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Abstract: The lack of radiation sources in the frequency range of 7-10 THz is associated with
strong absorption of the THz waves on optical phonons within the GaAs Reststrahlen band. To
avoid such absorption, we propose to use HgCdTe as an alternative material for THz quantum
cascade lasers thanks to a lower phonon energy than in III-V semiconductors. In this work,
HgCdTe-based quantum cascade lasers operating in the GaAs phonon Reststrahlen band with
a target frequency of 8.3 THz have been theoretically investigated using the balance equation
method. The optimized active region designs, which are based on three and two quantum
wells, exhibit the peak gain exceeding 100 cm−1 at 150 K. We have analyzed the temperature
dependence of the peak gain and predicted the maximum operating temperatures of 170 K and
225 K for three- and two-well designs, respectively. At temperatures exceeding 120 K, the better
temperature performance has been obtained for the two-well design, which is associated with a
larger spatial overlap of weakly localized lasing wavefunctions, as well as, a higher population
inversion. We believe that the findings of this work can open a pathway towards the development
of THz quantum cascade lasers featuring a high level of optical gain due to the low electron
effective mass in HgCdTe.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Over the past decade, the significant development of radiation sources covers a wide range of
electromagnetic spectrum between mid-infrared (mid-IR) and terahertz (THz) frequencies. One
of the reasons for this is a dramatic improvement of quantum cascade lasers (QCLs) performance
across the far-IR and THz ranges [1]. On the high-frequency side (10-30 THz), QCLs based on
InAs/AlSb [2] and InGaAs/GaAsSb [3] materials have demonstrated the longest wavelengths of
25 µm and 28 µm, which correspond to frequencies of 12.0 THz and 10.7 THz, respectively.
On the low-frequency side (1-6 THz), the highest operation frequency of 5.4 THz has been
achieved by QCL based on GaAs/AlGaAs [4]. However, the operation of QCLs based on the
above-mentioned materials in the frequency range between 7 to 10 THz is strongly affected
by the optical phonon absorption in the Reststrahlen band [5]. In particular, the extending
of GaAs/AlGaAs QCL operation frequencies above 6 THz results in a significant increase of
waveguide propagation loss due to a strong electron-phonon scattering in the GaAs phonon
Reststrahlen band [6,7], covering 7-10 THz [8]. For the same reason, it is a challenge for far-IR
QCLs to operate at frequencies below 12 THz because of AlAs phonon Reststrahlen band [3].
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Thus, one should employ alternative materials with lower or higher optical phonon energies than
in GaAs, or utilize non-polar materials , such as GeSi [9], in which the interaction with optical
phonons is suppressed [10], as materials for QCLs lasing in the GaAs phonon Reststrahlen band.
Semiconductors with large optical phonon energies, such as GaN or ZnO, are extremely

promising materials for THz QCLs with the potential to achieve room temperature operation
[11,12]. However, wide-bandgap materials have a higher electron effective mass m∗e and, therefore,
a lower optical gain [13], since g ∼

(
m∗e

)−3/2. Furthermore, it should be noted that low m∗e
materials like InAs, InSb or GaSb theoretically provide higher optical amplification, but these
materials are not suitable for QCLs lasing in a frequency range of 7-10 THz due to their
optical phonon energy close to the GaAs one [see Fig. 1]. In contrast to III-V semiconductors,
II-VI materials, in particular, Hg1−xCdxTe have a lower optical phonon energy than GaAs and
simultaneously low values of m∗e, which makes them attractive for the gap of 7-10 THz [14] . For
narrow-gap Hg1−xCdxTe with cadmium content less than 60 %, the electron effective mass is
comparable to conventional low m∗e semiconductors. Since the compound materials HgTe and
CdTe are closely lattice matched (the difference in lattice constants less than 0.3 %), it is possible
to design a wide variety of multilayer structures based on Hg1−xCdxTe. Moreover, there is a
variety of experimentally demonstrated Hg1−xCdxTe-based devices such as photodetectors of the
mid-IR radiation (see, for example, [15] and references therein) and coherent radiation sources
operating with a wavelength of up to 19.5 µm [16,17], that shows the technological maturity of
this material. Therefore, these benefits of Hg1−xCdxTe suggest that it can be employed for QCLs
operating in the GaAs Reststrahlen band.

Fig. 1. Summary of candidate materials for QCLs with corresponding electron effective
mass and longitudinal optical phonon energy/frequency. Polar semiconductors are indicated
by squares and non-polar GeSi is marked by circle. The GaAs phonon Reststrahlen band is
indicated by the shaded area.

