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Abstract: We introduce a 3-level rate equation approach to modelling a rate equation model for the dynamics of quantum
cascade (QCLs) lasers that is based on cascaded active regions. We analyze the evolution of output and carrier numbers at
each level taking into account temperature, the effect of the cavity widths, and the specified parameters (injection current

density, confinement factor). This leads to an increase in output photons and carrier numbers.
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1 Introduction

The pulse emission outputs of the quantum cascade lasers
are currently greater than one Watt, and they function at
high temperatures [1-3]. They are coherent radiation
sources that are electrically driven. Another possible
continuous-wave  source  with mediocre thermal
performance is the quantum cascade laser (QCL)[3-5]. It
has been shown that low temperatures are the most
practical operating temperature for continuous waves. The
equivalent output power soon decreases as the temperature
rises because the provider dynamics are temperature-
sensitive. Therefore, it is crucial to comprehend and take
into account how the temperature dependence of carrier
dynamics affects the behavior of lead QCLs. The time-
domain conduct of modulated THz QCLs is also
significant. THz QCLs may outperform diodes in terms of
high-speed dynamic performance due to the absence of rest
oscillations. However, the frequently wused REs
models[11,12] treat the laser's three key parameters—
carrier lifetimes, gain, and injection current—as constants
that are unaffected by bias or temperature. Because of this,
these models are only accurate at or close to the bias and
temperature for which the parameters have been determined
[15-17]. The goal of this work is to better understand QCL

dynamics, an area where this laser has several novel
applications. This study explores the effects of cavity size,
output photon gain, electron count, durations for level
transitions, and electron number on resonator stability.

2 Rate equations for QCL

Since a four-level QC laser is frequently used in the
literature [16,18], that is what we will concentrate on. The
upper and lower states will be referred to as levels 3 and 2,
respectively, while the ground state, which is utilized to
empty the lower state, will be referred to as stage 1. A
schematic of the three-
level electrical system used by the QCLs is shown in Fig. 2.
Because of the population inversion between laser levels 3
and 2, stimulated emission is practical [19].
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Fig. 1: Assignment of three electronic levels for QCLs
[19].

The following charge equations are provided by [16,17] an
d represent N1, N2, and N3 as the instantaneous numbers of
electrons in each of the three levels and the cavity's photon

number, respectively.
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In the above system of equations, J denotes the electron
current density that tunnels into the upper level and e is the

electronic charge, p is spontaneous emission factor , while
W and L are the lateral dimensions of the cavity. W and L
width of each one of these, the whole volume V of the
active area. In addition, in the above equations one
introduced the mode confinement factor I and the average
velocity of light in the system Ve given by Ve ZC/neff,

n.,
where 9 and c are the effective refractive index of the
cavity and the speed of light in vacuum, respectively[ 18-

T
20]. whereas 32 stands for the stimulated emission cross
section between the upper and lower levels [20-23]. The
system dynamics is mainly determined by the three non-

. L T T
radiative scattering times denoted by ~ 32, “31 and Ty

that are due to  LO-phonon emission between the
corresponding levels as well as the radiative spontaneous
relaxation time P between levels 3 and 2.
The relation between current density and temperature is

given by [16,17]:
J, =J,exp(T/T,)

where J, is the threshold current density at 300K and TO is
the characteristic temperature.

N
G(N,P)=TI"_a, logF

0

Where 1—‘z is the longitudinal confinement factor, av is the
gain parameter and Ny is the carrier concentration at
transparency.

3 Results

We can be solved the rate equations of QCL by matlab
program (ode45 method) with initial conditions foe
numbers for photons and carriers for each level.

_ 2
Jy=2.6kd/cm” . )
used [17] : W=34 H™M

We estimate numerically,

Jth). QC laser parameters are

L=1 mm, F:O'32_m:20 cm—1, Mey =3.27 ,

Ty ps, 14 ps and £21=0.3 ps, (&1 =2.6ps,
4 _

L=1x10 ’ Two3g ns, o =3.36 ps and

5, =1.8x107 cm®

3.1. Effect of current injection density

Figure (2) depicts the time development of the QC laser's p
hoton output at various injection current densities (J).

The temporal development of the number of electrons in th
e level 3 of the QC laser at various injection current densiti
es (J) is shown in Figure 3.

The temporal development of the quantity of electrons in th
e level 2 of the QC laser at various injection current densiti
es (J) is shown in Figure (4).

The temporal development of the number of electrons in th
e level 1 of the QC laser at various injection current densiti
es (J) is shown in Figure (5).
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As seen in figure (2), the photon count increases as the inje
ction current density increases.The cause of this effect resul
ts from an increase in carrier injection, which raises the
number of carriers and satisfies the gain for photons.
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Fig.2: Time evolution of the number of photons of the QC
laser under different injection current densities (J ).

We see that the number of carriers increases together with t
he increase in injection current density, satisfying rising (Vs
, N2 and N;) in figures. (3, 4, and 5).
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Fig.3: Time evolution of the number of electrons in the
level 3 of the QC laser under different injection current
densities (J).
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Fig.4: Time evolution of the number of electrons in the
level 2 of the QC laser with different injection current
densities (J).
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Fig. 5: Time evolution of the number of electrons in the

level 1 of the QC laser with different injection current

densities (J).
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Fig. 6: Time evolution of the number of photons of the QC

laser with different values of widths (W,L).

