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ABSTRACT

We propose an electrically pumped laser diode based on multiple HgTe quantum wells with band structure engineered for Auger
recombination suppression. A model for accounting for hot phonons is developed for calculating the nonequilibrium temperature of
electrons and holes. Using a comprehensive model accounting for carrier drift and diffusion, Auger recombination, and hot-phonon effects,
we predict of lasing at λ � 3 μm at room temperature in the 2.1 nm HgTe/Cd0:85Hg0:15Te quantum well heterostructure. The output power
in the pulse can reach up to 600 mW for 100 nanosecond-duration pulses.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0098918

I. INTRODUCTION

The radiation sources of wavelength around 3 μm in the atmo-
spheric transparency window are of extreme importance for gas
sensing applications, environmental control, and medical diagnos-
tics due to fundamental absorption lines of different substances, for
example, paramylon,1 n-butanol, ethene, and ethylene oxide.2 Laser
sources with this wavelength are also required for lidar systems3

and free space optical communication systems.4

Laser action with a wavelength around 3 μm was realized in
semiconductor systems based on III–V (GaSb, InAs), IV–VI (PbS,
PbSe), and II–VI compounds.5–7 However, conventional interband
laser diode designs require four and five component solid solu-
tions,6 which require the highest level of production and limit their
distribution. Also, promising sources are quantum-cascade lasers
(QCLs) consisting of layers of hundreds of layers and three-
component III–V semiconductor solutions.8–13 The use of a
sequence of narrow- and wide-gap compounds on In(Ga)As/AlAs
(Sb) makes it possible to increase the height of potential barriers in
the conduction band up to 2 eV, which made it possible to develop

indoor short-wavelength QCLs operating in the region of 2.6–
3.5 μm.12,14–16 However, the growth of a large number of layers is
also associated with enormous technological difficulties.

In this regard, the sources based on CdHgTe with HgTe
quantum wells (QWs) could be compelling. HgCdTe technology is
well-developed and is used for the fabrication of IR detectors.17,18

Earlier, lasers based on bulk CdHgTe layers (with optical19 and elec-
trical pumping20,21) and based on wide CdHgTe QWs with a signifi-
cant cadmium content x ¼ 0:5–0.34 (only with optical
pumping22–24) were created. It is found that lasing is suppressed due
to a highly increasing Auger 3D coefficient from 4:9� 10�28 cm6/s
(x ¼ 0:5) to 9� 10�26 cm6/s (x ¼ 0:34) at 100 K with a decrease in
the bandgap of active layers24 in the 1.9–3.5 μm wavelength range.
Estimated Auger 2D coefficient for QW structures increased from
2:1� 10�16 cm4/s (x ¼ 0:44) to 9� 10�14 cm4/s (x ¼ 0:34).

However, due to the progress in molecular beam epitaxy, the
active region of HgCdTe-based emitters can be formed not only by
bulk layers but also by arrays of the binary HgTe QWs. In such
quantum well heterostructures, it is easier to achieve population
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inversion as suggested earlier.25 As shown in recent works,26–28

when using HgTe active layers, it is possible to suppress Auger
recombination. As a result, interest in this system of materials was
revived, and with optical pumping, it was possible to observe stim-
ulated emission at wavelengths of 3.7,29 2.8,30 and 2.45 μm31 at
temperatures of 240, 250, and 300 K, respectively. Estimated Auger
coefficient for QW structures emitted at λ � 3:7 μm was
10�27 cm6/s (3D) or 1:4� 10�14 cm4/s (2D).29 Possibly, the large
values of the lasing threshold and overestimation of the Auger
recombination coefficient in Ref. 23 were also contributed by the
low optical confinement in the structures.