In this work, to evaluate the potential of Hg1−xCdxTe structures as a gain medium for QCL
operating in the GaAs phonon Reststrahlen band with a target frequency of 8.3 THz, we use the
balance equation method for simulating the laser characteristics. In comparison with widely
used approaches for modeling electronic transport in QCLs, such as the nonequilibrium Green’s
function formalism [18] or the density matrix formalism [19], the balance equation method
allows a significant reduction of the computation time. Thus, we have an opportunity to consider
a wide variety of active region designs, as well as optimize the given design by varying of the
thickness of all layers in the wide range. Moreover, the balance equation method allows us
to account the dephasing effect, which clearly plays an important role in QCLs [20,21], and
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predicts the formation of electric field domains across the active region [22]. Previously, we have
demonstrated the good agreement between calculated and experimental light-current-voltage
characteristics for the GaAs/AlGaAs QCL emitting near 2.3 THz [23]. In case of HgCdTe QCLs,
it is important to take into account the strong effect of conduction band non-parabolicity in
the calculation of electronic states, which is done using the 3-band k · p Hamiltonian [24]. In
addition, an anomalous temperature dependence of the Hg1−xCdxTe band gap (the band gap
increases with temperature [15]) is included in our model.

2. Materials and designs

Hg1−xCdxTe is a direct-gap compound semiconductor with zinc blende crystal structure, in which
the band gap can be varied over a wide range from zero to 1.49 eV by changing the composition
[15]. Our choice of the Hg1−xCdxTe/Hg1−yCdyTe composition for quantum wells/barriers is
motivated by the following reasons. On the one hand, the increase of mercury content leads
to a decrease in the m∗e, which is favorable from a theoretical perspective. On the other hand,
Hg1−xCdxTe with a Hg composition more than 80 % becomes gapless material with a high
interband absorption at the target frequency as well as with a detrimental effect of mixing between
the states of electrons and holes [25]. Thus, we have used the Hg0.8Cd0.2Te wells as an optimum
trade-off between the above-mentioned tendencies. In this case, the bulk effective electron mass
of Hg0.8Cd0.2Te is equal to 0.010 · m0, where m0 is a free electron mass. However, the strong
effect of non-parabolicity in narrow-gap wells based on Hg0.8Cd0.2Te leads to increasing of
effective masses up to (0.03-0.04) ·m0, which is still less than in GaAs wells [see Fig. 1].
The target frequency of 8.3 THz requires relatively low values of conduction band offset

(less than 500 meV), which can be achieved by the composition of Hg1−xCdxTe barrier layers
close to composition of Hg0.8Cd0.2Te wells. The height of Hg1−yCdyTe barriers is defined as a
compromise between the suppression of parasitic leakage current and the difficulties of growth
technology. In order to prevent the current leakage into the continuum it is necessary to reduce
the Hg content for a higher potential barrier. However, an increase in the conduction band
offset results in a decrease in the barrier thickness, creating high requirements on the epitaxial
growth. Thus, we prefer Hg0.8Cd0.2Te/Hg0.6Cd0.4Te material system, which provides ∼ 289 meV
conduction band offset at 50 K and allows designing an active region of QCLs with technological
maturity. The technological maturity of such structures is supported in the papers dedicated
to the growth accuracy of HgCdTe superlattice [26], intersubband absorption and transition in
HgCdTe multiple quantum wells [25,27] and resonant tunneling in HgCdTe heterostructures
[28]. Hg0.8Cd0.2Te/Hg0.6Cd0.4Te material system can be grown on (013) GaAs substrate with
metamorphic buffer or on Hg0.78Cd0.22Te virtual substrate to satisfy the strain-balance condition.
Furthermore, the given Hg0.6Cd0.4Te barrier layer composition is necessary to obtain weak
localization of high energy wave function enabling to use highly diagonal radiation transitions.

