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ABSTRACT

A band design of a quantum cascade laser with a generation frequency higher than 6 THz and an active region based on four
GaAs/Al0.14Ga0.86As quantum wells is proposed. Calculations were carried out based on the solution of the Schrödinger equation taking
into account the dephasing of quantum states, as well as a closed system of balance equations. The temperature dependences of the gain at
frequencies of 6.3–6.6 THz were calculated for the proposed quantum cascade laser with a double metal waveguide. Features of the proposed
laser structure include two injection quantum wells and the suppression of non-radiative transitions between laser levels. According to cal-
culations, this provides the maximum operating temperature of up to 81 K at 6.4 THz. The results of this study open up the way for
quantum cascade lasers based on GaAs/AlGaAs to operate at frequencies above 6 THz.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0198236

INTRODUCTION

For 21 years of their existence, terahertz quantum cascade
lasers (THz QCLs) have achieved significant progress, in terms of
both maximum operating temperatures and their output power.1–3

However, there is a frequency range (6–10.5 THz) where QCLs are
still unable to operate. On the low-frequency side of this inaccessi-
ble range, the maximum cutoff frequency of 6 THz was achieved in
GaAs/Al0.25Ga0.75As QCL;

4 on the high-frequency side, a cutoff fre-
quency of 10.5 THz was achieved in In0.53Ga0.47As/GaAs0.51Sb0.49
QCL.5 There are two main factors that contribute to the absence of
QCLs with a frequency between 6 and 10.5 THz.6 The first one is
the optical phonon absorption in semiconductors which QCLs are
made of (GaAs/AlGaAs, InGaAs/InAlAs/GaAsSb). The second
factor is the increased rate of nonradiative relaxation of electrons
from the upper to the lower laser level by the emission of a
LO-phonon. Note that the development of QCLs operating in the
frequency range under consideration is important for various prac-
tical applications (see, for example, review).7

Therefore, semiconductor heterostructures with different
optical phonon frequencies were proposed as an active medium of
QCLs alternative to arsenides, which include GaInP/AlGaInP,8

GaN/AlGaN,9 ZnO/MgZnO,10 ZnSe/ZnMgSe,11 and HgCdTe.12

However, owing to the relative novelty of these material systems, the
lasing is yet to be observed at temperatures above ∼5 K.13 For other
heterostructures, only spontaneous emission has been observed.14,15

In this work, we show that the capabilities of GaAs/AlGaAs
heterostructures with quantum wells (QWs) are wider than previ-
ously thought.6 We investigate the possibility of making such a
design of the GaAs/AlGaAs-based QCL with a double metal wave-
guide, which provides lasing with a frequency of more than 6 THz
at temperatures above the temperature of liquid nitrogen (77 K).

MODEL AND RESULTS OF CALCULATION

There are several methods for calculating QCL characteristics,
for example, the non-equilibrium Green function (NEGF)
method16 and the Monte-Carlo/Density matrix (MCDM)

Journal of
Applied Physics

ARTICLE pubs.aip.org/aip/jap

J. Appl. Phys. 135, 133108 (2024); doi: 10.1063/5.0198236 135, 133108-1

© Author(s) 2024

 24 February 2025 16:17:05

https://doi.org/10.1063/5.0198236
https://doi.org/10.1063/5.0198236
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0198236
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0198236&domain=pdf&date_stamp=2024-04-03
https://orcid.org/0000-0002-2108-7024
https://orcid.org/0000-0001-9918-2841
https://orcid.org/0009-0000-0984-2317
https://orcid.org/0000-0002-2203-264X
https://orcid.org/0000-0002-3302-5429
https://orcid.org/0000-0002-0900-8928
mailto:sanya@ipmras.ru
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/5.0198236
https://pubs.aip.org/aip/jap


