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Abstract—Integrated quantum dot passively mode-locked
lasers: IQDMLLs open opportunities for IR sensing.Therefore,
here, we investigated structure of quantum dot passively
mode-locked lasers (QDMLLs) with colliding-pulse mode-
locked (CPM) method in order to reinforce the performance
of QDMLLs for ultrahigh-bit-rate compared to self-colliding
pulse mode-locking (SCPM) method. The proposed struc-
ture is numerically based on finite difference traveling
wave (FDTW) method. By considering bias current of 80 mA,
which is the bias applied to the gain section, the laser is at its
maximum output power. Finally, by comparing the QDMLLs
with self-colliding pulse mode-locking (SCPM) method, it is
shown that due to the grating caused by the collision of the
two counter-propagatingpulses in the saturable absorber, the
laser bit rate in the structure of CPM is twice the bit rate in
structure of SCPM somehow bit rate from 40 GHz in SCPM
method increased to 80 GHz in CPM method. Also, grating
coupling factor (GCF) changes due to the proposed structure
has been shown, so that in the range of 1cm−1 ≤ κ ≤ 5cm−1 the laser output power is pulsed wave (PW), while after this
range the laser output power changes from a pulsed regime to a continuous wave (CW) regime.

Index Terms— IR sensing, quantum dot passively mode-locked lasers (QDMLLs), colliding-pulse mode-locked (CPM),
self-colliding pulse mode-locking (SCPM), saturable absorber, grating coupling factor (GCF).

I. INTRODUCTION

DUE to recent advances in optical systems, for instance,
5G and 6G system networks, artificial intelligence (AI)

in optical communication [1], Internet of Things (IoT) based
on optical technologies [2], the need for short optical pulses
with very high bit rates have been considered for applications
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such as increasing the bandwidth of transmitters, and optical
receivers, converters, optical communications and medical [3],
[4]. One of the most critical applications of short-pulse lasers
in medicine and imaging is in the near-infrared (NIR) wave-
length range. The approximate NIR wavelength is 0.7 μm
to 2.5 μm. Since the 0.7 μm to 1.3 μm wavelength is an
optical window, it has many medical applications, especially
in biomedical imaging such as optical coherence tomography
(OCT), due to its deep penetration depth into tissues. Using
these resources to image human skin requires a wavelength
of 1.3 μm, which is possible using InAs self-assembled
quantum dots(QDs). InAs QDs are an excellent candidate
for the NIR region due to their constructional and sizing
characteristics. Therefore, infrared emission and detection are
possible in many applications using InAs/InGaAs quantum
dot lasers [5]–[7]. Q-switching, gain switching, and mode-
locking (ML) are three main approaches to produce light
pulses [8], [9]. The most widely used method for producing
high-intensity, short-width pulses is Q-switching. The use of
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this method has been reported on a silicon substrate with a
wavelength of 1.3 μm [10]. On the other hand, the use of
Q-switching to achieve dual wavelengths, which is used in
a wide range of applications such as optical communication
and precision spectroscopy, has been investigated in Yb:
LuYAG and Nd: GSAG lasers. Nd: GSAG laser using saturable
absorber molybdenum disulfide (MoS2) is a passive type that
can be implemented in low-cost integrated applications, has
been reported for the first time to achieve dual-wavelength,
and has received much attention. As with Q-switching, access
dual wavelengths using the mode-locked method in a recently
proposed erbium-doped fiber laser demonstrates the capability
of the mode-locked method [11], [12]. ML method is the
most crucial technique for generating consecutive pulses [13].
The gain switching and Q-switching methods are used in the
transient mode of the laser, while the ML method is used in
the steady-state laser mode. The generated pulses have less
noise than the transition pulses and a much shorter width at
the output [14]. Semiconductor lasers based on self-assembled
QDs are especially suitable for the ML regime [15]. As with
Q-switching, access dual wavelengths using the ML method
in a recently proposed erbium-doped fiber laser demonstrates
the capability of the ML method [16]. Their unique properties
include the high-speed dynamics of the carriers as well as
the extensive bandwidth, and absorption band are of particu-
lar importance in the production of very short pulses [17].
There are two major models for simulating mode-locked
lasers (MLLs), the finite difference traveling waves (FDTWs)
and delay differential equations (DDEs) methods [18]–[21].
FDTW is an efficient method we use because it has higher
accuracy and the ability to simulate real effects such as spon-
taneous emission noise [22], [23]. The proposed structure in
this paper has several essential features that distinguish it from
other structures such as distributed feedback quantum dot pas-
sively mode-locked lasers (DFB-QMLLs), grating-embedded
saturable absorber distributed feedback quantum dot passively
mode-locked lasers (GESA-DFB-QDMLL), and SCPM. One
of the most critical differences in the designed structure is
the high output frequency and low bias current applied to
the gain section, making this structure desirable in integrated
circuit applications. The proposed structure increases the laser
output frequency to 80 GHz. This subject is important because
this is done using a virtual grating according to the structure
designed and the collision of counter-propagating pulses in
the saturable absorber (SA) for the quantum dot laser. Fur-
thermore, the output power in the range of milliwatts and the
output wavelength of 1.3 μm makes this laser ideal for NIR
diagnostic applications and integration. On the other hand, the
mirrors symmetry and the reduction of the laser length in the
structure of the paper will reduce the effect of longitudinal
spatial hole burning (LHSB), which is vital in the design of
lasers.