We analyze three- and two-well designs with resonant-phonon depopulation scheme when the
operation bias per period is close to the sum of the emission photon energy 34.3 meV and the
longitudinal optical phonon energy 18.3 meV. Our choice of the numbers of wells in the period is
motivated by the highest operation temperatures of THz QCLs based on GaAs/AlGaAs with
3-well [29] and 2-well [30] designs. The balance equation method allows us to optimize the
chosen HgCdTe-designs in order to achieve the maximum gain for emission frequency of 8.3
THz, varying all barrier layers thicknesses from 1 to 8 nm and well layers thicknesses from 3 to
30 nm with a calculation step equal to half the lattice constant of CdTe ∼ 3.25 Å. It is important
to note that we focus only on such designs that satisfy the electrical stability condition and have
the lowest threshold current.
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3. Theoretical model

To calculate the HgCdTe QCL characteristics we have used the balance equation method with
"tight-binding" wave-function basis. This basis has been obtained as superposition of eigenstates
of the Schrödinger equation for the entire active region of a THz QCL by minimization of the
spatial extension of wave functions of tunnel-coupled states. The localized ("tight-binding")
basis is more stable for dephasing impact, as degenerate basis states with ∆E . 3 meV have a
small overlap of wavefunctions and, correspondingly, a low self-scattering rate.
The electron levels and wave-functions are calculated via 3-band k · p Hamiltonian [24]

H =
©«

Ec(z) + pz
1+2FK
2m0
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acting on the three-dimensional vector of envelope functions ψ = (ψc,ψvl,ψso). Here Ec(z), Elh(z)
and Eso(z) are conduction, light-hole and split-off position-dependent band edges, respectively,
γ1 and γ2 are Luttinger parameters. The momentum matrix element pcv between bulk Bloch
states can be presented as pcv = i

√
m0Ep/2, where Ep is the Kane energy. For high energy levels

it is important to take into account the non-parabolicity of the conduction band. Therefore, the
effective Kane parameters for the 3-band k ·p model are approximated from the dispersion curves
obtained in [31,32]. The relevant material parameters for calculations are given in Appendix in
Table 1.

The procedure of localization of wave functions are carried out as described in [23]. Then,
we calculate the matrix elements of dipole transitions, the probabilities of scattering by optical
phonons and impurities, as well as the probability of electron-electron scattering in the approxi-
mation of thermodynamic equilibrium. The probability of tunnel junctions are calculated with a
random phase approximation using Lorentz line contours. Level populations for one period can
be found via system of balanced equations

dni

dt
= −

∑
j,i

ni

τij
+

∑
j,i

nj

τji
− υggij

(
ni − nj

)
S −

ni

τesc i
=

ni

τesc
. (2)

Here, τij are the times of nonradiative transitions from level i to level j, gij are differential gains,
τesc i are the electron escape times from localised levels to continuum states, S is the photon
surface density in a period and υg is the group velocity of light. We calculate τesc i from the
wave-function amplitudes in the continuum, similarly to the lifetimes of optical modes in a cavity.

The current density jloc through the period and the leakage current density jleak is given by [23]

jloc (V1,Nd) = e
∑

Ei>E1

∑
Ej≤E1

(
ni

τij
−

nj

τji
+ υggij

(
ni − nj

)
S
)
, jleak (V1,Nd) = e

Nd

τesc
, (3)

where e is the elementary charge and V1 is the operation bias per period. The total concentration
of electrons on the levels equals to the donor concentration Nd.

The contribution of non-resonant transitions has been taken into account to determine the gain
spectrum [23,33]

G(ν) =
πe2hν
~ε0cnrd

∑
Ei>Ej

|zij |
2 (

ni − nj
) [

Fij
(
hν,Ei − Ej

)
− Fij

(
hν,Ej − Ei

) ]
, (4)

where h is the Planck constant, ~ = h/2π, ε0 is the vacuum permittivity, c is the speed of light
in vacuum, nr is the refractive index of the active region, ν is the radiation frequency, d is the
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structure period, zij are dipole matrix elements, ni and Ei are the surface concentrations of charge
carriers and energies of levels i, respectively. The form factor of a spectral line is taken as the
form of modified Lorenzian [23]

Fij (hν,∆E) =
γij

π
·

1
(hν − ∆E)2 + γ2ij

·
2(

1 + exp
(

hν−∆E
kT

)) (
1 + exp

(
− hν+∆E

kT

)) . (5)

Here, γij is the transition linewidth, which takes into account the lifetimes of the corresponding
levels. The additional exponential factor, which diminishes the form factor in the short-wavelength
spectral region, takes into account the many-body effects of electron-electron interaction, as in
[34].

