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HgCdTe is promising as a material to solve a problem of
the development of semiconductor sources with an opera-
tional frequency range of 6–10 THz due to the small optical
phonon energies and electron effective mass. In this study,
we calculate the dependence of the metal–metal waveguide
characteristics on the number of cascades for the 3-well
design HgCdTe-based quantum cascade laser at 8.3 THz.
It is shown that four cascades are sufficient for lasing at a
lattice temperature of 80 K due to the large gain in the active
medium. The results of this study provide a way to simplify
the fabrication of thin active region HgCdTe-based quan-
tum cascade lasers for operation in the range of the GaAs
phonon Reststrahlen band inaccessible to existing quantum
cascade lasers. © 2022 Optica Publishing Group

https://doi.org/10.1364/OL.470688

Currently, quantum cascade laser (QCL) III–V semiconductor-
based technology provides a means of producing compact,
electrically pumped semiconductor sources of coherent radi-
ation in a large part of terahertz (THz) frequency range [1].
However, the operation of conventional III–V-based QCLs
between 6 and 10 THz is complicated by the optical phonon
absorption in the Reststrahlen band [2]. Note that, recently, THz
QCLs lasing at 8 THz have been designed based on nonpolar
(m-plane) GaN quantum wells [3]. It has also been proposed to
use ZnO quantum wells [4] and graphene [5] as active media
for QCLs in this frequency range due to the high optical phonon
energies of these materials. Another advantage of graphene is
an electron quasi-relativistic dispersion law, and, as a result,
a large gain coefficient [5]. In contrast to III–V semiconduc-
tors, II–VI materials, in particular HgCdTe, have lower optical
phonon energy, which makes them attractive materials for cov-
ering the 6–10-THz gap [6]. HgCdTe is a direct-gap compound
semiconductor with a zinc blende crystal structure, in which the
bandgap can be varied over a wide range from 0 to 1.6 eV by
changing its composition [7]. Recently, thanks to improvements
in technology of molecular beam epitaxy growth of HgCdTe
structures with narrow-gap quantum wells (QWs), with the
quasi-relativistic dispersion law, it became possible to grow a

waveguide structure with 15 QWs and demonstrate interband
stimulated emission with a frequency of 9.7 THz under opti-
cal pumping [8]. Furthermore, the possibility of THz operation
of different devices with multiple QWs based on HgCdTe was
shown theoretically. These include a bipolar laser diode for the
frequency range of 10–11.5 THz [9] and a QCL emitting at
8.3 THz [10].

It should be noted that both variants of electrically pumped
lasers proposed in Refs. [9] and [10] might face serious difficul-
ties with practical implementation. For laser structures with a
p-n junction, the main obstacle is the formation of a p-type layer.
To activate the acceptors, it requires thermal annealing, which
interferes with the growth of high-quality QWs [11]. Such a
problem is not present for unipolar QCLs. However, unlike con-
ventional bipolar semiconductor lasers with only a few QWs,
QCL devices typically contain laser active regions (ARs) that are
several microns thick and comprise several hundred nanometer-
scale semiconductor layers of precisely controlled thicknesses
and compositions.

The use of a metal–metal waveguide for terahertz QCLs based
on GaAs allows a considerable reduction of the required AR
thickness. For example, for a 3.5-THz laser, it was possible to
reduce the AR thickness down to 1.75 µm [12], which is 50 times
smaller than the wavelength of the laser in vacuum. The AR was
based on a three-well resonant-phonon design and consisted of
just 37 cascades each with a 43.7 nm thickness. In addition,
thanks to reduced heat dissipation and lower thermal resistance,
the thinner AR shows an increase in the continuous wave oper-
ating temperature compared to the thicker AR [13]. The gain, g,
in THz QCLs based on HgCdTe QWs in the temperature range
of up to 150 K is several times larger than in THz QCLs based on
GaAs [10]. The advantage of HgCdTe-based QCLs over GaAs-
based QCLs is due to the much lower effective mass of electrons
(due to quasi-relativistic dispersion law), m, in HgCdTe QWs,
which results in higher gain (g ∼ m−3/2) [14] (Fig. 1). For exam-
ple, in the Hg0.8Cd0.2Te/Hg0.6Cd0.4Te QW, m= 0.03m0, where m0

is the free-electron mass, while in GaAs/Al0.15Ga0.85As QWs,
m= 0.067m0. Thus, there is a possibility to further decrease the
number of cascades of the laser and overall AR thickness, which
should facilitate its development.
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Fig. 1. Schematic description of the relevant subbands and
transitions with photon (hω) and phonon (hΩΦ) emission in a
HgCdTe-based quantum cascade laser.

Fig. 2. (a) Conduction band profile and associated square-wave
functions, calculated within the kp-method, for an optimized 8.3-
THz QCL with three Hg0.8Cd0.2Te/Hg0.6Cd0.4Te QWs. The voltage
on one cascade is equal to 55 mV, temperature T = 77 K. The red
arrows indicate the main current channels through the structure.
(b) Gain spectrum of the AR with three Hg0.8Cd0.2Te/Hg0.6Cd0.4Te
QWs.