II. STRUCTURE

The proposed structure consists of two gain regions and a
saturable absorber (SA) region bounded by two gain regions,
as shown in Fig. 1. Waveguide absorbers and semiconductor
saturable absorber mirrors (SESAM) are two common types

Fig. 1. Schematic of quantum dot mode-locked laser with CPM
technique.

Fig. 2. Side view of the laser and how to form a standing wave in the
SA.

of saturated adsorbents that use the second type of adsorbent
in this structure. These absorbers are integrated into a mirror
structure; Bragg mirrors and their work are usually reflections.
The structure presented in this part, unlike Ref. [4], which
has an asymmetric design and the total length of the laser
is 3mm, the left gain section is 700 μm, the right part is
1600 μm and the absorber is 700 μm, which has a repetition
rate of 13.24 GHz while The structure shown in Fig. 1 is a
symmetrical structure with a length of 500 μm for each of the
gain sections and 100μm for the SA section, with a repetition
rate of 80GHz at the output. Both sides of the laser here
are of partial reflection type and have a reflection coefficient
of

√
0.495, which is the most optimal output power in these

conditions. The gain regions have a forward-biased and the SA
region includes a reverse-biased. Also, unlike Ref. [4], where
the applied current is between 75 mA to 1100 mA, in this
structure, the laser applied current is from 1 mA to 130 mA,
which is much less current than the Ref. [4] structure. All three
Q-switching regimes, Pulse and continuous regimes occur in
this range. The active region of the laser consists of 15 layers
of InAs/InGaAs QDs [27]. Furthermore, the wave created in
the SA section is a standing wave due to the collision of two
traveling waves in this region. This is shown in Fig. 2.

III. EQUATIONS

This section examines the equations of the optical emission
fields within the laser cavity, the carrier density, and the
boundary conditions. To simulate the structure, we need to
express optical emission fields, propagating constant, boundary
conditions, carrier density, and recombination concepts. In this
section, by examining the equations of the device, a detailed
analysis of how it works to be provided.

A. Field Equations
The longitudinal propagation of the transverse mode of the

electromagnetic field within the laser cavity is derived from
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Fig. 3. Internal structure of the GAIN section.

a time-domain model for DFB semiconductor lasers in which
the forward and backward traveling wave equations of the field
are described using a counter-propagating electric field [26],
[32]. Considering the grating coupling factor (GCF) in the
field equation in the CPM structure for a QD laser is the first
to occur.

δ

δt
E+(z, t) = νg(− δ

δz
− iβ)E+(z, t) + S P+(z, t)

− iκE−→+ E−(z, t) (1)
δ

δt
E−(z, t) = νg(+ δ

δz
− iβ)E−(z, t) + S P−(z, t)

− iκE+→− E−(z, t) (2)

where E+(z, t), E−(z, t) are the complex amplitude for for-
ward and reverse optical field, which t is time, and z is longi-
tudinal direction, and is in the range 0 to L, which is along the
length of the laser cavity. S P+(z, t) and S P−(z, t) indicates
spontaneous emission noise. Also, κE−→+ and κE+→− in
the above equations are grating coupling factor (GCF), β is
propagating factor and is expressed as follows [24].

β = β(nGS(z, t), z) = δ − i
α

2
+ (i − αH )

2
g�(2nGS − 1) (3)

where δ is static detuning factor. α and αH indicates the
internal absorption, the linewidth enhancement factor. Also g�
and nGS denote the effective differential gain and ground-state
carrier probability. In this paper, because of the non-uniform
broadcast of QDs, the inhomogeneous broadening is not con-
sidered, and the Lorentzine profile is used for simulation [17],
[27]–[30].

