imply that a phase-locking condition can be
established among all the modes; in [14] for example the phase
locking is achieved only within separate clusters of modes
indicated as super-modes.

All these interesting results and the many possible appli-
cations of these simple lasers in several optical systems have
stimulated the research towards the understanding of the non-
linear mechanism that makes the longitudinal modes running
as synchronized oscillators. Many are the physical effects cited
in the literature for explaining SML in QD and QDash lasers;
these are the Four Wave Mixing (FWM) [22], the Kerr effect
together with Self and Cross Phase Modulation [15] and the
Two-Photon Absorption (TPA) [18]. Similarly to the QD laser
case, the QC lasers have also demonstrated the possibility of
a multi-longitudinal mode regime with broad optical spectrum
and narrow RF beat note at the cavity round-trip frequency
[11]. In [11] this behavior is attributed to the strong Fast
varying Longitudinal Spatial Hole Burning (Fast-LSHB) that
causes longitudinal carrier gratings with period one-half of the
wavelength originated by the field standing wave pattern in
the FP cavity. These gratings are responsible for the coupling
among the modes. The authors of [11] demonstrate that
this strong Fast-LSHB is possible because the gain recovery
dynamics in the QC is much faster than the carrier diffusion
process. A second mechanism also considered in [11] is the
Kerr effect; this one was included as an instantaneous saturable
absorber distributed all over the device length. We however
point out that the results in [11] show that Kerr effect plays a
secondary role respect to the Fast-LSHB; this LSHB is indeed
responsible for the broadening of the optical spectrum whereas
Kerr effect gives a more pronounced splitting of the optical
spectrum in two or more clusters of modes.

The QD material system seems therefore more similar to
the QC case rather than the QW case. In QDs indeed the
Fast-LSHB of the carriers in the lasing ground state cannot be
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washed out by diffusion because carrier diffusion cannot occur
in a OD states [23], [24]. Theoretical works have demonstrated
that the carrier gratings originated by the standing wave pattern
cause a saturation of the gain at the lasing mode wavelength
and this saturation can be modeled as a gain compression
factor parameter (also known as € parameter) [25], [26] [27].
Several experimental works have also reported measurements
or evidences of high e-parameter as a peculiar characteristic
of the QD lasers [28]-[30], [31].

The role of the carrier gratings due to Fast-LSHB and of the
carrier diffusion in the broadening the QW FP optical spectrum
was studied using a Traveling Wave model already in [5]: the
numerical simulations evidenced that without Fast-LSHB the
FP spectrum is always single mode even well above threshold.
On the contrary, if the Fast-LSHB is included and the diffusion
is set to zero, the FP optical spectrum broadens with current.
However in [5] no spectral hole burning effect was included in
the model. After [5], the simulation of the coupled dynamics
of the longitudinal modes in bulk and QW FP lasers has
been undertaken in several other works such as [8], [32]. In
[8] and [32] the authors assumed that the longitudinal mode
coupling occurs only with the nearest neighbour modes via the
Slow varying LSHB been the fast carrier grating practically
washed out by the diffusion process. The Slow-LSHB is on the
contrary caused by the beating between co-propagating modes
and it is the overlap of normal cosine functions with periods of
few double cavity length [32]. These papers have also shown
the existence of a continuous power transfer from one mode
to the other. The modes present periodic intensity fluctuations
in the MHz range with an anti-phase dynamics that gives a
compensation of the total power remaining practically constant
with time [8], [32]. A similar behavior has been observed also
for some QD lasers [33] where intensity fluctuations of the
modes where measured with frequency of tens of MHz.

The goal of this work is the development of a Time Domain
Traveling Wave (TDTW) model that can reproduce the exper-
imental findings concerning the mode coupling and the SML
in self assembled QD lasers. This is a complicate problem
because the static behavior and the dynamics of the complex
gain of QD active material need to be modeled including the
inhomogeneous distributions of the QDs (i.e.: inhomogeneous
gain broadening), the coupling among the different QDs via
the homogeneous broadening linewidth and the fast gain
recovery dynamics due to the carrier relaxation processes. An
initial attempt in this direction was partially undertaken in [33]
using a multi-population rate equation model. More recently
a TDTW model capable of simulating SML in FP QD lasers
was proposed in [34]; in that work the mechanism responsible
for the mode coupling was completely attributed to a self-
focusing Kerr effect modeled as an equivalent, lumped and
ultra-fast saturable absorber included in the model at one facet
of the device. Because of this instantaneous saturable absorber,
stable pulses directly at the laser output facet were obviously
obtained.

In this paper we address our attention to the simulation of
QD FP lasers assuming that only carrier-photon interactions
via mode beating, FWM and Fast- and Slow- LSHB due
to the non-uniform carrier distribution are the most relevant

phenomena in the laser structure we consider. We will show
that the obtained simulation results are in line with the
experimental results and can be used for a first interpretation
of many of the experiments published in the literature.

