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We propose a computationally efficient approach for
the simulation and design of index-guided quantum-
dot (QD) passively mode-locked lasers with tapered
gain section; the method is based on the combination
of simulations based on a finite difference beam-
propagation-method and dynamic simulations of

1 Introduction

In the last years, the possibility to generate high power
ultra-short optical pulses at 1.3 um from passively mode-
locked lasers with active region consisting of stacked lay-
ers of InAs quantum dots (QDs) has been demonstrated [1-
3]. In particular significant improvements in terms of pulse
width and peak power of the generated pulses have been
achieved by considering QD mode-locked lasers with ta-
pered gain sections [1-3]. Modelling and design of such
devices is however critical; in principle, distributed time-
domain models resolving the field dynamics in both the
longitudinal and lateral directions of the laser cavity should
be developed [4]; such models have however an extremely
high computational cost and, to our knowledge, have never
been applied to the simulation of passive mode-locking
(ML) in tapered devices where processes with time-scales
ranging from sub-picoseconds up to several tens of nano-
seconds are involved. In order to overcome this problem,
we propose a simplified but computational -efficient
method for the simulation and design of QD mode-locked
lasers (MLLs) with tapered gain sections that involves the
use of the multi-section delayed differential equation (MS-
DDE) model proposed in [5] where parameters describing
the propagation along the non-uniform waveguide are ex-
tracted from preliminary simulations using a static finite-
difference beam-propagation method (BPM). Despite the
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mode-locking via a multi-section delayed differential
equation model. The impact of varying the taper full
angle on the pulse duration and peak power is investi-
gated; simulations show that a correct choice of this
parameter enables the generation of sub-picosecond
optical pulses with peak power exceeding 5 W.
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approximations introduced, the proposed approach de-
scribes the influence of a tapered gain section on the
achieved ML regimes. The paper is organized as follows:
in Section 2, the MS-DDE model for dynamic ML simula-
tions is briefly described, in Section 3 the BPM simulations
allowing to investigate the field transformation across the
tapered section and to extract the propagation parameters
to be used in the MS-DDE model are shown; the approach
is then applied to the analysis of tapered MLLs and the im-
pact of varying the taper angle on the obtained pulse width,
peak power and ML stability range is investigated in detail.
Finally, a brief conclusion is drawn.

2 Multi-section DDE model

Despite the assumptions and approximations intro-
duced, DDE models represent a powerful and computa-
tionally efficient approach for the simulation of ML in
semiconductor lasers [6,7]. In [5], we proposed a new MS-
DDE model and we demonstrated its effectiveness in pro-
viding an improved description of QD MLLs with two-
section Fabry-Perot cavity. In addition the MS-DDE model
can be successfully applied in the simulation of MLLs with
non-uniform waveguides as described in this work.

The model assumes unidirectional lasing in an equiva-
lent ring cavity realized by an arbitrary number of sections,
F, that can be either forward biased (gain (G) sections) or
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Figure 1 (a) Schematic of a QD ML laser with tapered gain sec-
tion (G) and reverse-biased saturable absorber (SA); (b) equiva-
lent ring laser; red arrows represent non-saturable losses intro-
duced between any of the two adjacent sections.

reverse-biased (saturable absorber (SA) sections).

Each section is characterized by an arbitrary length, L;,
ridge width, W}, and field confinement factor, It + (describ-
ing the overlap between the transverse field profile and the
QD active layers under the ridge), being £=1...F. In addi-
tion non saturable losses are introduced between any two
adjacent sections including both internal losses
o™ (due to propagation in the & section) and output cou-
pling losses K. With respect to standard DDE models [6,7],
the above assumptions allow defining a ring laser structure
shown in Fig. 1b whose dynamic behaviour is equivalent to
the tapered FP MLL shown in Fig. la. Referring to Fig. 1,
we therefore set LgR["g=2 -LgF ? and Lg,*"¢=2Lg,"” being
L "¢ and Lg," the total length of the gain and SA sec-
tions of the ring structure (L,""*+Lg,"*=%,L;) and L, and
Lgi" the corresponding lengths for the FP laser; further-
more, being R; and R, the reflectivities at the device facet
of the FP laser, we set Kz, = R;, Kr = R, and K, = 1 else-
where [5].