E+(0, t) = r0 E−(0, t) (4)

E−(L, t) = rL E+(L, t) (5)

where, r0 and rL indicate reflection coefficient of the laser
facets.

B. Carrier Rate Equations
Since the laser consists of three parts, the gain regions are

located on the sides, and the absorber region is between the
gain regions; thus, we will use two rate equations. One set will
be for the gain zone, and the other will be for the adsorbent
zone. The difference in the carrier rate equations in gain and
SA is due to the different gain and SA regions biases. Eqs. 6-8
represent the carrier rate equations in the gain section. The
corresponding figure for expressing the internal structure of
the gain section and how the carriers interact between the
three levels of the ground, excited, and reservoir carriers are
shown in Fig. 3. Also, The corresponding figure for the carrier

Fig. 4. Internal structure of the SA section.

interaction and how the carrier levels are positioned for the SA
section is shown in Fig. 4 [27], [31].

d

dt
nGS(z, t) = −nGS

τGS
+ 2nE S(1 − nGS)

τ GS
E S

− nGS(1 − nE S)

τ E S
GS

− Rst (nGS, E) (6)

d

dt
nE S(z, t) = −nE S

τE S
− nE S(1 − nGS)

τ GS
E S

+ nGS(1 − nE S)

2τ E S
GS

+ nC R(1 − nE S)

4τ E S
C R

− nE S

τC R
E S

(7)

d

dt
nC R(z, t) = I

eθI
− nC R

τC R
− nC R(1 − nE S)

τ E S
C R

+ 4nE S

τC R
E S

(8)

The rate equations for the saturable absorber section using
the simplified model of these equations are as follows [20],
[22].

d

dt
nGS(z, t) = −nGS

τGS
+ 2nE S(1 − nGS)

τ GS
E S

− nGS(1 − nE S)

τ E S
GS

− Rst(nGS, E) (9)
d

dt
nE S(z, t) = − nE S

τC R
E S

− nE S(1 − nGS)

τ GS
E S

+ nGS(1 − nE S)

2τ E S
GS

(10)

Rst (nGS, E) = 1

θE

∑

υ=±
Eυ∗(g�(2nGS − 1))Eυ (11)

where τ
y
x shows spontaneous relaxation and τx illustrate transi-

tion rates. x,y belong to ground state(GS), exited state (ES) and
carrier reservoir (CR). I is injection current to gain section,
e is electron charge and θI , θE are Scaling parameters, Also,
Rst is a stimulated recombination.

IV. SIMULATIONS AND RESULTS

To find the solution of the field and carrier rate equations,
it is possible to solve these equations coupled together by
using the Runge–Kutta and FDTW method in the MATLAB
software [34]. For this purpose, the laser is divided, so that
the time axis is divided by the step length dt and the location
axis, which is in the direction of the laser length by the
step length dz. The relationship between temporal and spatial
steps is dt = dz

/
νg . The output of the proposed laser

structure depends on several basic parameters. The current
applied to the gain section, the reverse voltage applied to the
saturable absorber region, ground-state carrier probability, and
also the grating coupling effect (GCE) is the parameters that
are examined.
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TABLE I
PARAMETERS USED FOR NUMERICAL SIMULATION [27]

Fig. 5. Q-switching laser mode in 40mA.

A. Current Effect
One of the effective parameters in determining the laser

output is the current applied to the gain section. By using the
appropriate current to the gain section, and when the current
reaches the threshold value, which in this structure is 10 mA,
the laser turns on due to spontaneous emission and enters the
Q-switching regime as shown in Fig. 5. In this case, the pulses
generated at the output are wide, irregular, and unstable. Pulses
with a time linewidth of about a few hundred picoseconds and
a repetition rate equal to a few hundred MHz are produced at
the laser output. By increasing the current to 50 mA, which
is the value of the mode-locking threshold current (Fig. 6(a)),
the production of ultra-short stable light pulses at the laser
output begins. The steady-state time of the laser is about
several nanoseconds. As the current increases continuously
(Fig.6(b)), the maximum laser output power will not only
not increase but also decrease. As the current increases from
the start of the mode lock to 80 mA, the maximum output
power does not change much, and the output pulse becomes
slightly more expansive. But after the middle currents and with

Fig. 6. Output power versus on applied current to the gain section.

