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temperatures.

Quantum cascade lasers (QCLs) represent a highly innovative design in quantum engineering and demonstrate
how artificial materials with tailored properties can be realized through quantum design. Their inherent
quantum nature conceptually affects their core concepts. QCLs exhibit intrinsic linewidths that approach the
quantum limit and are locked into their own states. Minimized metrology is also effective within boundary
frequency domains. In this paper, the effect of temperature on the characteristics of GaN/AlGaN and
GaAs/AlGaAs quantum cascade lasers in the terahertz range is done based on rate equations. The temperature
dependence of the phonon sputtering rate, changes in line width, and lifetime of thermionic emission have
been investigated, and the effect of temperature on the photon lifetime in two materials, GaAs and GaN, has
also been investigated and compared, and the effect of temperature on the output photon density, power and
gain. The unsaturated mode and its dependence on temperature show that GaN material can work at high
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Introduction

After the invention of QCL terahertz [1] several issues were
determined as the main challenges in solving this type of
terahertz sources. The inversion population at low trans-
mission energies associated with terahertz frequencies and
low-loss design for proper optical mode confinement have
been the main challenges. In a Terahertz QCL, since the
intersubband transition energy is lower than the LO phonon
energy, therefore, the emission probability of polarized op-
tical phonons is significantly reduced, which increases the
lifetime of the upper laser. These conditions are suitable for
efficient population inversion, however, other non-radiative
mechanisms such as electron-electron scattering, electron-
impurity scattering, or electron-acoustic phonon scattering
limit the slow performance. It is also possible to suppress
the red-polarized optical phonon emission by slowing down
the terahertz operation and quantum cascade laser, while
this is not easily applicable in electron-electron scattering.
Because this process depends on things like doping sheet

density and multiple.

Quantum technology (QT) platforms capable of exploit-
ing non-classical states of light or atoms are ultimately
designed to target applications in various strategic fields;
simulation and calculations, communications, measurement,
and metrology. QT’s small, compact, and integrated geome-
tries successfully operate in the visible and near-infrared
electromagnetic fields. However, the migration of QT to the
terahertz (THz) frequency domain is fraught with substan-
tial obstacles, because the production, manipulation, and
detection of small packets of light are generally technically
challenging when the energies of the photons involved are
very small (< 10 MeV) [2].

Quantum cascade lasers have gained more attention due
to their better efficiency. One of the quantities that cause
unwanted effects in such lasers is the effect of spontaneous
emission, which causes changes in response time, output
photon density, and out-put power. According to the type of
formation of AlGaAs/GaAs material and the study of the-
oretical and laboratory results [3] as well as the numerical
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results obtained from [4] that show the effect of dynamic
parameters on the performance of quantum cascade lasers.
These studies have made a step to improve the laser per-
formance, reduce the threshold current, and increase the
output power. High peak and room power performance in
the far infrared region is reported for two-channel quantum
cascade lasers (QCLs) that are seamlessly integrated on a
single silicon substrate. A 55-step laser structure with All-
nAs/InGaAs core and InP cladding was grown by molecular
beam epitaxy directly on an 8-inch [5].

Rate equations

The rate equations used in this model include the number of
electrons in the fourth layer Ny, for the third layer N3 and
for the second layer N,, and the number of photons in the
cavity Ny 2, and the corresponding rate equations (1-4)
are written as follows:
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In the above equations, 11, I, I'vt, are the injection effi-
ciency of input current into the active region, input current
density in kA/cm?, confinement factor, and photon lifetime
respectively, 7; are carrier scattering times ¢ = ¢/n,; is the
velocity of light in the medium, where n,; is the effective
refractive index of the cavity and ¢ represents the light speed
in a vacuum;

B is spontaneous emission factor I" and o3, are the mode
confinement and the spontaneous emission factor, respec-
tively.
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In the above equation, ez3; denotes the dipole matrix el-
ement; A is the emission wavelength, & represents the
permittivity of the vacuum coefficient, and 23, is the full
width at the half maximum.

The photon lifetime 7, in the cavity equals, 1/, = ¢(a, +
0, ) where @, denotes the wave-guide losses in the cavity,
and o, is the losses mirror.

Fig. 1 shows the number of photons for emission wave-
lengths A; =33 um and A, = 52 pum.

0.1 Output power

The temperature-dependent power equation from Eq. (3),
which is the relationship between the output power and the
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Figure 1. Density of photons.

number of photons, is as follows [6]:

fl(l)Nphl

Tphl

Poutl (T) =To (3)
Mo (coupling coefficient) is output power and A is the
emitted photon energy, and 1 is the output power cou-
pling coefficient which can be obtained from the following
equation which are calculated from equation (4).
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= - 4
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Discussion and numerical results

In this model, we have studied the temperature dependence
of the gain of the un-saturated mode, the lifetime of the
carriers, and the output power that came from the source
[7]. The values of the parameters used in the simulation are
taken from [7-10].

In Fig. 2, the photon lifetime of two different materials,
GaAs and GaN, and their temperature dependence are com-
pared. This result shows the effect of temperature on carrier
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Figure 2. Gain of unsaturated mode for two materials GaAs and GaN and
their dependence on temperature.
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Figure 3. Photon lifetime and its temperature dependence.

lifetime for two materials GaN and GaAs (for different 7). It
is clear that first the carrier lifetime decreases with increas-
ing temperature (for both materials) and then the intensity
of these changes is less for GaN than for GaAs [1, 8, 11].
Fig. 3 shows the temperature dependence of unsaturated
mode gain for two materials GaAs and GaN. This result
shows the unsaturated mode gain for GaN and GaAs. The
slope of changes shows the temperature stability of GaN
compared to GaAs at high temperatures [9, 10].

Fig. 4 shows the effect of temperature on output power in
terms of injection current changes. This figure shows the
effect of temperature on output power in terms of injection
current changes for GaN for emission wavelength A = 33
um. Looking at the figure, it is clear that firstly, the thresh-
old current of GaN is much lower. Secondly, by increasing
the injection current (after the threshold current), the de-
pendence of the GaN laser out-put power on temperature
changes is much less. Thirdly, the value of the threshold cur-
rent in GaN shows less dependence on temperature [11, 12].
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Figure 4. Showing the effect of temperature on output power.

SPRE9 (2025) -092504  3/4

Conclusion

In this model, the effects of temperature on spontaneous
emission, output power, unsatu-rated mode gain, and
carrier lifetime have been investigated. The simulation
results obtained from the rate equations coded in MATLAB
software and the temperature dependence of the phonon
scattering rate, changes in line width, and a lifetime of
thermionic emission were investigated. Also, the effect of
temperature on photon lifetime in two materials, GaAs,
and GaN has been investigated and compared. In addition,
the effect of temperature on output photon density, power,
and gain of unsaturated mode and its dependence on
temperature show that GaN material can work at high
temperatures. As a result, it is suitable to use GaN material
instead of GaAs due to its high optical phonon energy,
which is more thermally stable.
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