II. NUMERICAL MODEL

In this paper we use an updated version of the TDTW
approach we previously developed for the dynamical analysis
of QD single mode semiconductor lasers in [35] and we
already presented in [36]; we report here only the most relevant
equations for the model description. We make reference to [36]
and [35] for the derivation of the model and to the Appendix,
where we summarize the full rate equation system we use to
model the carrier dynamics.

The spatio-temporal dynamics of the electric field along the
FP cavity is described by the TW equations that for the slowly
varying forward propagating electric field £ (2,t) is:

1 9B+  O0ET  ras . + -
%7{% + D2 = — (7 +Jﬁs) (S +28 )E (1)
wo

+ _Yipt oot
J2cn€0 Iy P 5 E™ + 55,
The TW equation for the backward propagating component
E~ (z,t) can be obtained from (1) replacing the “+” su-
perscripts with “—” and the plus sign on the LHS with a
minus sign. In (1), wp is the extracted reference frequency
corresponding to a propagation constant 3y such that the total
electric field is:

EE(t, 2y, 2) = ¢z, y) [EF (2,t) e i 0fe™F0% L ey (2)

@(x,y) is the transversal mode profile considered independent
on (z,t). In (1) vy is the group velocity, n is the cold
cavity effective refractive index, I'y, is the optical confine-
ment factor; «; is the waveguide loss and Sjp (z,t) is the
noise source due to spontaneous emission. The first term on
the RHS accounts for the TPA contribution or Kerr effect
modelled as an absorption and phase variation proportional
(through the coefficients cvg and g) to the photon densities
S* (2,t) = |[E* (z,t) | [37]; the factor of 2, appearing in the
dependence with the photon densities, allows to account for
the coupling between the forward and backward propagating
field due to the standing wave pattern.

P* is the slowly varying component of the macroscopic
polarization that accounts for the gain and refractive index
dynamics; in the adiabatic approximation the macroscopic
polarization is written as [36]:

. Wo =+
—ji—7T,, P t) =
J2cn50 P (2:1)

N
SN T Et) (5 () + ol (28) — 1)
i—=—N m=GS,ES 3)
t

/ [eidwim(t—1)—T(t—7) g+ (z,7)dr

— 0o
where the first sum occurs over the 2/N 41 sub-groups we have

used to represent the inhomogeneity of the QD ensamble. The
second sum is over the ground state (GS) and the excited state
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Fig. 1. (a) Sheet density of each QD sub-group (G;) versus GS emission
wavelength, here we consider 2N + 1 = 51 sub-groups. The index ¢ = 0
corresponds to the central group. (b) Schematic of the electron dynamics as
it is considered in our model [35].

(ES) where stimulated emission can take place. To represent
the inhomogeneous broadening of the gain, the QD ensemble
is divided in several sub-groups, each with confined state
recombination energy F,;, = h(wo + Aw;y,). Assuming a
Gaussian distribution of the QD size, the number of QDs per
unit of area in each ¢-th group (G;) is depicted in Fig. 1a.

On the right hand side of (3), the terms pfﬂiL are the
electron/hole occupation probability of the ¢m confined state
and 1/T is the dephasing time to account for the homogeneous
broadening linewidth. The last term on the RHS of (3)
represents the filtering of the electric fields E* to account
for the complex gain wavelength dispersion. We define the
filtered field as:

t

I (2,t) = / Dbwmt=ne= LT g (2 7)dr.  (4)

In this work we assume that lasing occurs only from the
GS whereas the modes at the ES wavelength always remain
below threshold. Therefore the gain g (z,t) writes, for the
GS, as:

g-‘,— (Z t) — 90,iGS
GETT T 1 e (Sias (201) + 25765 (2,1))
~ 90,iGS ®)
Jigs (2,1) = ——— -
1+e (2556 (2,t) + Sigg (2,1))
and for the ES as %S (2,t) = go,igs, where
Gipcs,psldas,ps|?w
90,icS,ES = L'zy G b5 |das,ps[Two (6)

2cneghl’

with dgs gs the dipole matrix element of the GS and ES
inter-band transition and pgs ps the state degeneracy.

The expression in the denominator of (5) accounts for both
self- and cross- compression of the GS gain [26] of the i—th
QD population due to the photon densities SiiG g resonant with
that state; this photon density per unit volume reads as:

R {Ei* (Z7 t) Iz’iGS (27 t)}
EimwnLhQD

i=-N,...,N
(7N

with w the waveguide width, nz, the number of QD layers and
hgp the thickness of a QD layer.