Fig. 7. Current effect on wetting layer carrier density.

the increase of current of the gain area, as seen in Fig. 6(c)
and Fig. 6(d), the maximum output power decreases and the
desired pulse widens sharply, and finds an extremum. Because
with increasing current, the set of modes with less co-phase
also finds the necessary power to appear at the maximum
output power and appear in the output pulse as extremum.
As a result, in this case, the increase in power due to the
rise in current is spent on increasing the power of other
co-phase modes, and the maximum power is also reduced.
A comparison between the output power size and the pulse
width is shown in Fig. 6(e) The effect of current change on
the wetting layer carrier density is also illustrated in Fig.7.
It is observed that increasing the applied current increases the
carrier density of the wetting layer. The carrier density has
an initial increase value that over time and in a steady-state,
we see relatively constant changes in the carrier density.

B. Voltage Effect
A negative voltage applied to the saturable absorber section

is another important parameter that plays a vital role in how
the laser works. According to the carrier rate equations related
to the absorption region, which are expressed in Eq. 9 and
Eq. 10, the carrier relaxation time from the excited state
to the wetting layer τC R

E S with the applied voltage to the
absorber region is exponential. According to the simulation
results of Fig. 8(a) - 8(e), it is clear that the applied voltage
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Fig. 8. Output power versus on reverse voltage to the SA section.

to the absorber area is inversely proportional to the output
pulse width per unit time and is directly related to the pulse
amplitude. In other words, as the reverse voltage increases,
in fact (carrier relaxation time from the excited state to the
wetting layer) in the absorber decreases, which accelerates
the saturation time and emptying of the absorber. In this case,
the average value of the probability of occupying the ground
state in the absorber decreases. This phenomenon causes the
adsorbent to be saturated in fewer time intervals and reduces
the output pulse width. On the other hand, increasing the
absolute value of the applied voltage increases the absorption
power inside the absorber increases, which causes only higher
phase modes with higher intensities to appear at the laser
output. On the other hand, increasing the absolute value of
the applied voltage increases the absorption power inside the
absorber increases, which causes only higher phase modes
with higher intensities to appear at the laser output. Under
these conditions, fewer co-fuzzy modes are absorbed. As the
output modes are more phased, the maximum power of the
pulses will also increase. Indeed, it will not be possible to
generate other co-phase modes that appear as flattened pulses.
Also, changes in the applied voltage to the saturable absorber
section cause changes in the ground state carrier density, which
is shown in Fig. 9(a) - 9(e).

C. GS Relaxation Rate Effect on Output
Relaxation rate carrier ground state (τgs) is inversely related

to the inverse voltage applied to the saturable absorber. Indeed,
as the voltage applied to the absorber decreases, the value of
τgs increases. At large values of τgs , its output is continuous.
Phase lock occurs as the value of τgs decreases. If we reduce
the weight and change the value of this time to 1 ps, as we
see in Fig. 10, it goes to the Q-switching. Looking at Fig. 10,
plotted for a current of 80 mA and seven different output
relaxation rates, we see that changing the output time also

Fig. 9. GS relaxation versus on reverse voltage to the SA section.

Fig. 10. Output power versus on time and for different amount of GS
relaxation rate.

Fig. 11. Output power changes due to κ.

affects the pulse width and laser output power. Indeed, with
increasing this time, the output power decreases, and at the
same time, the pulse width increases.
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D. Grating Coupling Factor (GCF)
Another important parameter of the proposed structure is

the coupling factor of the backward and forward fields. The
grating can be constructed in two ways—physical construction
(depending on the grating shape, periodicity, refractive index
contrast, etc.) and Creating a virtual effect of a physical
structure in the desired area. κ in the TW model is the effective
parameter of the grating. In this paper, the second method is
used, which is one of the critical advantages of this structure.
The basis of the grating is based on the interference of travel-
ing waves in the absorber zone. The collision of propagating
waves in the absorption region causes a static wave in the
absorption region, which appears as a kappa parameter. Scaled
parameter κ L, where L is the grating length and κ L is a
dimensionless parameter that allows easy estimation of the
maximal reflection provided by the grating and the width of
the stopband. The following equations represent the grating
created by the coupling of the fields.

κE−→+ = j exp(− jφ)g
/

2 (12)

κE+→− = j exp( jφ)g
/

2 (13)

The phase of the coupling coefficient is considered as follows.
In relations (12) and (13), the phase difference between the
forward and backward waves is φ.