The main factors that limit the temperature characteristics of
mid-infrared (IR) semiconductor lasers are Auger recombination on
the QWs, non-equilibrium carrier heating and Drude absorption of
the free carriers. Although yet there is no experimental demonstration
of injection lasers based on heterostructures with HgTe QWs, there
are several theoretical proposals of diode laser aimed for mid-25 and
far-IR32 operation as well as THz quantum-cascade laser33 based on
HgCdTe. In this work given, the experimental results demonstrating
stimulated emission under optical pumping29–31 and suppression of
Auger recombination in HgTe QWs,26,34 we investigate the feasibility
of HgCdTe-based injection lasers. Considered laser design has active
regions consisting of several 2.1-nm thick HgTe QWs separated by

CdxHg1�xTe barriers. The QW width is selected to achieve the emis-
sion wavelength of 3 μm. Here, using a complex numerical model
that takes into account the drift and diffusion of carriers in the
barrier layers, carrier capture in the quantum wells, radiative and
non-radiative recombination and heating of the active region, we
show the possibility of generation at room temperature. We develop a
model that accounts for hot phonons and show the essential influence
of non-equilibrium heating of charge carriers on the output charac-
teristics of lasers, especially for structures with deep QWs and low
optical phonon energy.

II. STRUCTURE DESIGN

We consider the following multiple quantum well laser struc-
ture grown on a (013)-oriented n-GaAs substrate: 100 μm n-GaAs
substrate/5 μm n-CdTe cladding/600 nm n-CdxHg1�xTe waveguide
(x varies between 0.6 and 1)/active region (six–ten 2.1 nm HgTe
QWs interleaved with 10 nm Cd0:85Hg0:15Te barriers)/70 nm
p-CdxHg1�xTe waveguide (x varies between 0.85 and 1.0)/3 μm
p-CdTe cladding. The calculated parameters of each heterostructure
layer are collected in Table I.

There were problems with CdHgTe technology of obtaining
doping with acceptors with the desired profile and concentration

TABLE I. Parameters of heterostructure layers: layer number (No.), thickness (d), composition, doping, electron (μn) and hole (μp) mobilities, bandgap (Eg) and real part of the
refractive index (n0) for the ∼3 μm wavelength. All the quantities are for 3D materials and temperature 300 K. In the graded-composition waveguide layers, the parameters vary
linearly between their values in adjacent layers.

No. d (nm) Composition Doping (cm−3) μn (cm
2

V s) μp (cm
2

V s) Eg (eV) n0

Substrate
1 GaAs n : 1018 2361 134 1.42 3.31

n-cladding layer
2 5000 CdTe n : 1017 111 36 1.49 2.71

n-waveguide layers
3 50 CdTe n : 5 × 1017 40 16 1.49 2.7
4 50 graded
5 400 Cd0.6Hg0.4Te n : 1017 197 36 0.71 2.86
6 50 graded
7 30 Cd0.9Hg0.1Te n : 1018 30 11 1.26 2.74
8 10 graded
9 10 Cd0.85Hg0.15Te n : 1016 523 73 1.15 2.78

active region
10 2.1 QW: HgTe 0 523 73 −0.14 5.14
11 10 Cd0.85Hg0.15Te n : 1016 523 73 1.15 2.78

+ (549) + 1/2 periods (two layers in period)

p-waveguide layers
12 10 Cd0.85Hg0.15Te n : 1016 523 73 1.15 2.78
13 10 graded
14 20 CdTe p : 5 × 1017 40 16 1.49 2.71
15 30 CdTe p : 1 × 1016 414 73 1.49 2.71

p-cladding layer
16 3000 CdTe p : 4 × 1016 194 51 1.49 2.71

Au contact layer
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for a long time. Recently, it was shown that the existing technolo-
gies of epitaxial growth make it possible to create p-CdTe with the
concentration and hole distribution profile required in our work
(Ref. 35 and references therein). The use of the (013) GaAs sub-
strate orientation significantly increases the maximum possible hole
concentration and sharpness of the doping profile.

Band structure parameters (bandgap, effective masses) of
ternary and binary compounds were obtained from experimental and
theoretical data using the approach of Refs. 36 and 37. Electron and
hole mobilities were interpolated from the experimental data of
Refs. 38 and 39. Infrared refractive index and absorption coefficient
of the waveguide were calculated taking into account Drude and
lattice absorption.40–42 Internal optical losses and refractive index
were calculated within the multioscillator Lorentz–Drude model
including both phonon and free-carrier contributions.40–42

Calculated absorption cross sections of the free electrons and holes
were 1:7� 10�17 and 1:2� 10�16 cm2, respectively. Quantum well
depths for electrons and holes were calculated according to Refs. 36
and 43.