method.17,18 To model the THz QCL based on GaAs/AlGaAs, we
found a numerical solution to a system of balance equations for
localized states and continuum states. In order to account for
the effects of dephasing on the processes of the charge transport,
we employed the technique of modifying the eigenbasis of the
Schrödinger equation by reducing the dipole moments of tunnel-
bound states. The algorithm for calculating optoelectronic proper-
ties includes (a) determining the energy levels and wave functions
based on the solution of the Schrödinger equation within three-
band k⋅p-approximation, calculating the matrix elements of dipole
transitions; (b) calculating tunneling rates and scattering rates on
optical phonons, ionized impurities, roughness of hetero-
boundaries and an electron–electron scattering; (c) determining
surface concentrations of carriers for the corresponding energy sub-
bands from the closed system of balance equations; and (d) calcu-
lating the electric current, gain and absorption spectra, and output
radiation power. The details of the calculation method tested on
several GaAs/AlGaAs QCL designs and a comparison of the calcu-
lations with experimental results showing good agreement can be
found in Refs. 19 and 20. Also, we made the test calculations for
the recent experimental structures of 5.3–5.6 THz spectral range4

and found good agreement in the prediction of the generation fre-
quency and the threshold current.

To search for high-frequency (over 6 THz) laser heterostruc-
tures, we optimized the designs with four and five QWs in a
cascade by scanning the thicknesses of QWs and AlxGa1–xAs
barrier layers with different compositions x. Figure 1 shows the
conduction band diagrams, the energy levels, and the squared
modules of wave functions of an optimized design with four QWs
in a cascade with a sequence of layers: 5.64/14.39/4.80/7.90/4.52/
6.49/4.23/8.75 nm (Al0.14Ga0.86As barriers are indicated in italics).
The widest QW is n-doped with a layer concentration of
4.6 × 1010 cm−2.

The optimal mole composition of aluminum in the barrier
layers found during the scanning for the maximum operating tem-
perature is (x = 0.14). It enables the widest possible barriers to min-
imize the scattering at the roughness of heterointerfaces and limits
the leakage of electrons into the continuum states resulting in
higher output power and operating temperature. The design with
five QWs in a cascade with two extractors showed a similar
maximum operating temperature compared to the design with four
QWs and a single extractor and did not demonstrate any clear
advantages.

In one cascade, carrier transfer and operating laser transitions
involve the states of the following levels: injectors (i) and (i2),
upper (u) laser level, and lower (le) laser level, which also serves as
an extractor. The upper laser level (u) is tunnel-coupled to the
injector level (i2) for the efficient transfer of the electrons between
cascades. The injector level (i2) is in turn strongly coupled to the
injector (i). An additional injection QW is required to accumulate
the energy of a high-frequency laser transition (u-le) (>6 THz) at
an applied voltage. In this case, populations N2D of levels (i), (i2),
and (u) are 37%, 8%, and 41% of the total electron concentration,
respectively. The lower laser level (le) is weakly populated (∼13%),
and as long as it plays the role of an extractor, it is located higher
in energy than the injector level (i0) by approximately the energy of
the phonon for effective diagonal depletion.

As stated above, the problem of creating high-frequency QCLs
is the absorption near the phonon resonance and it is crucial to
minimize its influence on the gain in the region of high-frequency
generation. In a conventional resonance-phonon design with a
lasing frequency of up to 5 THz, the second level [level (p) in
Fig. 1] of the wide QW is tunnel-coupled to the lower laser level
and acts as an extractor,21,22 without affecting the gain in the lasing
region. At frequencies above 6 THz, this level is parasitic, because
absorption due to the resonance-phonon transition greatly weakens
the generation channel (u-le). As can be seen from Fig. 1(b), an
important feature of the proposed design is that the energy gap

FIG. 1. Conduction band diagrams and squared moduli of electron wave func-
tions for an optimized THz QCL based on GaAs/Al0.14Ga0.86As at a temperature
of T = 60 K, V1 = 65 mV, νu-le = 6.35 THz and Zu-le = 1.34 nm. The arrows show
the direction of current flow (a) and radiative transitions (b).
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between the injector (i’) and the parasitic level (p) of the wide QW
is increased to 44 meV, which is larger than the optical phonon
energy of 37 meV, significantly reducing the radiation absorption
in channel (i’-p) while also minimizing the broadening of the lower
laser level due to weak coupling with it (ΔEp-le ≈ 7 meV).