With the doubling of the backward/forward propagating
photon densities in (5) we represent in an empirical way the

SE ¢ (2,t) =2

7

effect (not otherwise included in our TDTW model) of the
coupling between the backward and forward propagating field
due to the carrier gratings caused by the electric field standing
wave pattern with fast periodicity. We are aware that the
present approach includes only empirically such mechanism;
other models, as those in [8], [11], [38] applied up to now
to the QW and QC laser case, account for this effect in
a rigorous way. These models have not been implemented
in our QD gain model for the difficulty of considering the
effect of the standing wave patterns in all of the carrier states
(GS, ES and WL) of all the 2N + 1 sub-groups of the QD
ensemble used here to represent accurately the effects of the
inhomogeneous gain broadening. Our approach aims indeed
at a preliminary investigation of the QD laser mode dynamics
that could be studied in future works adapting the previous
models to the QD case. An expression similar to (5) could
be considered however to account in our model also for other
relevant non linear effects [39] not represented in our rate
equation approach.

Equations (1) to (7) are coupled with the rate equations
describing the inter-sub band carrier dynamics for electrons
and holes in the GS, ES, wetting layer (WL) and barrier states
as sketched, for the electrons, in Fig. 1b. The full rate equation
system is detailed in [35] and summarized in the Appendix of
this paper. This set of equations is solved numerically with a
finite difference algorithm, that is detailed in [36]; boundary
conditions for the electric field are set at the FP facets that
are considered as cleaved. The time step is 6t = 30fs and
0z = vgoot.

To conclude this Section, we summarize here the main
characteristics intrinsically included in our model:

1) the inhomogeneous and homogenous broadening of the
gain and effective refractive index spectrum,

2) the self-saturation of the complex gain of each QD group
via the e-parameter that account for the fast component
of the standing wave pattern,

3) the spectral hole burning of electrons due to the finite
relaxation time from ES to GS,

4) the coupling among the QDs via the common WL
I'E€SErvoir,

5) the hole dynamics (faster than electron dynamics) mod-
elled with the approach presented in [35],

6) the spatial hole burning due to the slowly varying stand-
ing wave pattern; this pattern produces slowly varying
carrier gratings that facilitate the coupling among co-
propagating modes [32],

7) the FWM, the self-phase modulation and the cross-
phase modulation due to carrier beating and spectral hole
burning,

8) the effects due to TPA and Kerr lensing.

III. SIMULATION RESULTS

We consider a 1mm QD Fabry-Perot laser operating at
1300 nm; the material and device parameters are listed in Table
I. The aim of this Section is showing how the gain compression
plays a crucial role on the broadening of the optical spectrum
and on the mode dynamics. In Section III.LA we present the
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TABLE I
MAIN MODEL PARAMETERS

Symbol Description Values
Material parameters
n Effective refractive index 3.34
nr, Number of QD layers 15
Np QD surface density 2.7 x 1010 cm?
N Number of QD sub-groups 51
Hm,CB CB states degeneracy m = ES1,GS 4, 2
o v VB states degeneracy 6. 6. 6. 4.2
’ m=FESy,...,ES1,GS
R’ Homogeneous linewidth 10 meV
AE,, FWHM of the inhomogeneous gain 45, 40 meV
broadening for m = ES1,GS
dm Dipole matrix element m = ES1,GS 0.96, 0.6 e-nm
em Electron relaxation times
7o 3,3, 1ps
m=WL,ES;,GS
T;Z‘ Spontaneous emission times m = ES1, GS 1, 2ns
a; Intrinsic waveguide losses 5cm~1!
Device parameters
w Ridge width 5 um
L Device length 1 mm
| Optical confinement factor 12%
Ro, Ry, Terminal facets reflectivity 32%

simulated static characteristics of the light out of the FP laser,
in Section III.B we discuss the longitudinal mode dynamics
due to the coupling among the modes and in Section III.C we
discuss the possibility of obtaining pulses out of the laser after
the dispersion compensation in proper operation conditions.

A. Static characteristics

In this Section we analyze the numerical results of the
simulation of the static characteristic of the laser in the current
range from threshold to about 6 times the threshold current
Iy, and for different values of gain compression factor e.
This parameter was estimated to be in the range between
e =10x10""%cm?3 and ¢ = 5.0 x 107 cm?® in [28]. In
[30] a value of € = 1.0 x 107 ecm?® was used to fit, using
a numerical rate equation model, the small-signal modulation
bandwidth measured for a QD FP laser similar to the one
considered here.

Fig. 2 represents the calculated L-I characteristic normalized
respect to the threshold current Iy, = 60 mA. Moderate values
of gain compression (i.e.: € = 1.5 x 10716 ¢cm?) do not affect
the linearity of the curve in the considered current range,
whereas larger gain compression (i.e.: ¢ = 1.5 x 1071° cm?)
also causes a non-linear increase of the power starting from a
current about twice the threshold current. This strong satura-
tion effect on the L-I characteristic is often mainly attributed
to current leakage and temperature effects, which are not
included in our model. We show here that a contribution
to the non-linear L-I characteristic can be also associated to
the broadening of the optical spectrum and the consequent
involvement of lasing modes interacting with lateral QD
groups (i.e.: 7 = =£1,2,3) respect to the central one (i.e.:

%0 —%— ¢ = 0 (single mode) I I I
—©—e=1510""% ¢m?® |
80 —A-—e=7.510"1% cm®
70L—8—¢=1s 107" cm?® )
% 60 1
g 50 1
g
240r A7
3
=301 1
O
201 1
101 1
oL
1 2 3 4 5 6
1 / 1 th
Fig. 2. Power versus current characteristic for different values of gain

compression factor €; I;;, = 60 mA.