Refractive index was interpolated from Ref. 44 for the Cd
content in the range of 0.18–1.0. During the interpolation, the
background permittivity caused by the transitions involving L and
X valleys was found analogously to Ref. 45. Resonant input of
interband transitions for bulk semiconductor was calculated
according to Ref. 46. At the same time, for HgTe, the experimental
data are scarce. We did not find the direct measurements of the
refractive index of HgTe in the mid-IR range. The available experi-
mental works present the measurements of refractive index in the
range of phonon absorption of 19–20 meV and photon energies
above 1.5 eV.47 Thus, in order to calculate the refractive index of
HgTe QWs, we used a combination of the background permittivity
extrapolated to x ¼ 0 from the results obtained in Ref. 44 and reso-
nance term related to step-function density of states caused by
dimensional quantization. The obtained value of refractive index
for HgTe QWs at λ ¼ 2:97 μm is equal to 5.14 (see Table I). It
agrees with the value of �4:6 obtained in Ref. 48, for HgTe(4 nm)/
CdTe(2 nm) superlattice at the wavelength of its absorption edge
equal to 6.7 μm. This refractive index is a weighted average com-
posed of 2/3 of the refractive index of HgTe 5.6 and 1/3 of the
refractive index of CdTe 2.71. Note that within the calculations of
electromagnetic modes, we also take into account carrier induced
refractive index change, which under conditions of injection
decreases the refractive index to 4.8 (Fig. 1).

In order to reduce Auger recombination in the well, the
mole composition of the barrier layers was chosen to be �0:85,
which corresponds to a refractive index of 2.78, which is
slightly higher than the refractive index of CdTe 2.71. Because
of the small change of refractive indices and small thickness of
the core, the waveguide effect turned out to be very weak.
Therefore, additional waveguide layers around the active region
are required. In our calculations, we used Cd0:6Hg0:4Te with
400 nm thickness and refractive index of 2.86 (see Fig. 1). Total
calculated optical confinement factor is Γ � 0:0018 per QW.
The suggested design also includes high Cd0:9Hg0:1Te barrier
placed between the active and waveguide layers to prevent para-
sitic interband recombination in the waveguide layer due to
hole injection into it.

The reflection coefficient of the output facet for the TE0 mode
was chosen equal to Fresnel reflection r ¼ 0:2. The opposite facet
was considered with a high reflection coating with a reflection coef-
ficient r ¼ 0:9.

III. THEORETICAL MODEL

This structure was simulated using a distributed drift-diffusion
model based on one-dimensional (1D) Poisson’s equation and con-
tinuity equations for electrons and holes with taking into account
the carrier capture and escape processes.49 Both radiative and
Auger recombination were included in the model.

The band structure parameters were obtained from the eight-
band k � p method.36,37 Quantum well depths for electrons and
holes were calculated according to Refs. 36 and 43. Carrier mobili-
ties were interpolated from the experimental data of Ref. 38. The
gain and spontaneous recombination were calculated in the model
of direct innterband transitions with the broadening parameter of
5 meV. This broadening was included since the quantum well’s
width variation for molecular beam epitaxy of HgTe is +0:3 nm.
Quantum-cascade lasers based on AlGaAs/GaAs with the similar
errors in the grown exhibit lasing, confirming the broadening
parameter is no more than 3 meV. We use the larger broadening
parameter for HgTe/HgCdTe due to the lower effective mass.

An example of calculated band diagrams of structure with
8 QW and carrier distributions are shown in Fig. 2. In order to
reduce optical losses, doping of most of the layers was selected to
be below 1017 cm�3. This results in a large ohmic resistance and a
noticeable decline of the of quasi Fermi levels in the emitters.
Gradient layers reduce the space charge region, while introduction
of a wide-gap Cd0:9Hg0:1Te blocking layer creates a barrier for the
holes, preventing excitation of the waveguide. The series resistance
of the laser structure was 1.3Ω, cutoff voltage was 0.95 V. Thus, the
bias voltage across the whole structure was 8–30 V depending on
the current.