4. Results and discussion

As a result of numerical optimization, we have found the 3-well design with peak gain exceeding
of 100 cm−1 at a lattice temperature of 150 K. The layer sequence of the single period of optimized
design in nanometers 6.5/11.7/3.9/24.0/2.6/13.0 with Hg0.6Cd0.4Te barriers indicated in bold
letters and Hg0.8Cd0.2Te wells, whereas the central part of underlined well is doped with sheet
electron density of 6.2 · 1010cm−2. The band structure and the current flow through the energy
levels as simulated by the balance equation method are shown in Fig. 2(a). Electron state 1 of
n period and 3 of n + 1 period are tunnel-coupled. Taking into account the dephasing effect
allows to localize the electron density of basis state 1 mainly in the double quantum well of n
period, while the electron density of state 3 is localized in the quantum well of n + 1 period. This
spatial separation approach of electron densities for tunnel-coupled states has been used in the
calculation of the entire active region.

The operation principle of the present design is similar to the conventional 3-well THz QCLs,
when the population inversion is based on electron injection into the upper laser level 3 of n + 1
period via resonant tunneling from injector level 1 of n period and electron depopulation of the
lower laser level 2 of n + 1 period occurs with resonant phonon emission landing on the injector
level 1 of the same period. This principle is well illustrated by the calculated main current
channels through the structure, including the parasitic current channel between the upper laser
level 3 and the injector level 1, which are indicated by red arrows. Each red arrow corresponds to
the current channel, equal to 251 A/cm2, and indicates the direction of the current flow. It should
also be noted that the present design has an additional resonant phonon extraction mechanism
from a high energy level 4 to the upper laser level 3. However, our calculations show that this
resonance has a negligible effect on electron transport and, as a result, does not significantly
increase the population of the upper laser level 3.
The best temperature robustness is demonstrated by the optimized 2-well design with peak

gain exceeding of 100 cm−1 at 200 K and layer sequence (in nanometers with barriers in bold
letters) 4.5/5.8/2.6/18.8 with a doping density of 3.2 · 1010 cm−2. As compared with the 3-well
design, narrower wells in the 2-well design lead to higher energy levels with weakly localized
electron wavefunctions spanning over several periods [see Fig. 2(b)]. Consequently, the 2-well
design has a larger spatial overlap of wavefunctions of the laser levels 3 and 2, which increases
the dipole matrix element of the radiation transition. On the other hand, utilizing high energy
levels in the 2-well design has two detrimental effects. First, the effective mass of the above levels
becomes higher due to the non-parabolic band effect. Second, the electron leakage is activated
on high energy levels by the parasitic current channel 3→ 4 with sequential tunneling into the
continuum.
In the 2-well design the trajectory of the current flow becomes more complex with the main

”stream” through laser levels 3 and 2 and the minor current channel based on diagonal transitions
between levels 3 and 1, which occur in the direction and opposite to the direction of the current
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flow. Furthermore, the present design is characterized by the hybrid injection scheme based on
resonant-tunnelling transitions from injector level 1 of n period to upper laser level 3 of n + 2
period and scattering-assisted injection from the lower laser level 2 of n period to the upper
laser level 3 of n + 1 period with resonant emission of optical phonon. In contrast to the 3-well
design, the injection mechanism via optical phonon scattering is much more effective in the
2-well design. We emphasize that in the 2-well design the population of the lower laser level
2 is less than the population of the upper laser level 3, since the populations of these levels
are related to each other by the Boltzmann distribution n2/n3 ≈ exp (−ELO/kT). Finally, in the
2-well design the parasitic injection from level 1 to the lower laser level 2 is suppressed due to
the minimized overlap between wave functions of the corresponding levels. For these reasons,
we expect that the 2-well design is less sensitive to the temperature and allows achieving higher
operation temperatures than the 3-well design.

Fig. 2. Conduction band diagram and squared modules of wavefunctions for the
Hg0.6Cd0.4Te/Hg0.8Cd0.2Te QCLs computed by 3-band Hamiltonian k · p-method at a
bias of 55 mV/period are demonstrated for (a) two neighboring periods of 3-well design at
100 K and (b) three neighboring periods of 2-well design at 200 K. The red arrows indicate
the main current channels through the structure, taking into account that the total current
through the period equals to six red arrows for 3-well design (one arrow equals to 251 A/cm2)
and nine red arrows for 2-well design (one arrow equals to 272 A/cm2). In the insets, it is
possible to see that the gain maximum corresponds to the target frequency of 8.3 THz for
both design.
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In Fig. 3(a), we compare the calculated current density-voltage and peak gain-voltage charac-
teristics of the optimized 3-well design at two temperatures of 100 K and 150 K. One observes
that the operation bias point near 55 mV/period, where the peak gain has a maximum value,
is below the peak-current bias at both temperatures. Thus, the present design demonstrates a
smooth current-voltage characteristic with operation bias point outside the region of negative
differential resistance to prevent electrical instability. It is worth noting that this design has a
strong temperature dependence of the current density, which leads to its increasing from 2.8 to
3.8 kA/cm2 at operation bias point as temperature increases by 50 K. This temperature effect is
associated with a ∼ 20 % increase of the Bose factor of the electron-phonon scattering rate due
to a low optical phonon energy in HgCdTe. In addition, the population of the injector level 1
decreases by 10 %, because the populations of the lower laser level 2 and the high energy level 4
increase by 6 % and 4 %, respectively. As a result, new parasitic channels 4→ 1 and 4→ 2 of
current leakage occur at high temperatures. Moreover, with increasing temperature from 100 K
to 150 K, the peak gain rapidly drops and the operation bias range shrinks. Thus, the optimized
3-well design depends significantly on temperature and is more suitable for low temperature
operation.

