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INTRODUCTION

The dominant energy relaxation mechanism of electrons in
quantum cascade lasers (QCLs) is the non-radiative scattering
with optical phonons [1]. Through optical phonon emissions,
the injected electrons in the upper lasing level are rapidly
transferred to the lower lasing level, and the carrier life
time in the upper lasing subband is significantly reduced.
Consequently, a large current must be supplied in order to
create sufficient population inversion and to achieve the lasing
condition, which limits the efficiency of the laser. The impact
of out-of-equilibrium phonons in terahertz QCLs has been
investigated both experimentally [2] and theoretically [3], [4].

In this paper, we present an ensemble Monte Carlo (EMC)
simulation describing the dynamics of the interacting electron
and phonon systems in GaAs-based mid-infrared QCLs.

THEORY

Within the semiclassical framework, the dynamics of the
electron-phonon interacting system in QCLs can be described
by the coupled Boltzmann equations [3]:
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where fk‖,i is the electron distribution function in subband i
with in-plane wave vector k‖, and Nq is the optical phonon
distribution with wave vector q. The two kinetic equations
are coupled through the electron-phonon collision integrals(
∂fk‖,i/∂t)

∣∣
e−ph and (∂Nq/∂t)|ph−e, which can be evaluated

using Fermi’s Golden Rule. The phonon equation can be
simplified by applying the relaxation time approximation on
the phonon-phonon interaction term:
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where N0 is the thermal equilibrium phonon number, and τop
is the lattice temperature-dependent phonon relaxation time
describing the anharmonic decay process of LO phonons. The
dominant anharmonic decay mechanism for LO phonons is the
decay into two LA phonons with equal energies and opposite
momenta. Based on this approximation, τop can be analytically
derived [5].

A particle-based EMC approach is developed to solve the
coupled kinetic equations for QCLs. The electron transport
is determined by the scattering between subbands, and both
electron–LO phonon and electron–electron scattering mech-
anisms are taken into account. In order to properly describe
the phonon evolution, Eq. (3), a phonon distribution histogram
over a grid in q-space is set up to keep track of the number
of nonequilibrium “numerical” phonons [3]. The LO phonon
distribution is assumed isotropic in plane due to the lack of
electrical field along this direction. The cross-plane distribu-
tion is determined by the overlap integral of the initial and final
states involved in the interaction. The histogram is updated in
each time step as soon as an electron–LO phonon scattering
event happens. At the end of the time step, the remaining
nonequilibrium LO phonons are allowed to randomly decay
into acoustic phonons based on the temperature-dependent
average decay time τop(TL).

NUMERICAL RESULTS

The simulated device is a GaAs-based mid-infrared QCL de-
signed for emission at 9.4 µm [6]. Figure 1 shows the subband
energy levels and wavefunction moduli squared in two stages
under 53 kV/cm (above the threshold) and at 77 K. The three
red (bold) curves (from top to bottom) represent the upper and
lower lasing levels and the ground state in the active region,
while the blue (normal) and green (dashed) curves represent
the injector states and the Γ continuum states, respectively. The
phonon distribution extracted from the simulation is shown in
Fig. 2. The distribution has a peak close to the zone center,
which implies that majority of generated phonons have small
q. This feature can be explained by the phonon emission rate
decaying as a function of 1/q2. Figure 3 shows the time
evolution of the electron density in three states in the active
region with equilibrium (normal) and nonequilibrium (bold)
phonons. The excess phonons enhance the phonon absorption
rate and enable more electrons from the ground state in the
active region and the injector states in the next stage to
transfer to the lower lasing level (thermal backfilling). On
the other hand, the enhanced phonon absorption also leads
to more electrons in the upper lasing level gaining energy and
leaking to Γ continuum states or the injector states of the
previous stage. The overall effect is reducing the population
inversion (the difference of electron density between upper
and lower lasing level) and thus degrades performance. The
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simulated current-field characteristics at 77 K and 300 K
with equilibrium and nonequilibrium phonons are shown in
Fig. 4. The nonequilibrium phonon effect on current is more
obvious at low temperatures when the thermal phonon number
is negligibly small.

CONCLUSION

We present an EMC-based simulation to self-consistently
solve the coupled electron and phonon transport equations.
The nonequilibrium phonon effects in a GaAs-based mid-
infrared QCL were investigated. The results show that the
nonequilibrium phonons reduce the population inversion by
increasing thermal backfilling and have a larger impact on
current density at low temperatures.
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Fig. 1. Energy levels and wavefunction moduli squared of Γ valley subbands
in two adjacent stages. The bold red curves denote the upper and lower lasing
levels and the ground state in the active region. The blue curves represent
injection states and the green curves indicate the Γ continuum-like states.

Fig. 2. Nonequilibrium LO phonon occupation number as a function of the
in-plane wavevector modulus (q‖) and cross-plane wavevector (qz), for the
operating mid-infrared QCL considered in the text.
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Fig. 3. Time evalution of electron density in upper and lower lasing levels
and the ground state in the active region with equilibrium (normal) and
nonequilibrium (bold) phonons.
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Fig. 4. Current density as a function of applied electric field under different
lattice temperatures and conditions for the LO-phonon subsystem: 77 K with
equilibrium (red dashed) and nonequilibrium (red solid) phonons, and 300 K
with equilibrium (blue dashed) and nonequilibrium (blue solid) phonons.
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