1 = 0). These groups, with smaller QD density G; and larger
detuning respect to the gain peak (see Fig. 1), need an higher
carrier density (respect to the central one) to bring the lateral
modes of the spectrum to the lasing condition; therefore less
carriers are available at the same pumping rate for photon
emission.

The evolution of the optical output spectra as function of
current and for the different values of ¢ is summarized in
Fig. 3. The spectra were obtained simulating the laser switch-
on with a current step at ¢ = 0 and the electric field has
been calculated from ¢t = 0 to t = 300 ns with a time step of
30 fs. The optical spectra have been obtained by the numerical
Fourier transform of the electric field in the last 100ns of
the simulation; this corresponds to averaging over 4500 cavity
round trips. In some cases longer simulation time would be
necessary to assure that the power transfer among the modes
(see Section III.B) reaches a stationary behavior but in any
case a clear trend for the broading of the optical spectrum
is demonstrated. Without gain compression the spectrum is
practically single mode over all the considered current range
(see top row of Fig. 3); increasing ¢ the spectrum starts single
mode at threshold and then broadens increasing current (see
mid row of Fig. 3). We have seen that this broadening is larger
as ¢ increases. For example, for ¢ = 1.5 x 107!° cm? in the
bottom row of Fig.3 the spectrum has a —10dB width of
about 12nm at only 1.7 times the threshold current. Increasing
current the optical bandwidth gets larger but the spectrum
shows two peaks, one at about 1245nm and the other one
at about 1265 nm; the optical modes in the center (at about
1255 nm) are suppressed of 9dB at 4.21;, and 5.81y,. This
suppression of the modes in the center of the spectrum has
been reported in several experimental works on QD lasers, for
example in [29], [40], [41]. In Section III.B we will show that
this is the consequence of the power transfer from the modes
at the center of the spectrum to the modes at the border which
can start lasing thanks to this photon injection.

The evolution of the —10dB optical bandwidth as function
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Fig. 3. Evolution of the optical spectra at the output facet of the FP lasers
with increasing current above threshold: the top line is for € = 0, the mid line
for e = 1.5 x 10716 cm3 and the bottom line for ¢ = 1.5 x 10715 cm3.
The arrows evidence the —10dB optical bandwidth.

of current is plotted in Fig.4a; similarly to the experimental
results for QD and QDash lasers [13], [16] a clear spectral
broadening with current is well reproduced by the simulations.
The simulation results also point out that the sole inhomo-
geneous broadening of the gain spectrum is not sufficient
to obtain a significant broadening of the optical spectrum; a
strong non-linearity (only the selective self- saturation term
of the GS gain of each QD sub-group by means of the
photon density resonant with that state) is indeed sufficient
for establishing the amplitude and phase coupling that makes
possible the spectral broadening (see Section III.B).

In order to verify that the large spectral broadening can be
attributed to the sole € parameter and not to other effects such
as the TPA and the Kerr, in the case ¢ = 0 we also investigated
the role of the TPA and the Kerr effect. Using for TPA the
values of the coefficients g and [Bg generally reported in
the literature (for example in [37]), no significant effects were
obtained on the lasing spectra which remain single mode. For
what concerns the Kerr effect, similarly to [11], we estimated,
for the ridge waveguide structure considered in this analysis,
the variation of the modal losses and of the mode confinement
factor in the active region as function of the photon intensity.
In our structure, differently respect to the QC case in [11], [12],
the good field confinement in the low doping region makes the
variation of the modal loss quite small with the photon density
and therefore the Kerr effect in this structure cannot contribute
significantly to the spectral broadening.

In the experiments a narrow RF line at the cavity free
spectral range is considered a finger print of the phase locking
of the modes; RF linewidth as narrow as 10 kHz have been
reported for example in [19]. A correct estimation of such
narrow linewidth would require averaging the laser output in-
tensity over at least 500 ps which is a prohibitive computation
time for our TDTW approach with our computational facilities.
Due to the computational complexity of the considered model,

Fig. 4. (a) —10dB optical bandwidth and (b) RIN (on left axis) and g(2>(0)
(on right axis) as function of the injected current above threshold for different
values of gain compression factor €; zero bandwidth in (a) means single mode.
Legend is the same as in Fig.2.

one nanosecond of simulated time requires about 40 minutes
of CPU time per 2.4 GHz XEON processor.

