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Abstract. The quantum cascade lasers are such unipolarity lasers that have the emissivity from
mid infrared to far infrared range. In this paper the dynamic effects of quantum cascade lasers (QCL)
GaAs/AlGaAs characteristics in the mid–infrared range of λ=9 µm is investigated by solving the numerical
equations. Calculating of the spontaneous emission rate changes, its effects on the number of carriers, the
number of photons, and the output power are the objectives of the presented study. Finally, the output power
changes, by increasing the number of stages in the quantum cascade laser, have been studied. The obtained
results showed that, the increase of spontaneous emission rate parameter causes delay in the laser output. In
addition, there is a direct relationship between the number of stages and the output power.

Keywords: quantum cascade lasers, spontaneous emission, GaAs, numerical equations, laser rate equa-
tion.

1 Introduction

Quantum cascade lasers (QCL) are such semiconduc-
tor lasers that are made of thin films with heterogeneous
structures where the thickness of these layers and the
barrier height determine the output wavelength [1]. One
of the important differences between the operation of
these lasers and semiconductor ones is that in the quan-
tum cascade lasers, only one carrier is used [2,3]. In other
words, the quantum cascade lasers are such unipolarity
lasers that have the emissivity from mid infrared to far
infrared range which radiative transitions between dis-
crete levels into the conduction band is done [2]. Thus,
without needing to change the material used, only by
adjusting the layers thickness, the wide range of wave-
lengths can be received from the system [4]. In addition,
the cascades of these lasers are periodic. In fact, to pro-
duce high gains, the series the modules is essential. By
series the modules, electrons can be allowed to move from
one period to another period which caused to participate
in producing the output power.

There are several early studies about the operation of
the quantum cascade laser emitted light, which one of the
oldest presented by Faist et al. in 1994 that designed and
demonstrated a semiconductor injection quantum cas-
cade laser which was different from diode ones [3]. Nowa-
days, the quantum cascade lasers are made by using
triple material combinations.

GaInAs/AlInAs/InP is considered as a base compound
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which for the mid-infrared lasers shows its best perfor-
mance. The compound of GaAs/AlGaAs/GaAs is used for
terahertz lasers and the structures AlSb/InAs/GaSb and
AlSb/InAs which are suitable for microwave applications.

In this research, the dynamic effects of quantum cas-
cade lasers GaAs/AlGaAs characteristics in the mid-
infrared range of λ = 9µm is investigated by solving the
numerical equations. Then, we have studied the sponta-
neous emission rate changes, its effects on the number of
carriers, the number of photons, and the output power.
Finally, the simulation results showed that the increase
of spontaneous emission rate parameter causes delay in
the laser output. In addition, there is a direct relation-
ship between the number of stages and the output power.

2 Rate Equations Model

Developing of the rate equation model for a coupled
electromagnetic and electronic system can obtain some
important structural parameters [5]. The rate equations
for the number of electrons in the third layer N3, the sec-
ond layer N2, and the number of photons Nph in the cav-
ity is obtained as:
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= ηWL
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Where η denotes the diffusion coefficient to higher lev-
els of laser, e is the electronic charge, J represents the
electrons current density in the third layer, W and L are
the width and length of the cavity respectively; V is equal
to NWLLp which is the volume of the cavity, where Lp
and N are the length of a single stage of laser structure
and the number of gain stages, respectively; ć= c

neff
is the

velocity of light in medium, where neff is the effective re-
fractive index of cavity and equals 3.27, while ηeff denotes
the effective diffusion coefficient to higher levels of laser
that equals 0.3 (see Table 1); c represents the light speed
in vacuum; β denotes the spontaneous emission factor; Γ
and σ32 are the mode confinement and the spontaneous
emission factor, respectively.

σ32 (T)= 4πe2z2
32

ηeffεoλ
(
2γ32

) (4)

In (4), ez32 denotes the dipole matrix element; λ is the
emission wavelength, εo represents the permittivity of
vacuum coefficient, and 2γ32 is the full width at the half
maximum. The photon lifetime tp in the cavity equals
τ−1

p = ć (αw +αm), where aw denotes the waveguide losses
in the cavity, and am is the losses mirror.

