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Abstract. We propose a model for operation of mode-locked (ML) quantum-well semiconductor
laser consisting of a reverse biased saturable absorber and a forward biased amplifying section. To
describe the dynamics of this laser we use the traveling wave model. Numerical simulations
performed for the InGaAs/InGaAlAs laser structure emitting at 1,55 um.

1. Introduction
ML semiconductor lasers could play a significant role as microwave photonic components at telecom

wavelengths [1,2]. Such devices can be used for determination of a sampling rate in microwave photonic
analog-to-digital converters [3]. Passive ML lasers based on semiconductors materials have many benefits
in comparison with liquid organic dyes and solid crystal passive ML lasers, such a small size, a low
power consumption and an ability to plug in a monolith integrated circuit. Today the passive mode-locked
lasers are successfully deployed in quantum dots and wells for 1.3-1.55 um wave length range on GaAs
and InP substrates [4-6]. In this work, we consider a model of a two-section quantum-well ML laser
consisting of a reverse biased saturable absorber and a forward biased amplifying (gain) section. We
perform a comprehensive numerical study of the operation regimes of this laser and estimate main
characteristics of ML pulses such as the repetition rate, width and shape of the pulse depending on
parameters of laser structure. One of the most important parts of the ML model is a function of the
spontaneous noise, which affects the initial emission, width of the pulse and the time jitter. In our model,
we propose to use the Rayleigh distribution to describe the spontaneous processes. The numerical
calculations performed for the novel laser structure emitting at 1.55 um wavelength based on
InGaAs/InGaAlAs quantum well structure grown on InP substrate.

2. Model
This model allows to define the main laser specifications, such as pulse repetition rate, pulse shape/width

and power. Passive mode-locking models can be divided into two groups as follows: electromagnetic
field equation depending on time and electromagnetic field equation depending on frequency [7-9].
Models with frequency-based equations can be advantageous in terms of time for numerical calculations
[7]- In this model, we consider the spatio-temporal evolution of the two counter-propagating optical fields

E*(z,t) and E'(z,t) and carrier density n(z,t). After fixing wavelength /o, the field in the laser cavity can be
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E*(z,t) and E(z,t) of forward and backward propagating waves. Here, t denotes time and z is the
coordinate along the cavity axis (0<z<L), k, is wave vector, wq is carrier wave frequency. The amplitudes
E*(z, t) of the two waves counter-propagating in the cavity satisfy the traveling wave equations:

represented as a superposition of two slowly varying complex amplitudes (

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd 1



Saint Petersburg OPEN 2016 IOP Publishing

Journal of Physics: anferenceaSerles 741 (2191?) 012079 doi:10.1088/1742-6596/741/1/012079
To(n-n) + Ygont al + +
TV =V (1—-iay)ET+T 2g? E +Fp, (1)
0E~ 0E~ Fo(n—ng) ngnt Aj _
?—Vgg—vg—(l—laH)E +F g;E +P;~p, 2

where v is group velocity, o is differential amplification in the gain section or absorption in the saturable
absorber, n is the carrier concentration in the quantum-well ground state, n, is transparency concentration,
an is the Henry-factor, ¢; is the internal loss, I" is the optical confinement factor, wq is the frequency
dispersion coefficient, Fy, is the spontaneous emission noise. The measurement unit of the field amplitude

2 2
is chosen so that the sum ‘E* +‘E" corresponds to the local photons concentration. The rate equation

in this system is
T = _R—vyo(n—n)(E* +E7|) ©
ot ev 9 t '
where e is the elementary charge, 1(z) is the injection current. 1(z)=0 in the saturable absorber and 1(2)=I¢
in the gain section. V is volume of active area, R described all recombination mechanisms in structure.
For absorber section we consider R as:
(4)
where D is the absorber saturation rate. For amplifier section R was:
®)
where A is the nonradiative recombination coefficient, B is the radiative recombination coefficient, C is
the Auger recombination coefficient. Boundary and initial condition for (1)-(3):

E*(0,t) =1, E~(0,t); E-(L,t) = roE* (L, t);
E*(2,0) = E~(z,0); —aE (2,0)

n(z,0) = n;,
where 1y, are factors describing a reflectivity of the laser facets. Equations (1)-(3) with the initial and
boundary conditions (6) make a closed equation system that enables to determine repetition rate, as well
as width and shape of the pulse. The structure considered in this model consisted of five
InGaAs/InGaAlAs quantum wells on InP substrate. The structure parameters present in table 1.