In this Section we will use the second-order coherence func-
tion (g(® (7)) as an estimation of a phase locking condition.
We evaluate the second order coherence in 7 = 0 defined as:

I(t)- It —7)> o?
@) () = = =1+ @3
where I(t) is the intensity of the electric field:

I(t) = |E"(z = L)%, ©)

Iy is the average of I(t) and o7 is the variance of the

intensity. We note that the second term on the right hand side
corresponds to the definition of the relative intensity noise
(RIN = 02/I2). In Fig.4b we plot the RIN and the g(*)(0)
calculated averaging over 4500 cavity round trips; for all the
values of ¢ and currents considered, g(?(0) is quite close to 1
and remains close to 1 even increasing current. This behavior
resembles the case of a single mode laser [42] despite the very
broad optical bandwidth of the spectrum. We use this result
as indication of a phase locking condition among the modes.
Indeed, in the case of a set of M uncorrelated modes the value
g (0) should get closer and closer to 2 as M increases; in
[43] it is demonstrated that only 5-6 modes would be enough
to approach the ¢(*)(0) value of a thermal source.

From Fig. 4b we observe that the case ¢ = 1.5 x 10~ cm
gives the smallest RIN and ¢(®(0) the closest to one. With
increasing gain compression (¢ = 7.5 x 10716 cm? and ¢ =
1.5 x 10~ 1% cm?) the RIN increases. We consider this increase
as an indication of the fact that not all the modes in the very
broad optical spectrum are phased locked. In particular we
have observed that the modes with the highest power at the
border of the optical spectrum give an incoherent contribution
to the output electric field. At this respect, we compare in
Fig.5 the RF spectra calculated over 4500 cavity round trips
for three different currents and ¢ values; the spectra have been
shifted in frequency for better readability. Despite the fact
that we cannot get a correct estimation of the RF linewidth,
this analysis allows a qualitative comparison among the three

3
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RF Spectrum [dB]

Frequency [GHz]

Fig. 5. RF spectra for injected currents of 1.71y, 4.21;, and 5.8y, with
(@ e=0,()e=15x10"%cm? and (¢c) e = 1.5 x 10715 cm3. In all
the cases the RF lines is at 46.74 GHz; the RF spectra are shifted in the plot
for a better comparison.

cases: for ¢ = 0 there is no clear spectral line at cavity
free spectral range. For ¢ = 1.5 x 10716 cm? the lines are
the narrowest, whereas they show a significant broadening for
e = 1.5 x 107'% cm?®. The RF lines at 4.21;;, in Fig. 5b and at
1.71;, in Fig.5c corresponds both to an optical bandwidth
of 12nm; however the line in Fig.5b is smaller than the
one in Fig.5c as indicated also by the RIN in Fig.4b. Our
simulations also show that these noise features can be obtained
only including, in the way it has been done, the gain self
suppression term.

B. Longitudinal mode dynamics

To study the longitudinal mode dynamics we have filtered
each line of the output optical spectrum with a narrow band-
pass filter and then we have calculated its inverse Fourier
transform; we obtain in this way the time evolution of the
mode field E,(t), where p is the mode index. The mode
intensity versus time of each longitudinal mode is given by
L(t) = | E,(t).

We investigate first the case € = 0 at injection current equal
to 5.8Iyn. The resulting longitudinal mode dynamics is pre-
sented in Fig. 6a and the total intensity (i.e.: Irotar = XpIp(t))
is in Fig.6b. Fig.6b shows that the relaxation oscillations
(after the laser turn on at ¢ = 0) are completely damped after
0.7ns and the total intensity reaches a steady state at about
1.5ns. After 2ns the total intensity is therefore constant and

0.8 T T T
(a)
0.6r
— 302 - 0 1 +2 +3
SNSRI
= 04 3 M &
~ =)
A g0
3
&
0.2 50
1256.5 1257 1257.5
Wavelength [nm]
0 :
2 50 100 150 200
— (b)
3 1.5
=
=~ 1
IS
s 0.5
~
0
1 2 50 100 150 200
Time [ns]

Fig. 6. (a) Intensity dynamics of the longitudinal modes shown in the inset
and (b) sum of the intensity of all the lasing modes. The laser is switched on
at t = 0 with a current step of 5.8}, and gain compression is € = 0.cm3.

the power exchange among the various modes is only due
to the mode coupling. We indeed observe that several modes
(i.e.: p==+1,2,3,...) are present in the time range between
5 and 50ns. These modes are however not stable as they
transfer their power towards the center of the spectrum (for
example: p = —3 — —2, —2 — —1 and —1 — 0); the central
mode p = 0 collects all the power initially distributed over
a broader optical spectrum and eventually the laser becomes
single mode. This mode is the one closest to the gain peak of
the central QD group ¢ = 0.