In this Letter, we carry out a theoretical investigation of the
possibility to reduce the number of cascades (AR thickness) in
THz QCLs based on HgCdTe QWs.

In our calculations, we consider the 3-well design QCL. The
layer sequence of the single period of such design in nanometers
is 6.5/11.7/3.9/24.0/2.6/13.0 with Hg0.6Cd0.4Te barriers indi-
cated in bold letters, where the central part of underlined
Hg0.8Cd0.2Te well is doped with a sheet electron density of
6.2× 1010 cm−2. We consider 50-nm-thick n+-CdTe contact lay-
ers with a doping concentration of 1017 cm−3. Figure 2(a) shows
the calculations of quantization levels and wave functions for the
considered structure. The levels in the cascade are numerated
as 1–4 from bottom to top. Injection of electrons to the upper
laser level 3, is achieved by resonant tunneling from the main
level 1’ of the broad well of the previous cascade. Electrons then
transition radiatively to a lower laser level 2, which is effectively
emptied by non-radiative transition to level 1 by emission of an
optical phonon. Level 4 serves for more effective emptying of
the lower laser level of the previous cascade and extending the
positive part of volt-ampere characteristic. Diagonal laser tran-
sition (3–2) with dipole matrix element Z32 = 7.0 nm is realized
at the frequency of 8.3 THz and corresponds to the maximum of
the gain spectrum. The matrix element which is two times higher
(in comparison with GaAs-based QCLs) provides a large gain
of 300 cm−1 [Fig. 2(b)]. The details of the calculation method
are given in Ref. [10].

To calculate the dependence of dielectric permittivity of n+-
CdTe on cycle frequency ω, we used the following expression:

ε1(ω) = ε
∗

1(ω) −
ω2

1

ω2 + iγ1ω
, (1)

where ε∗1(ω) is the dielectric permittivity of undoped CdTe [15],
γ1 = q/(m1µ1), q is the elementary charge, andω2

1 = 4πN1q2/m1,
µ1, m1, and N1 are the square of plasma frequency, mobil-
ity, effective mass, and concentration of electrons in n+-CdTe,
respectively.

The mobility of electrons in n+-CdTe at a temperature around
80 K and electron concentration of 1017 cm−3 can be consid-
ered to be 103 cm2/(V ■ c) [16] and the effective mass to be
m1 = 0.095m0 [17]. For calculating the frequency dependence of
the dielectric permittivity of the AR, we used following approxi-
mation (accounting for the thickness of one cascade being much
less than the wavelength of radiation in the AR):

ε2(ω) =
ε2,1(ω)d1 + ε2,2(ω)d2

d1 + d2
, (2)

where ε2,1(ω) and d1 are respectively the dielectric permittiv-
ity and total thickness of Hg0.6Cd0.4Te barriers in one cascade;
ε2,2(ω) and d2 are respectively the dielectric permittivity and
total thickness of Hg0.8Cd0.2Te QWs in one cascade.

The formula for the frequency dependence of the dielec-
tric permittivity of Hg0.6Cd0.4Te (n= 1) and Hg0.8Cd0.2Te (n= 2)
was approximated within the multioscillator model from the
experimental data:

ε2,n(ω) = ε∞,n +
∑︂

jn

Sjnω
2
TO,jn

ω2
TO,jn − ω

2 − iωγjn
−

ω2
2

ω2 + iγ2ω
δ2,n, (3)

where δ2,n is the Kronecker delta, ε∞,n is the high frequency
dielectric constant, and Sjn , ωTO,jn , and γjn represent the strength,
frequency, and damping constant for the jth oscillator and nth
semiconductor. These parameters were taken from the works
of [18] and [19] for Hg0.6Cd0.4Te and Hg0.8Cd0.2Te, respectively.
When calculating plasma frequency ω2 and damping constant
γ2, we used the following values: the concentration and mobil-
ity of electrons in Hg0.8Cd0.2Te were equal to 1016 cm−3 and
105 cm2/(V ■ c), respectively [20]. Dielectric permittivity of sil-
ver εm(ω) (the metal, which can be used for the fabrication of
the metal–metal waveguide) was determined from the Drude
model, the parameters for which were experimentally found in
a previous work [21].