3 Conduction Band Structure

In Fig. 1, for generating 33 terahertz frequency, the
conduction band structure of the GaAs/AlGaAs to the
wavelength λ= 9.1µm is plotted where GaAs represents
its active region and AlGaAs denotes the barrier region.
The arrangement of layers in the nanometer–scale as fol-
lows, started from the barrier layer: 4.6/ 1.9/ 1.1/ 5.4/ 1.1/
4.8/ 2.8/ 3.4/ 1.7/ 3/ 1.8/ 2.8/ 2/ 3/ 2.6/ 3; where the bold
numbers represent the barriers and the others denote
the holes.

In Fig. 2, the effect of the spontaneous emission on
the carriers and photons density are shown, where the
spontaneous emission changes caused delays in the out-
put carriers photons generation [6]. Unlike typical lasers
which the number of photons is less than the number of
carriers, in the quantum cascade lasers due to the cas-
cade, more photons are produced [7].
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Fig. 1. The conduction band structure of GaAs/AlGaAs
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Fig. 2. The spontaneous emission on the output (a) carriers’
density in the second layer, (b) carriers’ density in the third layer,
and (c) photons’ density

4 Output Power

Power equation (5), the relationship between the out-
put power and the number of photons, is explaining the
amplification of the QCL light which is obtained as fol-
lows [6].

Pout(T)= ηo×ωNph

τp
(5)

In the above equation, ×ω is the emitted photon energy,
and ηo is the output power coupling coefficient which can
be obtained from (6) [5].

ηo = (1−R1)
p

R2

(1−R1)
p

R2 + (1−R2)
p

R1
× αm

αw +αm
(6)

doi:10.7575/aiac.ijaepr.v.1n.2p.10 11

http://dx.doi.org/10.7575/aiac.ijaepr.v.1n.2p.10


IJAEPR 1(2):10–12, 2013

Table 1. The values used in the simulations.
Parameters Values

η 0.91
τp 3.3 ps
V = NWLLp 50× (

34×10−6)× (
1×10−3)× (

45×10−9)
z32 1.7nm
τsp 36ns
Γ 0.3
neff 3.27
ηeff 0.3
αw 20 cm−1

τ3 1.3 ps
τ32 2.1 ps
τ21 0.3 ps
γ32 6m eV

where R1 and R2 represent the reflecting powers of facets
1 and 2, respectively. The dependence of the output power
to the spontaneous emission rate and the number of sta-
ges can be obtained by solving these related equations.

5 Numerical Results and Discussion

The simulation results show that by increasing the
spontaneous emission rate cause reducing the time de-
lay and laser threshold current is also reduced. However,
because of the dependence of these effects to the temper-
ature and the uncontrollable of these effects, these effects
are known as undesired factors in laser. The values used
in the simulations are derived from references [5,8–10] and
presented in Table 1.

Fig. 3(a) shows the dependence of the output power to
the spontaneous emission rate. According the Fig. 3(a),
there is a reverse relationship between the rate of
spontaneous emission and the threshold current. In
other words, increasing of the spontaneous emission rate
causes the threshold current reduction. In Fig. 3(b), the
increase of the number of stages on the output power
based on the current injection changes with η = 1 is
shown.

The quantum cascade laser output power varies ap-
proximately linearly by the current injection. It is ob-
served that increasing the number of stages causes the
increase of the output power; thereby the power slope can
increase by increases of the number of stages.

6 Conclusion

In summary, in the presented model the effects of spon-
taneous emission and increasing of the number of stages
on the quantum cascade laser performance in the mid-
infrared is shown. In this model, the assumptions are
the dependence on photons and carrier densities, and the
output power. Simulation results show that the increase
of spontaneous emission rate parameter causes delay in
the laser output. Meanwhile, increase of the number of
stages causes the output power be increased.
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Fig. 3. (a) The spontaneous emission and (b) the effect of in-
creasing of the stages numbers on the output power
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