= 0; (6)

Table 1. Simulated structure parameters

No. | Parameter name Symbol | Value Unit
1 | Group velocity v, 0,9110° |cmiss
2 Resonator overall length L 0.455 cm
3 Absorber length |, 0.0455 cm
4 Internal loss rate 0 5 cm™
5 Optical confinement factor r 0.025

6 Differential gain o, 410" cm’
7 Differential absorption o, 210" cm?
8 Henry-factor [10] ay, 2

9 | Transparency threshold concentration n, 10" cm™
10 | Frequency gain dispersion rate o, 75108 |s*t
11 | Nonradiative recombination coefficient [11] A 2 10° st
12 | Radiative recombination coefficient [11] B 0.96 10 | cm?s

Z
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13 | Auger recombination coefficient [11] C 7107 cm®/s
14 | Absorber relaxation rate D 10 st
15 | Active region volume Vv 1.710% [cm?®
16 | Waveguide spontaneous emission contribution [12] | g 10™
17 | Amplitude reflection coefficient at 0 boundary r 1
18 | Aamplitude reflection coefficient at L-boundary r 0.9
19 | Pumping current le 300-900 mA

The output power can be calculated using the following formula:
2 V
Power[W] = fw, [E*[" v, F(l_ R (7)

where 7 —the Planck constant, R, —reflection factor of one of the mirrors.

3. Experimental Results and Discussion
The dynamics of the transition to the operation regime for a simulated laser was acquired. Transition to

the one pulse generation mode is possible for parameters listed in the table and provided the voltage at the
absorber is more than 4V. Figure 1 shows the result. At the initial moment of time there is the generation
of multiple longitudinal modes in the amplifier area (figure 1a). Their intensity is not sufficient to
illuminate the absorber, but they gradually start its saturation. Further, there is mode discrimination when
the weakest modes are attenuated and the strong modes start coming to the absorber simultaneously with
each other (figure 1b, c). As a result by the moment of time of 30 ns modes are locked and there is only
one large pulse left. With voltage at the absorber of less than 2V the situation is slightly different. Thus,
by the moment of time of 30 ns, there are two pulses instead of a single one formed in the resonator
which are rather powerful to pass through the saturable absorber (figure 2b). The mechanism of ultrafast
pulse formation is very sensitive to laser initial conditions. In case of low losses in resonator, the two or
more pulses can be obtained. A similar result was shown in the work [12,13].
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Figure 1. Distribution of radiation intensity along | Figure 2. Changes in concentration of electrons and
the laser resonator in second harmonic mode- | photons in the resonator depending on a time
locking.

The model provides an opportunity to track the changes in the concentration of both photons and
electrons. Figure 2a shows the dependence of the electrons concentration on a coordinate. One can see
that maximum concentration is about to coincide with the pulse shown in the figure 2b. After the pulse
has passed, the electron concentration decreases which corresponds to the radiating interband transitions
of electrons.

We have also investigated the influence of absorber section length on the formation of ultra-short
pulses. Figure 3 shows the results. With reduction of the absorber length absorption in the resonator
decreases and spurious pulses occur. Application of a laser with such radiation regime poses some
difficulties: pulses have relatively small power, their position in time regarding one another may vary.
Accordingly, generation of spurious pulses can be regarded as a negative process while the construction
with such kind of operation is deemed as non-optimal one. Increase of absorber length is accompanied by
increased losses in the resonator. This fact adds up to the mode discrimination and allows to cut off
spurious modes. As a result a single pulse is formed (figure 3d, e). Optimum is found with absorber
length equal to 14% of resonator length (637 um). With further increase in absorber length no transition
to mode-locking occurs since dramatically increased losses do not allow any mode amplification. One
should note that these results are valid for the system with specific parameters, the optimal length of the
absorbing section will be different provided the different voltage value at the absorber, as well as gain and
absorption value of the medium.
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Figure 3. Intensity distribution in the resonator for different lengths of the absorber.

4. Conclusion

Represented model allows to perform numerical simulation of processes in the resonator of the
semiconductor laser on quantum structures with passive mode-locking. We have received pulses of 2 ps
long and 10 HHz repetition frequency for a structure with four InGaAs/InGaAlAs quantum wells and the
resonator length equal to 4.55 mm. Power of the received pulses was 9.4 mW. Varying the length of the
absorber has shown that the simulation predicts the possibility of optimizing laser geometric dimensions
for the most effective transition to the passive mode locking. In this case the optimal length was equal to
637 pum. Further we plan to include the refractive index in the dispersion model, the effect of gain
saturation and nonlinear coherent effects.
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