In the ring laser structure, the dynamics of the slowly
varying field amplitude in z =0 (Fig. 1b) at the wavelength
resonant with the QD ground state (GS) transitions, Egs(7),
is then described by the following DDE:

dE

(1)
dr

(T): —VE s (T)+ TRs (T - T)EGS (T _T)

where T is the cold cavity round trip time and Rgs(7) repre-
sents the amplification and phase changes experienced by
the field during a single round trip in the cavity; Rgs(7) can
be written as:

£ 1
Roo(e)=TTewo 2% 0s )

=1
rv‘fl;’gES,k (T )Lk J\/ K, e 2ty

where g;(7) , with i = GS, ES, is the gain/absorption in-
duced by the QD GS or first excited state (ES) in the K"
section. ogg/2 'I"‘xyggg,k( 7) represents instantaneous changes
in the real part of the propagation constant, induced by the
QD ES at the GS wavelength and responsible for a non-
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zero chirp of the ML pulses due to self-phase modulation
[8]; age is therefore a coefficient, modelling the strength of
this effect [5]. The gain/absorption g;,(7) can be calculated
as gi(0)=go(2p;x—1) where p,; is the occupation probabil-
ity in the i QD state in the " section and gy, is the mate-
rial gain coefficient for i = GS, ES.

The temporal dynamics of p;; in each section is com-
puted by a dedicated system of rate equations describing
intraband carrier dynamics in the QD confined states in the
quantum well and barrier states in both forward and re-
verse-biased sections, coupled with (1) via the stimulated
emission rate. A detailed description of the considered rate
equation systems can be found in [9] and explicit expres-
sion for the stimulated emission rate are reported in [5].

In this work, lasers with active region consisting of 10
InAs dot-in-a-well layers will be considered. Material pa-
rameters used in the rate-equations can be found in [9].

The numerical solution of the DDE (1) coupled with
the system of rate equations governing the dynamics of
g:x(7) allows compute the ML regimes as a function of bias
and structural parameters in tapered QD MLLs, with simu-
lation time up to twenty times faster than the Finite Differ-
ence Travelling Wave model described in [5]. The non-
uniform waveguide cross-section is included in the simula-
tions by introducing sections with different values for W,
I'kxy and o, where the last two parameters are extracted
from preliminary BPM simulations as described in the fol-
lowing section.

3 BPM simulations

We consider tapered QD MLLs with total length
L™+ L,"=3 mm, SA length Ls" = 450 pm, facet re-
flectivities R;=0.99 and R, = 0.1, and different full angles 6
=0.3°, 0.6°, 1°, 1.5° characterizing the tapered section. A
straight QD MML (6=0°) with the same cavity lengths is
also considered as a reference.

In order to extract ["Xy and o™ for each section com-
posing the equivalent ring laser structure (Fig. 1b), a finite-
difference BPM (e.g. [10]) is used. Waveguides as those
depicted in Fig. 2, consisting of two replica of the tapered
laser under study are investigated.

A value of gain is assigned in the tapered gain sections
together with proper fixed values for losses in the SA sec-
tions and outside the waveguide profile. A step index
An=3-10" is considered to guarantee that a single trans-
verse mode is guided within the straight SA section. An it-
erative method is then applied. At first, the waveguide is
excited with an initial field profile (e.g. Gaussian) and its
evolution along the structure is computed. Proper normali-
sation of the field in z=3 mm allowing to include the effect
of the output cavity loss at the SA side device facet (R)) is
considered. The field in z = 6 mm, is then normalized by
the reflectivity at the gain facet (R,) and reintroduced in
z=0; a new value for the gain in the tapered section is
chosen and the propagation of the new field profile is again
computed. This procedure is followed iteratively and the
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Figure 2 BPM simulation of the field profile evolution during
forward (with z ranging from 3 mm to 6 mm) and backward (with
z from 0 mm to 3 mm) propagation across the tapered device with
0=0.3° (a) and 6 =1.5° (b). Black dashed lines represent a re-
duction of -3 dB with respect to the maximum field intensity in
each longitudinal section of the device. Continuous green lines
represent the waveguide profile, y=tW(z)/2, being W(z) the ridge
width as a function of the longitudinal coordinate z.

gain value is adjusted until a self-consistent field distribu-
tion is achieved. Optical intensity distributions |E|*(y,z) for
the tapered devices with 6 = 0.3° and 6 = 1.5° are shown in
Fig. 2a and Fig. 2b, respectively. For 6 = 0.3°, the field
transforms adiabatically along the tapered section, remain-
ing well confined within the ridge; on the contrary for 6 =
1.5°, radiation losses are clearly visible, reducing the over-
lap between the field profile and the SA transversal section.
From the calculated field distributions, values for ["xy
and o, are computed. I"kxy is factorized in terms of the
confinement factors along y and x directions: [kxy= T, -I'ky.
The confinement factor in the QD layers along the growth
direction, I, is constant whereas 14‘y is calculated as:

+w(z)/2 )
[IE[ (v, 2 )dy
l—‘;‘ _ -w(z)/2 dz
Lk zel, J“E‘z(y’z)dy

3)

The internal losses are then expressed as a/"'= o'+
I(1- %) o, being o the absorption outside the ridge
and a,™ additional losses due to doping and defects. The
obtained values for ["xy, a;" are shown together with W, in
Fig. 3 for the different tapered lasers.