The gain spectrum was determined similarly to Refs. 19 and 20,
taking into account the contribution of non-resonant transitions,

G(ν) ¼ 2π2e2ν
ε0cnrd

X
Ei.Ej

jzijj2(ni � nj)[Fij(hν, Ei � Ej)� Fij(hν, Ej � Ei)],

(1)

where ν is the radiation frequency, c is the speed of light in vacuum,
h is Planck’s constant, nr is the refractive index of the active region,
ϵ0 is the dielectric constant of vacuum, d is the period of the struc-
ture, and ni,j and Ei,j are the two-dimensional concentrations of
charge carriers and the energies of levels i and j. The form factor of
the spectral line was taken in the form of a modified Lorentz
contour,

Fij(hν, ΔE) ¼
γ ij
π
� 1

(hν � ΔE)2 þ γ2ij

� 2

1þ exp
hν � ΔE
kBT

� �� �
1þ exp � hν þ ΔE

kBT

� �� � ,

(2)

where kB is Boltzmann’s constant and T is the temperature. Here,
γij = γi + γj is the total broadening parameter, which accounts for the
lifetimes of levels i and j. The broadening parameter for the selected
level i includes the components of scattering by tunneling (γtun),
scattering by optical phonons (γphon), impurities (γimp), heterointer-
face roughness (γrough), electron–electron scattering (γee), and spatial
inhomogeneity broadening (γsp),

γ ¼ γ tun þ γphon þ γ imp þ γrough þ γee þ γsp: (3)

The optical phonon scattering was calculated using GaAs-,
AlAs-, and AlGaAs-like bulk modes.23–25 The estimated value of
electron–electron scattering and spatial inhomogeneity broadening
was assumed to be 0.1 meV for all operating levels. For the rough-
ness scattering, we used 0.3 and 9 nm for the root mean square
thickness and correlation length that were estimated from our anal-
ysis of experimental data from Ref. 4.

High gain in the proposed design is achieved by minimizing
the spectral broadening of the radiative laser transition (u-le) due
to the influence of non-radiative transitions arising from tunneling,
scattering by phonons, by impurities, and by heterointerface

FIG. 2. (a) Current–voltage and output power characteristics for the structure
with lasing (Js) and without lasing (J) and (b) spectra of the gain and losses in
the lasing regime for various voltages on one active cascade V1 (numbers on
the curves) in the range of the positive branch of the current–voltage
characteristic.

TABLE I. Energies, level populations, and scattering parameters for various mechanisms at V1 = 65 mV calculated using methods from Refs. 19 and 20.

Levels E (meV) N2D γtun (meV) γphon (meV) γimp (meV) γrough (meV) γ (meV)

i 0 0.38 0.10 0.00 0.06 0.03 0.39
i2 6.5 0.083 0.00 0.03 0.07 0.20 0.50
u −1.6 0.41 0.07 0.01 0.03 0.07 0.39
le −27.8 0.13 0.00 0.08 0.02 0.01 0.31
p −20.7 0.004 0.00 0.97 0.09 0.09 1.34
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roughness. Table I presents the main dissipation parameters for
operating levels in one cascade in the proposed optimal design. As
can be seen, for laser levels (u) and (le), the total scattering value is
0.31–0.39 meV, which is achieved thanks to thick adjacent barriers
of the QW containing the lower laser level (le) and selective doping
of the wide QW.

It should be noted that dephasing effects play a dominant role
in the transfer between weakly bound states.19,26–28 An increase in
the injector barrier thickness leads to the loss of coherence of eige-
nenergy states and reduces the efficiency of electron transport
through the injector.27 In Ref. 27, the dependence of the current
density on the thickness of the tunnel barrier for GaAs/Al0.3Ga0.7As
superlattice was studied within the framework of the density matrix
formalism. It was shown that the approximation of strong coupling
works for the difference in intrinsic energies of less than 3 meV. In
this work, the basis states are localized in individual QWs, which
ensures their coherence.19 For this case, the probability of the tunnel-
ing i–u through is 5.0 × 1011 s−1 at an operating voltage of 65mV.
A wide barrier of 4.5 nm between the laser levels (u) and (le) ensures
a low probability of a non-radiative (u-le) transition (∼7.7 × 1010 s−1),
which is necessary to maintain the population inversion under the
condition of a relatively high probability of depletion of the lower
laser level (∼2.5 × 1011 s−1). This also leads to a smaller diagonal
matrix element of the laser transition Zu-le = 1.34 nm compared to
lower frequency lasers (Zu-l ∼ 3–4 nm), which, however, is sufficient
to overcome the total losses of ∼15–25 cm−1. A description of the cal-
culation of losses is given below.