To study the effect of a large ¢ on the longitudinal mode
dynamics, we analyse in Fig.7 the time evolution of the
optical spectrum in the case ¢ = 1.5 x 10715 cm? at current
injection 2I;y,; the optical spectrum reaches a steady state
with a bandwidth of about 15nm. Due to the very broad
spectrum the intensity dynamics (I,(¢)) of 60 longitudinal
modes has been analyzed and the result is presented in Fig. 7a.
The total intensity ([totq:(t) in Fig.7b) reaches a constant
steady state value at about 1ns after the current switch-on
with no relaxation oscillations as consequence of the high ¢
in line with the experiments in [29]. Despite the flat total
power, the intensities of the lasing modes I,(¢) present a
very complicate dynamics. The optical spectrum starts rather
narrow with the switch-on of 5-6 modes in the time range
between ¢t = 0 and ¢ =10ns; due to the coupling among two
adjacent co-propagating modes (made possible by the slowly
varying spatial grating in the GS carriers) each of the modes

1077-260X (c) 2015 |EEE. Persona use is permitted, but republication/redistribution requires | EEE permission. See
http://www.ieee.org/publications_standards/publicationg/rights/index.html for more information.



This article has been accepted for publication in afuture issue of thisjournal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

10.1109/JSTQE.2015.2425537, | EEE Journal of Selected Topicsin Quantum Electronics

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. YY, NO. X, ZZZ-2015 7

3

El 2

k=

=

an

o

k>

o

2

= 1
0

Imml(t) [a.u.]

1 2 100 200

Time [ns]

300

Fig. 7. (a) Map of the lasing longitudinal mode intensities vs time and (b)
total power as sum of the intensity of all the lasing modes. The laser is
switched on at ¢ = O with a current step of 2/}, and gain compression is
e = 1.5 x 10715 cm3. The indices 7 on the RHS of the map indicate the
GS emission wavelength of the QD sub-groups involved in the lasing.

transfer power to the two adjacent ones. Each mode, receiving
the power, in turn transfers part of power back to the initial
mode and part to the next one. This explains the almost regular
pattern we observe in the wavelength region between the two
red lines in Fig.7a. The dynamics of some of these modes
in this spectral region is also plotted in Fig.8. We see for
example that the central mode p = 0 transfers power to the
modes p = £1; the mode p = 1 transfers power back to the
mode p = 0 and to the mode p = +2. This continuous power
transfer back and forth among the modes is indeed the physical
mechanisms that guarantees an almost uniform distribution of
the power among the lasing modes. We have also verified that,
as soon as this coupling mechanism is established, the phases
of the modes are locked (i.e.: each phase is almost constant
with time with a constant phase difference between one mode
and the other). The period of this intensity fluctuations is about
9ns for the case shown in this figure. We have observed
that the period gets smaller increasing current whereas it is
longer reducing ¢. For example for £ = 1.5 x 10716 cm? and
current 5.81y, it is about 70 ns. This result is in line with the
experimental findings presented in [33].

The two red lines in Fig.7a evidence the FWHM of the
homogeneous broadening of GS emission of the central QD
group (¢ = 0) whose recombination wavelength at 1254.8 nm
is indicated by the dashed line. The power transfer from one
mode to another also continues outside the red lines involving
modes which are resonant with other QD groups such as

1, (t) [a.u.]

Spectrum [dB]
o

-60 —H

1256.75 1257 1257.25

Wavelength [nm]

1257.5

1257.75

Fig. 8. (a) Intensity dynamics of 5 modes at the center of the optical spectrum
considered in Fig. 7; (b) optical spectrum of the modes considered. Each line
color in (a) corresponds to the colored spectral line in (b).

the groups ¢ = =£2. This power transfer produces a sort of
optical injection mechanism which makes the modes, resonant
with the QD groups ¢ = £2, turning on also if their gain is
slightly smaller than the threshold gain. This may explain the
higher mode intensities observed at the border of the spectrum.
However, the strong power increase depletes the GS carriers
and the gain causing after some time the switch-off of these
lateral modes. They will switch-on another time when they will
be feed again by enough power from the modes at the center of
the spectrum. The continuous switch-on and off of the modes
at the border of the spectrum causes incoherent fluctuations
of the gain and refractive index all over the complex gain
spectrum and may explain the increased RIN and the larger
RF linewidth observed in Fig.4b and Fig. Sc. Such incoherent
contribution also causes instabilities on the pulses obtained
after dispersion compensation. Applying a band pass filter at
the laser output to cut off the modes outside the red lines, a
train of pulses can be obtained directly at the laser output;
such pulses are however rather unstable and show multiple
peaks. From the analysis of the simulations results, we stress
here the fact that the mode coupling induced by the large self
saturation due to ¢ is the seeding mechanism for the spectral
broadening and to start the pulse formation.

C. Phase locking and pulse formation

The measurements of the spectral phase using stepped het-
erodyne [44] or generalized multi-heterodyne [45] techniques
is an important step in the characterization of a multi-mode
FP laser. If the mode phases are constant in time and if
they follow a parabolic profile versus the mode pulsation,
then it is possible to compensate the corresponding Group
Delay Dispersion (GDD) using a standard single mode fiber

1077-260X (c) 2015 IEEE. Personal useis permitted, but republication/redistribution requires |EEE permission. See
http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in afuture issue of thisjournal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

10.1109/JSTQE.2015.2425537, | EEE Journal of Selected Topicsin Quantum Electronics

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. YY, NO. X, ZZZ-2015 8

of suitable length in order to obtain a pulse train at the output
of the system [10], [13], [46].