The coordinate dependence of the module of the magnetic
field Hy(z) of the TM mode of the QCL propagating along the
x axis (z axis points in the growth direction) is found from the
following equation [22]:

ε(z,ω)
d
dz

[︃
1

ε(z,ω)
dHy(z)

dz

]︃
+

(︃
ε(z,ω)

ω2

c2 − k2
x

)︃
Hy(z) = 0, (4)

where s is the speed of light in vacuum, kx = nefω/c is the
longitudinal component of the wave vector of the mode, and
nef is effective refractive index of the mode. The distribution of
dielectric permittivity is expressed as

ε(z,ω) =
⎧⎪⎪⎨⎪⎪⎩
εm(ω), z<0, z ≥ 2d + N(d1 + d2)

ε1(ω), 0 ≤ z<d, d +N(d1 + d2) ≤ z<2d +N(d1 + d2)

ε2(ω), d ≤ z<d + N(d1 + d2)

,

(5)
where N is the number of cascades in the QCL under consid-
eration and d is the contact layer thickness. Here, Hy(z) and

1
ε(z,ω)

dHy(z)
dz are continual on the boundary between layers with

different permittivity. Additionally, Hy(z) → 0 at z → 0 is a
boundary condition for the waveguide mode. The component
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Fig. 3. Spatial distribution of |Hy |, |Ez |, and nr in the waveguide
of the considered QCL with N = 4.

of the electric field of the TM mode Ez(z) is found from the
equation:

Ez(z) = −
ckx

ωε(z,ω)
Hy(z). (6)

The spatial distribution of the calculated |Hy(z)|, |Ez(z)|,
|Ex(z)|, and nr = Re(

√︁
ε(z,ω)) in the waveguide of the considered

QCL with N = 4 is shown in Fig. 3.
To find the minimal possible number of cascades in the consid-

ered QCL, we used an expression for determining the threshold
of generation [22]:

gΓ = αin + αm, (7)

where αm = − ln(R)/L is the loss coefficient on the mirrors of
the laser with length L and the reflection coefficient on a mirror
R, αin = 2Im(kx) represents the internal optical losses in the
waveguide of the laser, and Γ is the optical confinement factor
of the TM mode [23]:

Γ =

Re(nef )

d+N(d1+d2)∫
d

nr |Ez(z)|2dz

+∞∫
−∞

n2
r |Ez(z)|2dz

. (8)

Note that it is possible to use a simpler expression for obtain-
ing Γ, without calculating the distribution of electromagnetic
fields from Eqs. (4), (6) and the integrals in Eq. (8), which
provides the same result:

Γ =
∂Re(nef )

∂nr
. (9)

As it is known, the losses on the mirrors of the THz QCLs with
a thin metal–metal waveguide are small [24]. An estimate forαm

for L= 1 mm and R ∼ 0.9 [24] gives the value of approximately
1 cm−1. Internal losses for thin waveguides are larger and can be
calculated (so as Γ) from Eqs. (4), (6), and (8).

Figure 4(a) shows the calculated frequency dependence of the
optical confinement factor for several values of the number of
cascades in the AR. The confinement factor weakly depends on
the temperature and frequency in the GaAs phonon Reststrahlen
band, but significantly changes with the number of cascades. At
a frequency of 8.3 THz, it is equal to 0.31, 0.48, 0.59, 0.67, and
0.72 for 2, 4, 6, 8, and 10 cascades, respectively.

Figure 4(b) shows the temperature dependence of total losses
and modal gain gΓ for several values of the number of cas-
cades in the considered QCL. The dependence of losses on
temperature is associated with a decrease in the conductivity of

Fig. 4. (a) Spectral dependence of the optical confinement factor
for different numbers of cascades (numbers next to the curves);
T = 77 K. (b) Temperature dependencies of modal gain coefficient
(solid curves) and corresponding loss coefficients (dashed curves)
at 8.3-THz frequency for different numbers of cascades (numbers
on the curves).

metal plates [21] and the mobility of electrons in semiconductor
layers [7] with increasing temperature. As one can see, four peri-
ods of the QCL are already enough for obtaining generation with
a maximum operating temperature of 80 K. When increasing
the number of periods from 4 to 10, the operating temperature
increases up to 107 K. This fact is explained by the decrease of
the loss coefficient and the increase of the optical confinement
factor, which overcome the decrease of the amplification coeffi-
cient with temperature. Consequently, one can assume that with
the given parameters of QCL structure, four cascades are enough
for the generation. Each cascade consists of three quantum wells
and has the thickness of 61.7 nm, thus the total waveguide thick-
ness of such a QCL is 104 times smaller than the wavelength of
the laser in vacuum.

In conclusion, we performed modeling of the waveguide char-
acteristics of an HgCdTe-based 8.3-THz QCL with 3-well design
of a cascade [10] and metal–metal waveguide. The results show
that four cascades are enough for the operation of such a laser at
a temperature of 80 K. The total thickness of the waveguide is
equal to dw = 347 nm, making the ratio between the wavelength
and waveguide thickness, λ/dw, two times larger than the record
result reported earlier for a THz QCL based on GaAs [12]. Such a
small thickness of the AR of the HgCdTe-based QCL is reached
thanks to the amplification coefficient which is several times
larger than for GaAs-based THz QCLs due to quasi-relativistic
dispersion law of HgCdTe QWs. Predicted characteristics make
the growth of QCLs based on HgCdTe QWs for the frequency
gap of 6–10 THz significantly more accessible.
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