4 Mode-locking simulation and discussion

Including the parameters obtained from the BPM simu-
lations in the MS-DDE model, the ML regimes in the de-
vices under study are then simulated. Fig. 4 shows maps of
peak power and pulse width as a function of the applied
gain current and SA reverse voltage for devices with 6 = 0°,
0.3°, 0.6° whereas in Fig. 5 the same maps are reported for
devices with 6 = 1°, 1.5°. For small tapered full angles
(8=0°, 0.3°), the maximum achievable average and peak
power is limited by the onset of a large leading-edge (LE) in-
stability in the pulse train with increasing current, further-
more the pulse duration remains always larger than 1 ps.
With increasing 6, the LE instability tends to disappear
even for current well above threshold whereas an instabil-
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Figure 3 Ridge width 7, field confinement factor I—kxy and in-
ternal losses o™ for tapered devices with 8 = 0.3°, 0.6°, 1°, 1.5°.
I"kxy and o™ have been extracted from BPM simulations.

ity at the trailing edge (TE) is found for moderate SA re-
verse voltages. Furthermore, at very large currents (large
pulse energy), a pulse breakdown induced by the action of
the large self-phase-modulation and dispersion is observed.
With increasing 6, a significant pulse shortening is found
so that for 6 = 0.6°, 1°, ultra-short sub-picosecond pulses
are achieved [1]. Such a reduction in the pulse width is at-
tributed to the significant increase in the gain saturation
energy in the gain section [1]. The shortest pulse width and
largest peak power are achieved for 6 = 1°. On the contrary
increasing further the full angle (6 = 1.5°) no significant
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Figure 4 Maps of pulse peak power and pulse width as a func-
tion of the current applied to the gain section and voltage applied
to the SA for devices with 6 = 0°, 0.3°, 0.6°.
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Figure 5 Maps of pulse peak power and pulse width as a func-
tion of the current applied to the gain section and voltage applied
to the SA for devices with 6 = 1°, 1.5°.

improvements in the ML regimes are obtained. This is due
to the fact that for too wide tapered full angles, the field
profile does not transform adiabatically when travelling
back across the tapered section and significant radiation of
the field occurs (Fig. 2b); this leads to a large decrease in
the overlap between the field profile and the reverse-biased
SA (Fig. 3), reducing therefore the effectiveness of the SA
in shaping the mode-locked pulses.

To further clarify the above discussion, the gain and
absorption dynamics leading to the achieved mode-locked
regime is investigated. The round trip gain |Rgs(7)| is ex-
pressed as  |Res(DI=expl(Gas( D-Acs(9)-(L "+ L5 %))
where Ggs(7) and Ags(7) are the overall amplification and
losses experienced by the pulse within a single round trip
[5]. In Fig. 6, Ggs(7) and Ags(7) are shown together with
the pulse envelope for mode-locked regimes achieved in
the devices with 6 = 0.3°, 0.6°, 1°, 1.5°. Bias conditions are
chosen in such a way that stable mode-locked regimes
characterized by almost the same average output power of
40 mW (i.e. by a comparable pulse energy) are achieved in
all the devices. As expected, with increasing the tapered
full angle, the maximum instantaneous saturation of Ggs(7)
s1gn1ﬁcantly reduces (from A,=0.55 cm’ " at 6=0.3° down to
A=0.22 cm’ "at 6=1.5°) due to the increase in the gain satu-
ratlon energy. On the contrary the maximum bleaching of
the round trip losses Ags(7) (Aabs) slightly increases when 0
is increased up to 0.6° but it starts to significantly decrease
when 0 is further increased up to 1.5°; this is directly re-
lated to the reduced overlap between the field profile and
the reverse-biased SA section, limiting the maximum SA
absorption bleaching and preventing further improvements
in the achieved mode-locked regimes.

4 Conclusion

We proposed a computationally efficient approach for
the simulation of tapered QD MLLs. We showed that in-
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Figure 6 Net gain windows leading to different ML regimes:
overall round trip losses Ags(t) and amplification Ggs(t) are
shown with the pulse envelope for 6 = 0.3°, 0.6°, 1°, 1.5° and bias
conditions leading to an average output power of about 40 mW.

creasing the taper full angle 0, a significant pulse shorten-
ing and enhanced peak power can be achieved. Optimum
values for 0 are found to be between 0.6° and 1°, for which
an adiabatic transformation of the field profile along the
tapered section is guaranteed and the generation of sub-
picosecond short pulses achieved. This approach was also
applied to the design of gain guided tapered QD mode-
locked lasers generating 15 W peak power and sub-
picosecond short pulses [2, 3].
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