Fig. 3. The current density (solid lines) and peak gain (dashed lines) versus voltage are
calculated using the balance equations method for (a) 3-well design at a lattice temperatures
of 100 K and 150 K and (b) 2-well design at a lattice temperatures of 150 K and 200 K.

The results of the calculated current density and peak gain versus applied voltage at 150 K and
200 K for the 2-well design are shown in Fig. 3(b). As well as for the 3-well design, the operation
bias point near 55 mV/period is on the increasing branch of the current-voltage characteristic.
However, we observe that the local gradient of the current-voltage curve of the 2-well design is
larger than in the 3-well design. Reasonably, high energy levels of the 2-well design are more
sensitive to the applied bias, resulting in a high differential resistance and a narrower operation
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bias range. It should also be noted that the current density in the 2-well design is two times
higher than in the 3-well design. Therefore, the 2-well design is more suitable for pulsed mode
operation to minimize the self-heating effect.
We evaluate the tolerance of optimized designs to a deviation of layer thickness. Our

calculations show that the acceptable variation of layer thicknesses for 3-well design is up to ±2
monolayers (±6% of the period thickness). With large deviations from a nominal design, a sharp
decrease of peak gain is observed. In case of 2-well design, the thickness tolerance for working
lasing structure is determined to be −0.5,+1 monolayer (−2%,+4% of the period thickness).
Therefore, the values of acceptable thickness variation for HgCdTe designs are comparable to the
growth accuracy requirements for AlGaAs/GaAs based structures [35]. According to [36,37], the
mean height of interface roughness of HgCdTe structures is about 0.4-0.5 nm, which is less than
the thickness of one monolayer.
In Fig. 4(a), we compare the temperature dependence of the peak gain at 8.3 THz of the

optimized 2-well and 3-well designs. At low temperatures, the 3-well design demonstrates the
highest peak gain, which begins to decrease rapidly at temperatures above 70 K. Conversely, in
case of the 2-well design, the peak gain has lower values with weak temperature dependence
up to 150 K and gradually decreases at higher temperatures. This leads to significantly higher
peak gain of the 2-well design at temperatures above 120 K and, as a result to higher operating
temperatures. In order to estimate the maximum operation temperatures of the given designs, we
calculate the cavity losses for a 12 µm thick Cu-Cu waveguide based on HgCdTe as a function of
temperature using the method proposed in Ref. [7]. In this case, we take into account scattering
on optical phonons [39,40] and free charge carriers [41] for HgCdTe QCL with 75 nm and 50 nm
thick n+-CdTe contact layers with a doping concentration of 1017 cm−3. Now we may clearly
identify the temperature, which ceases the laser action. Under this temperature the computed
optical gain becomes equal to the cavity losses. Such conditions are achieved for the 2-well and
3-well designs at 225 K and 170 K, respectively, which corresponds to the maximum operating
temperature of the given designs.
To validate the predictability of our approach, we calculate the temperature dependence of

peak gain for the GaAs/AlGaAs QCLs emmiting at THz frequencies with experimental values of
maximum operation temperature. We choose the two well-known designs based on 3-well with
maximum operation temperature of 142 K [38] and 180 K [29], and the 2-well design with the
highest operation temperature of 210.5 K achieved to date [30]. The waveguide parameters of the
analyzed QCLs, including the thickness of the contact layers and gain region, doping concentration
and cladding metals, are given in Table 2 in the Appendix. As well as for the HgCdTe designs,
for the 2-well design based on GaAs/AlGaAs the maximum of peak gain is shifted toward higher
temperatures in comparison with the 3-well designs [see Fig. 4(b)]. Furthermore, the peak gain
of 2-well design becomes higher than in 3-well designs at temperatures above 120 K, which leads
to a higher operation temperature of 2-well design. Finally, we find excellent agreement between
the predicted maximum operating temperatures and the experimental values [see Table 2 in the
Appendix].

