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Modelling of Transport in Quantum Cascade
Lasers and comparison with experiments

A. Leuliet, M. Carras, B. Vinter, C. Sirtori, J. Nagle

Abstract — A model for electronic transport in quantum
cascade lasers has been developed. This allows us to
determine the electronic population and the current
density in a quantum cascade laser (QCL) as a function of
the applied bias. The theoretical modeling has been
compared with experimental Voltage-Current (V-I) curves
for GalnAs/AllnAs QCL’s emitting as around 9um
wavelength. A good agreement between the modeling and
the experimental I-V curves and emission wavelengths is
demonstrated for different doping densities.

Index Terms— Quantum cascade lasers, semiconductor
device models, semiconductor doping, transport.

1. INTRODUCTION

uvantum  cascade lasers (QCLs) are unipolar
Qsemiconductor devices emitting in the mid and far
infrared regions (MIR and FIR respectively) of the
electromagnetic spectrum. The best performance in the MIR is
obtained using devices grown in the GalnAs/AllnAs//InP
material system. Room temperature continuous wave
operation (cw) has been demonstrated exclusively in these
materials [1][2]. To improve this performance, it is also
important to understand the real influence of the different
parameters of the active region, such as the correct scattering
times and the doping density.

II. THE MODEL

To model the transport, different formulations have been
developed by different teams.[3] The scattering model
provides a good compromise between accuracy and
computational time. In our model, each population of the
cascade structure can be obtained by solving for each state the
following equations:
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where n; are the population densities and t;; the scattering
times from i to j states. Between two periods of the structure,
the current density J is then given by the sum of the
scatterings from the first period to the second one, minus the
back filling :
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Life times result from the following intersubband scattering
calculation of LO-phonon emission and absorption, roughness
and alloy. The amplitudes of the last two elastic mechanisms
are taken from previous work under magnetic field [7].
Scattering times are calculated by assuming a Maxwell
Boltzmann distribution in the subbands due to efficient
Electron/electron  scattering.[8]. A corollary of these
assumptions is that the current density is proportional to the
doping density. We have applied an effective temperature
model depending linearly with the electric power applied on
the active region, according to the relationship given by [9] :

T,=T, +axUxI

where T, is the effective electronic temperature and Ty the
lattice temperature, U the voltage and J the current density.

III. THE SAMPLES

To validate our approach we compared the calculated V(I)
curves of four GalnAs/AlInAs samples with the same design
and a targeted wavelength of 9 um [1]. The only difference
between the four samples being the doping level ranging from
10" t0 5.10" m™. Table 1 shows some characteristics of those
sample.

Doping Threshold current .
density (m?) (kA.cm?) Emitted wavelength (um)
110" 1 9.4
2.10" 2 9.5
4.10° 5 9.7
5.10" 6 10

Table I : Emitted wavelength and threshold current for the four studied
samples.

The structures are processed into mesa-etched bars, 20 pm
wide and 2 mm long. Current-voltage (V-I), emitted power-
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current (P-I) measurements and spectra have been achieved
for each sample. The current-voltage characteristics shown on
figure 2 exhibits proportionality between the current and the
doping density at a given voltage which confirms the validity
of the Maxwell Boltzmann statistic of the electron distribution
in the subbands. As expected, the threshold current increases
with the doping density, which is due to additional losses
introduced with the doping of the active region. In the same
time, as shown on Table I, the emitted wavelength is shifted
towards higher values. Let see if our transport calculation can
answer this point.
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FIGURE 1: Comparison between experimental and theoretical V-I
curves. The negative differential resistance appears only on the
theoretical curve.

IV. ANALYZE ON THE EMITTED WAVELENGTH

In this part, we attempt to explain the method used to
reproduce the emitted wavelength behavior as a function of
the doping density. As we said before, the threshold current
depends on the injector doping. For each sample, the electric
field corresponding to the threshold current was investigated,
and found to decrease with the doping density. By measuring
the spectrum at threshold, we obtained a change in the laser
alignment, resulting in a change in the emitted wavelength.

We have calculated the gain both as a function of the
wavelength and the electric field, and plotted on the figure 2
the mean of this gain. The two curves show a very good
quantitative agreement with a slight shift as a function of the
electric field.

140

-.-"--.0' amgnn®

(1" ] .

< 1354 .
% -
E .
s
o 130 °
g - ",
w 3

1254 = Theoratical curve

@ Theoratical energy at threshold
Y Experimental energy at threshold
120 T T
25 30 35 40

Electric field (kV.cm™)

FIGURE 2 : The gain mean energy is represented by the black curve as a
function of the applied electric field. The red dots show the mean energy at the
electric field where the spectra have been measured. The experimental energy
of the laser is represented by the green dots.

V. CONCLUSION

We have built a code calculating V-I curves and correlated
the evolution of the emitted wavelength as a function of the
doping density. This phenomenon could be used to tune the
wavelength with the same design. This code is a very useful
tool and could bring help for designing new structures.
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