3.2. Effect of cavity widths (W,L):

The temporal development of the QC laser's photon count a
t various widths (W,L) is seen in Figure 6.

Figure (7) depicts the change in the quantity of electrons ov
er time for the QC laser's level 3 at various widths (W,L).
The temporal development of the quantity of electrons for 1
evel 2 of the QCL laser for various widths (W,L) is shown i
n Figure (8).

Figure (9) depicts the temporal evolution of the number of e
lectrons for QC laser level 1 at various widths (W,L).
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Fig .7: Time evolution of the number of electrons for level
3 of the QC laser under different values of widths (W, L).

We see that increasing cavity length and breadth has an
impact on the dynamics of level 3 (N2) electrons, as
illustrated in figure (8), where the electron number grew
and the switch-on time decreased. We see that the dyics of
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the level 3 (N3) electrons are affected by the growing
cavity length and breadth, as illustrated in figure (7), where
the electron number grew and the switch on time decreased.
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Fig. 8: Time evolution of the number of electrons for level
2 of the QC laser under different values of widths (W,L).

As shown in figure (9), when the quantity of electrons
increased and the switch-on duration reduced, we can
observe that the dynamics of the level 3 (N1) electrons are
impacted by the expanding cavity length and width.The
variation in cavity diameters has an effect on population
inversion.
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Fig. 9: Time evolution of the number of electrons for level
1 of the QC laser under different values of widths (W,L).

The dynamics of QCLs are affected by increasing the

confinement factor I which leads to increasing the photon
output (photon number N,:), because this parameter
determines the carriers, thus these increasing leads to
photon number increasing as shown in figure (10).
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Fig. 10: Time evolution of the number of photons of the
QC laser different values of confinement factor.

3.3. Effect of confinement factor:

Figure(10) depicts a time series of the quantity of photons p
roduced by the QC laser at various confinement factor level
s.
Figure (11) depicts the time development of the number of

electrons for the QC laser's level 3 at various confinement f
actor values.

Figure (12) depicts a time series of the number of electrons

at level 2 of the QC laser at various confinement factor valu
es.

Figure(13) depicts a time history of the number of electrons
at various confinement factor values for the QC laser's leve
11 operation.

Due to the fact that this parameter influences the carriers, ra
ising the confinement factor has an impact on the dynamics
of QCLs and results in an increase in (electron number N3 i
n level 3).
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Fig. 11: Time evolution of the number of electrons for level
3 of the QC laser different values of confinement factor.

Raising the confinement factor has an effect on the dynami
cs of QCLs and causes a rise in the electron number (N2 in
level 2), as shown in figure (12), since this parameter affecs
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the carriers.
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Fig. 12: Time evolution of the number of electrons for level
2 of the QC laser different values of confinement factor.

Raising the confinement factor has an impact on QCL dyna
mics and raises (electron number N1 in level 1) because the
se increases result in a rise in the number of electrons, as sh
own in figure (13), since this parameter affects the carriers.
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Fig. 13: Time evolution of the number of electrons for level 1
of the QC laser different values of confinement factor.

3.4. Effect of temperature:

Figure (14), which depicts the temporal behavior of the QC
laser's photon number at various temperatures.

Figure (15) depicts the temporal behavior of the number of
electrons at level 3 of the QC laser at various temperatures.
Figure (16) depicts the temporal behavior of the number of
electrons at level 2 of the QC laser at various temperatures.
Figure (17) depicts the temporal behavior of the number of
electrons at the QC laser's level 1 at various temperatures.
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Fig. 14: Time evolution of the number of photons of the
QC laser different values of temperatures.

The dynamics of QCLs are affected by increasing the T
which leads to increasing (electron number N3 in level3),
because this parameter determines the carriers, thus these
increasing leads to electron number increasing as shown in
figure (15).
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Fig. 15: Time evolution of the number of electrons for level
3 of the QC laser different values of temperature.

Since this parameter influences the carriers, raising the T ha
s an impact on the dynamics of QCLs and results in an incr
ease in (electron number N: in level2), as seen in figure 16.

—T=30K

bl
@
T

w

—T=40K
—T=50K
—T=60K

»
o
T

L

o

Number of electrons N,
~
.

°
o o
T T

0 I L L L L I

0 5 10 15 35 40 45 50

25
Time (ps)
Fig. 16: Time evolution of the number of electrons for level
2 of the QC laser different values of temperature.

The dynamics of QCLs are affected by increasing the T
which leads to increasing (electron number N; in levell),
because this parameter determines the carriers, thus these
increasing leads to electron number increasing as shown in
figure (17).
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Fig. 17: Time evolution of the number of electrons for level
1 of the QCL laser different values of temperature.
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4 Conclusions

The dynamics of a three-level QC laser were explored
using a straightforward rate equations model, and it was
discovered that the injection current played a significant
influence in determining, among other things, how photons
and carriers behaved. We also provided an analytical
explanation of how temperature increases affect system
dynamics. Our numerical findings also demonstrate how,
for each level, the behavior of photons and carriers is
changed as cavity widths increase. The relevance of length
and width in the under investigation QCL structure. As
length and width varies, the threshold current
and temperature are affected.

The value of length and width in the QCL structure that is t
he subject of this inquiry.

The dynamics of photons and electrons are affected y variat
ions(increasing)in cavity dimensionsas well as threshold cu
rrent, confinement factor, and temperature.
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