To highlight the difference in the temperature performance of the 2-well and 3-well HgCdTe
designs, in Fig. 5 we analyze the main parameters defining the peak gain for both designs as
g32 ∼ ∆n32 |z32 |2/γ32, where ∆n32 is the population inversion, z32 is the dipole matrix element,
and γ32 is the transition linewidth. Despite of the low value of ∆n32 for the 2-well design, this
parameter slightly increases at elevated temperatures and becomes higher than the ∆n32 of the
3-well at temperatures above 200 K. One more reason of high temperature operation of the
2-well design is a higher value of z32, which increases from 8.8 nm to 9.2 nm with increasing
temperature from 50 to 250 K. This can be explained by extended electron wavefunctions of
high energy laser levels and the decrease of potential barriers under increasing temperatures.
Meanwhile the 3-well design demonstrates a lower value of z32, which is reduced from 6.3 nm
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Fig. 4. The temperature dependencies of peak gain are shown for (a) optimized HgCdTe
designs based on 3-well (blue line) and 2-well (red line) and (b) GaAs/AlGaAs design based
on 3-well of Luo et al. [38] (blue line), 3-well of Fathololoumi et al. [29] (green line) and
2-well of Bosco et al. [30] (red line). Cavity losses are indicated by the dashed curves
taking into account the waveguide parameters for each QCL designs shown in Table 2 in the
Appendix.

to 6.1 nm within the above temperature range. Thus, the 2-well design has a higher ∆n32 · z32
product than the 3-well design at temperatures above 200 K with close γ32 for both designs,
leading to a higher peak gain and, consequently, to a higher operation temperature.

Fig. 5. The temperature dependencies of dipole matrix element z32, population inversion
∆n32 and transition linewidth γ32 are shown for the optimized 3-well (solid curves) and
2-well (dash-dotted curves) designs.
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5. Conclusion

In summary, we have demonstrated the potential of the HgCdTe structures as a gain medium
for QCL operating in the GaAs phonon Reststrahlen band. Carrier transport and optical gain
properties are theoretically investigated using the balance equations method with a 3-band k · p
Hamiltonian. The HgCdTe active region is optimized by varying of the layer thicknesses in the
wide range in order to achieve the maximum gain for emission frequency of 8.3 THz. Finally, we
have proposed the three- and two-well designs with maximum operation temperatures of 170 K
and 225 K, respectively. We believe that the HgCdTe structures can be a promising candidate for
QCLs operating in the frequency range from 7 to 10 THz.

Appendix

Table 1. Relevant material parameters adopted in in this work
to simulate the Hg0.8Cd0.2Te/Hg0.6Cd0.4Te QCL systems,

T = 200 K.

Hg0.8Cd0.2Te Hg0.6Cd0.4Te

Electron effective masses (m∗e/m0) 0.011 0.031

Energy bandgap (eV) 0.121 0.424

Spin-orbit splitting (meV) 1046 1012

Effective Kane energy Ep (eV) 15.7 17.6

Effective Kane parameter FK −0.45 −0.30

Luttinger parameter γ1 3.57 3.048

Luttinger parameter γ2 0.344 0.188

Barrier/well band offset (meV) 252

Static dielectric constant 17.6 15.2

High-frequency dielectric constant 12.4 10.6

Table 2. Double metal waveguide parameters for calculation of cavity losses in analyzed QCLs.

3-well 3-well 2-well 2,3-well

design [38] design [29] design [30] designs

laser frequency, THz 3.4 3.2 3.9 8.3

well material GaAs GaAs GaAs Hg0.8Cd0.2Te

barrier material Al0.15Ga0.85As Al0.15Ga0.85As Al0.25Ga0.75As Hg0.6Cd0.4Te

metal Au Au Cu Cu

n+ contact layers, nm / 1018cm−3 50 / 5 50 / 5 50 / 5 50 / 0.1

gain region, µm / 1016cm−3 10 / 0.81 10 / 0.68 12 / 1.5 12 / 1.0

n+ contact layers, nm / 1018cm−3 400 / 3 75 / 5 0 75 / 0.1

metal Au Au Cu Cu

Tmax, K, experiment 142 180 210.5 –

Tmax, K, theory 150 175 210 225, 170
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