κE+→− = κE−→+ (14)

Indeed the most crucial difference between this article and
Ref. [4] is the κ effect that is created by changes in the
structure than the proposed structure in Ref. [4]. Also, contrary
to what is shown in Ref. [17], the grating is embedded in the
gain and absorber section; in this paper, the grating is obtained
using the CPM method. A grating is created due to the
collision of the forward and backward pulses in the absorber.
The collision of the forward and backward pulses causes the
standing wave in the absorber. In this section, we want to
investigate its effect on the output pulse shape by changing
this grating coefficient. Fig.11(a) -11(e) shows a graph of laser
output power at 80 mA and reverse voltage of −3 volts for
different coupling factor. Our simulation results shows a range
of 1cm−1 ≤ κ ≤ 5cm−1 for pulsed laser regime. For values
larger and smaller than this range, the laser’s output will not be
pulsed. If the laser coupling coefficient is too small, it will not
light up. Also, the laser will enter the continuous wave (CW)
regime for values greater than this range. On the other hand,
increasing the coupling coefficient reduces the maximum laser
output power. In other words, by increasing the coupling due to
the greater effects of forwarding and backward waves on each
other and creating stronger standing waves, we will decrease
output power [24], [33]–[35].

V. COMPARISON BETWEEN CPM AND SCPM
As mentioned earlier about using the CPM technique, the

reason for using this technique was to increase the repetition
rate of the output pulses. Compare two phase-locking lasers
with CPM and SCPM techniques under the same conditions,
which is shown Fig.12(a) Indeed, due to the rapid changes
in the ground state carrier density in the CPM technique,

Fig. 12. Output power and probability carier density of ground state.

TABLE II
COMPARISON OF THE PARAMETERS OF FOUR SIMILAR LASER

STRUCTURE MODELS IN TERMS OF QUANTUM DOTS AND DIMENSIONS

compared to the SCPM, we will see a faster repetition rate in
the output pulses. These changes in carrier density are shown
in Fig.12(b) Therefore, laser output pulses with the SCPM
technique have a repetition rate of about 40 GHz, and lasers
with the CPM technique have about 80 GHz. This is shown
in the figure below at a current of 80 mA and an absorber
voltage of −3V. As shown in V, a comparison between four
models of lasers with similar structures and only slightly
different in terms of grating formation indicates the ability
of the CPM-QDMLL laser. The current applied to the gain
areas of all lasers is 1mA to 130mA, and the voltage applied
to the absorber area is between 0V and −7V.

VI. EXPERIMENTAL PROCESS

From the point of view of making the laser proposed in
this paper, as shown in Fig. 13, the active region of laser
consists of 15 layers of InAs/InGaAs QDs, with a 35 nm GaAs
separating layer between each layer of QDs. Also, two layers
of AlGaAs with a mole fraction of 0.35 for Al and 0.65 for Ga
include layers related to quantum dots as a cladding. Buffer
layers with thicknesses of 300 nm and 400 nm also surround
the bottom and top cladding layers, respectively. All stages
of laser fabrication can be fabricated on a GaAs substrate by
S-K method using MBE and MOCVD [36]. The central wave-
length of the designed structure concerning the InAs/InGaAs
QDs is 1.3 μm. This wavelength range, which according to
the definition of the International Telecommunication Union
(ITU-T), is an excellent option for optical telecommunications
used in the O-band range (1260-1360 nm) and NIR sensing
applications. working wavelength range, due to the spectrum
window with the least scattering in optical fibers is of great
importance in urban networks, optical telecommunications and
the use of pulses with high repetition rates [37]. Due to the use
of InAs / GaAs quantum dots and considering the feasibility of
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Fig. 13. Layers of laser structure proposed in fabrication process.

making such dots as QD infrared photodetectors (QDIPs) have
been reported as integrated on silicon. Also, the possibility of
making quantum dot lasers integrated with silicon has recently
been reported, facilitating the construction of lasers proposed
in the article as integrated [38]–[40].

VII. CONCLUSION

This article investigated a quantum dot ML laser with
the CPM technique. First, by applying a current of 40 mA,
the power pulses have long intervals, called the Q-switching
mode. After increasing the current by 50 mA, a phase lock
is performed, and the laser will have ultra-short pulses after
passing an initial transient state at the output. Increasing this
current to 80 mA increases the laser output power, and its pulse
width decreases. Also, by increasing the absolute value of
the applied reverse voltage, the output pulse width decreases.
Indeed, as the voltage increases, the absorbing power of the
absorber increases, and only co-phase waves that have higher
energy than the other waves appear at the output. The coupling
coefficient (κ) and relaxation rate carrier ground state (τgs)
are two critical parameters that affect the laser output of the
phase lock with the CPM technique. Increasing both of these
parameters increases the pulse width, and the output power
decreases. In the final part of the article, a comparison between
phase lock laser with CPM technique and SCPM is performed,
which shows a doubling of the repetition rate of phase lock
laser with CPM structure compared to SCPM structure.
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