Here we present the numerical method implemented to
evaluate the phase dynamics of each mode and, if locked, to
determine the optimal value of the GDD to introduce in the
dispersion compensation algorithm. The aim is reproducing
the generation of a pulse train after dispersion compensation as
done in some experiments [10], [13], [46]. We assume that the
electrical field associated to each longitudinal cavity mode can
be written as E,(t) = /T, (t)e I (@ortT9p()) where ¢,,(t) is
the temporal variation of the phase respect to the reference
mode wavelength wy ,. With the same procedure used in Sec-
tion III.B, we extract from the laser optical spectrum the mode
fields F,(t). From the phase of the products E,(t)E;, (t) we
define the time phase difference between two modes, A¢,(t),
as:

Adp(t) = LEp(t)Epia(t) — (wop —wo )t (10)

and we calculate Ag, =< A¢,(t) >. The standard deviation
of A¢,(t) is evaluated to estimate the stability with time of
the phase-locking.

The spectral phase profile, ¢(woyp), is evaluated as:

p
p(wop) = > Ady (11
g=1

When the spectral phase profile follows an almost parabolic
function the value of the GDD parameter is then extracted from
the curvature of the parabola obtained fitting ¢(wp p) in the
least-squares sense. The dispersion compensation is simulated
as a concentrated block with transfer function:

Hcomp(w) _ e—j‘/rGDDw2 (12)

and the final electric field after compensation is obtained as:
Eeomp(t) = FH{F{EY (2 = L, t)}Heomp(w)}.  (13)

From our simulations but also from the experimental re-
sults, it is possible to see that a proper compensation of the
output power dispersion can be obtained in a wide range of
parameters and currents; however stable mode locked pulses,
suitable e.g. for optical communication applications, can been
obtained only with moderate values of € (e.g. equal or less
than about 1.5 x 10716 ¢cm? for our input parameter set) and
not too high current injection (e.g. when the spectrum is not
so broad to involve in the lasing also other QD groups outside
the homogeneous broadening). We report here two examples
of compensation applied to the device output field.

Fig.9 presents the results of this analysis for the case € =
1.5 x 107 cm? and injected current of 3.3I;,. The phase
difference between couples of adjacent modes lying in the
central part of the optical spectrum is practically constant with
time, while modes at the border of the spectrum and with
very low intensities have very large phase fluctuations. Fig. 9b
shows a nice parabolic phase profile in line with [46]. The
GDD extracted is 7.5 ps?. The output power obtained after the
GDD compensation according to (13) is presented in Fig. 11a
in dashed line and clearly exhibits pulses with a repetition rate
of 44.9 GHz and a FWHM of 2.9 ps. The pulse autocorrelation

N
o

(a)

Power [A.U.]
[y}
S

o

Spectral phase [rad / 27]

0[(v)

1255 1256 1257

Wavelength [nm]

1254 1258

Fig. 9. (a) Optical spectrum and (b) spectral phase profile for the case ¢ =
1.5 x 10716 cm? and injected current of 3.31;},. The vertical bars quantify
the standard deviation of A¢y,(t) for each modes; the phases indicated with
the circle/asterisks have standard deviation less/larger than /8.

Spectral phase [rad/ 21]  Power [A.U.]

1255
Wavelength [nm]

Fig. 10. Same as Fig.9 for injected current 4.2y,

is reported Fig. 11b and it is compared with the autocorrelation
of the laser output to show that the pulse formation is only
due to the compensation algorithm.

Increasing the injection current, we expect shorter pulses
as consequence of optical spectrum broadening shown in
Fig.3. We have analyzed the phase dynamics at current
injection 4.21;;, and the results are reported in Fig. 10. The
corresponding GDD value is 0.6 ps?. This reduction of GDD
with increasing current is in line with the measurements in
[13]. The 44.7 GHz pulses obtained after the compensation are
reported in Fig. 11a in solid line and have a 480 fs FWHM. The
corresponding autocorrelation is in Fig. 11c. The pulses show
however some instabilities that were not observed at 3.31;;
this may be due to the modes evidenced with the asterisks in
Fig. 9; these modes are not properly aligned with the parabolic
profile and present large standard deviations.
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Fig. 11. (a) Pulse trains after the dispersion compensation and (b, c)

corresponding autocorrelation functions. Dashed line is for the case in Fig.9
and solid line for the case in Fig.10; the red line in (b) and (c) is the
autocorrelation calculated at the laser output before compensation.