The calculations assumed that GaAs/AlGaAs QCL with 3 mm
length and 100 μm width and the active region with a thickness of
10 μm (176 cascades and optical limiting factor is close to 1) is
contained in a symmetrical waveguide with 50 nm thick n+-GaAs
contact layers doped with a concentration of 5 × 1018 cm−3 and
Au/Ti(10 nm)-Ti(10 nm)/Au metal plates.

Figure 2 shows the calculated current–voltage characteristics
and the gain spectra in the lasing regime for various voltages on
one active cascade V1. The current–voltage characteristic has addi-
tional “parasitic” peaks at the voltage below the lasing threshold of
37 and 45 mV, which are associated with resonant tunneling of
electrons between the injectors (i, i2) and extractor (le) levels. The
gain in the design under consideration occurs on the positive dif-
ferential resistance branch of the current–voltage characteristic,
which is necessary to fulfill the condition of electrical stability at
the operating point. The large positive differential resistance range
of V–I characteristic is achieved by the large energy detuning from
the tunneling resonance between the injector levels i and i2. It is
important to note the width of the range of the positive branch of
the photon assisted current curve Js in the lasing regime at voltages
of ∼59–73 mV, which is associated with stimulated transitions of
electrons and covers the wide spectral range of ∼6.1–6.6 THz. The
wide range of generation frequency tuning (∼0.5 THz) depending
on the applied voltage is due to a high generation frequency and
slower change in the energy of the upper laser level (u) compared
to the lower one (le).

In order to estimate the maximum operating temperatures of
the given design, we calculate the complex dielectric function and
cavity losses as a function of temperature using the method pro-
posed in Refs. 29 and 30. This calculation includes losses on the

metal, optical phonons, and free charge carriers. In addition to
waveguide mode losses, losses due to the reflection on mirrors were
taken into account. For a resonator with 3 mm length and 100 μm
width, the reflection coefficient is 0.5531 and the losses associated
with radiation output are 2 cm−1. Figure 3 shows the temperature
dependences of the maximum gain and total losses at lasing fre-
quencies of 6.1–6.6 THz, and the output radiation power in the
lasing regime for the design under study. The theoretical maximum
operating temperature of the laser was determined as the intersec-
tion point of the calculated temperature dependences of the total
loss coefficient in the cavity and the gain. For voltages of 61, 65,
and 69 mV, the calculated values of the maximum operating tem-
perature were 65, 81, and 77 K, respectively, reaching a maximum
for the frequency range 6.3–6.6 THz. For a frequency of 6.4 THz,

FIG. 3. Temperature dependences of maximum gain (solid curves) and total
losses (dashed curves) (a) and output power (b).
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the maximum power values are reached, which at a temperature of
60 K amount to ∼226 mW. A significant performance drop at
61 meV bias is related to the proximity of the threshold voltage.
The full lasing range falls on the positive differential resistance
range of V–I characteristic that allows uncontrolled inhomogeneous
excitation of the active region near the maximum of L–V character-
istic without a risk to fall into the negative differential resistance
region.

CONCLUSION

A new QCL design with a generation frequency higher than
6 THz and an active region based on four GaAs/Al0.14Ga0.86As
quantum wells is proposed. The main features of the proposed
laser structure are two injection quantum wells and suppression of
non-radiative transitions for laser levels. The optical gain, losses,
and current density change of the QCL are studied theoretically
using the three-band k⋅p-method and balance equations method
taking into account the processes of dephasing on the basis of wave
functions. Our simulation shows that the suggested QCL is promis-
ing for obtaining lasing at frequencies in the region of 6.3–6.6 THz.
It is shown that the maximum operating temperature of such a
QCL is about 81 K. The new design of QCLs based on GaAs/
AlGaAs opens the way for QCLs to advance into the region of
operating frequencies above 6 THz.
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