IV. CONCLUSION

In this paper we have analyzed the longitudinal mode
dynamics of a QD FP laser using the TDTW we developed
in [35]. We have shown that we can reproduce the large
broadening of the above threshold optical spectra as measured
in experiments provided that we include in the model the self-
gain compression factor parameter € with values in the range
between about 1 x 10716 cm? and 1 x 1071° cm?. This range
is considered quite typical for QD and QDash materials. This
e-parameter accounts in our model for the GS carrier grating
(originated by the electric field standing wave pattern in the
FP) that can not be washed out by carrier diffusion, being
null in OD states. Our simulation results have evidenced that
the different self-gain saturation of the QD populations is the
fundamental mechanism allowing to broaden the QD laser
spectrum. The nonlinear interaction between the modes due to
gain saturation establishes a continuous power transfer among
the lasing modes allowing a wide optical bandwidth and
almost equal power distributed among the modes. Analysing
the intensity and phase dynamics of the modes, we have seen
that in some cases the mode phases, when locked, have a
parabolic distribution as a function of the mode frequencys;
such parabolic distribution can be compensated with propaga-
tion in a dispersive medium and pulses can be obtained in line
with experimental results reported in the literature.

We have also found that, in the waveguide structure we have
examined, other non-linearities such as TPA and Kerr effects
produce a negligible enhancement of the optical bandwidth.
Therefore we conclude that the very limited carrier diffusion

and the fast GS gain recovery, typical of QDashes and QDs,
are the mechanism seeding the coupling and the phase-locking
among the modes.

V. APPENDIX

We summarize here the full set of the carrier rate equations
we implemented to calculate the electron and hole occupation
probabilities that appear in the polarization equation (3). This
set of equations in also coupled with the TDTW equation of
the electric field via the stimulated and spontaneous emission
terms for the GS and ES.

For the electrons dynamics in conduction band we have:

doscm (2,1) __mid LDy, Pve (1 - pecr)
dt eDgey Dgoy 78™F set
pe
- ngvli (1—pyr)
(14)
dpfyr (2:1)  Décn Pscnm 1— e PwrL 1 e
dt - D{C;VLWL Te’WL ( - WL) - Te,WL ( _pSCH>
N
Gi % Gitgs pS
3| s (L) + D et (1= pivs) |
i——N c e
(15)
dpips (%:1) _ Divr Pive (1= pps)
dt pesGi r&tES s
7@(178 )7prS(176 )
—eibs PWL —e.GS Pics (16)
| Fas Pics (1= plps) — ngs + Rbhs
pes 18G5 Bs pesnrG;
dpfas (2,t) _ pes Pips (1 - plas)
dt - e,GS v
HGS T a7

Sp St
Rigs + Rics

;?GS e
_ Pics
( HGS”LG i

e,GS - piES) -
Te

where pSop wr ps.gs are the electron occupation probabili-
ties of the 3D SCH state, 2D WL state and the OD GS and ES;
n; is the internal quantum efficiency, J is the current density,
D¢oy is the SCH density of states per unit area; Dy, is the
WL sheet density of state per QD layer, and Np the density
of QDs per layer. The carrier capture rate into one state occurs
only via the carrier relaxing from the state immediately above
and depends on the capture time constant 7S¢ HWL.ES,GS
whereas the corresponding escape time 7&5CHWL ES.GS jg
calculated to assure the Fermi thermal equilibrium in absence
of any excitation. Rf;ﬁ and R3! are the spontaneous emission
and stimulated emission rate from the im-th state; for the
stimulated emission rate per unit area we have:

St _ 2 e N
RAGEET I, + G B L
i=-N,...,N m=GS,ES

(18)
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while the spontaneous emission rate per unit area is

Gllu’anpfmp?m
TP (19)
i——N,... N m=GS,ES.

For the hole rate equations we assume that the holes are
always in quasi-thermal equilibrium within the confined states
and the WL and therefore, the hole distribution inside the
QDs always follows a Fermi-Dirac distribution. With this
assumption, the rate equations for the holes reduces to [35]:

R;gri (Z’ t) =

h
dplcp (2,1) __mdJ nNp Pop (1 - plien)
dt eDgCH DgCH 9P sen
h
PscH h
~ L hQD (1 - pQD)
(20)
h
dpgp (2,1) _ Dicy Picn (1-pbp)
dt nLND TZ,l’QD Qb
PZ)D
- 5ap (1-pkon) 1)
al RS, R
-3y [ R
nrNp  npNp

i=—N m=ES,GS

where p%.; is the hole occupation probability of the SCH
state in valence band with density of state D%, and p}é D
is the hole occupation probability of the hole QD state. Since
this QD state is composed by the hole WL state and by the
several hole OD confined states, it is defined as:

h _ Hom,
Pap = 5L ok,
m=GS,ES1,...,.ES4 1 + e KT »
Dt BE Bl 22)
+-Wling <1 +e KT )
Np

such that the sheet density of holes per QD layer is Np pg D-
For the above set of hole equations D{}V 1, 1s the hole density
of states in the WL; EI’} is quasi-Fermi level for the hole QD
state, B are the energy levels for the hole OD states and E{}V I
is the energy level of the WL; KT is the thermal energy.
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