FIG. 1. Spatial distribution of the refractive index across the simulated hetero-
structure at λ ¼ 2:97 μm and the squared electric field of the ground TE mode.
The total optical confinement factor of 8 quantum wells is Γ ¼ 0:014, the effec-
tive refractive index is neff = 2.78.
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Distribution of the photon density across the resonator was
found from the Bouguer–Lambert–Beer law.

Heating effects were taken into account by solving the 1D heat
equation in the direction perpendicular to the heterostructure
layers (we consider pulsed operation, when in-layer heat transfer
during a pulse is negligible). We also included the temperature
dependence of the bandgap in our model. In this work, the pulsed
generation mode was studied. During the pulse, the effective size of
heat spreading from a point source is �2

ffiffiffiffiffi
χτ

p
. Assuming the pulse

duration is τ ¼ 100 ns, the thermal diffusion length is 1.0–1.5 μm
(χ ¼ 0:03–0.05 cm2/s is the heat transfer coefficient). Therefore,
the contact areas, including the heat sink, do not affect the genera-
tion processes. For active region size of 100 μm� 1 mm, the 1D
heat equation along the normal to the plane of active layers is a suf-
ficient approximation.

The self-consistent distributed model for calculating the elec-
trophysical, optical, and thermal processes in injection lasers under
pulse pumping is described in detail in Ref. 32. The model is based
on quasi-stationary solutions for the photon density in the cavity.
This is applicable here as the pump duration (100 ns) is much

longer than the duration of the estimated transient process with
photon density oscillations (�1–2 ns).

IV. AUGER RECOMBINATION

In our calculations of the interband recombination, we
included both the radiative and Auger processes.32,50–52 In this
work, the coefficient of Auger recombination was calculated
numerically. For a process involving two electrons and one hole,
the coefficient Cnnp was found from the expression

Cnnpn
2p ¼ 2π

�h

ð ð ð
V2
1234

�� ��� �
fc E1ð Þfc E2ð Þfv E3ð Þ

� 1� fc E4ð Þ½ �δ E1 þ E2 � E3 � E4ð Þ
� 1
2
2dk1
2πð Þ2

2dk2
2πð Þ2

dk3
2πð Þ2 , (1)

where �h is the reduced Planck constant, Ei and ki are the energies
and the wave vectors of the particles involved in the interaction,
fc(E) and fv(E) are Fermi–Dirac functions for electrons and holes, n
and p are the concentrations of electrons and holes,

V2
1234

�� ��� � ¼ 2πe2

4πϵϵ0

� �2

� 1
4

X
α,β,γ,δ

V4δ 3γ,1α 2β

q13
� V4δ 3γ,2β 1α

q23

����
����
2

, (2)

is averaged square of the matrix element of the Coulomb interac-
tion in a quasi-two-dimensional system, taking into account the

exchange interaction, qij ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2scr þ (ki � kj)

2
q

, qscr is the inverse

screening length,

V4δ 3γ,1α 2β ¼
ð ð

ψ c4δ
* (z2)ψv3γ

* (z1) exp �q13jz1 � z2jð Þ
� ψ c1α(z1)ψ c2β(z2) dz1 dz2, (3)

are the matrix element of the Coulomb interaction of selected
states. The indices α, β, γ, δ number the initial and final states that
are doubly degenerate in the electron spin, ψ(z) are dependences of
wave functions on the coordinate z. The wavefunctions and their
energies were found by the 8-band k � p method.36,37 The inverse
screening length was calculated as for a 2D system of electrons and
holes,

qscr ¼ e2

2ϵϵ0

@n
@Fwn

� @p
@Fwp

� �
: (4)

Here, Fn and Fp are quasi Fermi levels for electrons and holes.
The coefficients of Auger recombination involving two holes

and one electron Cnpp were calculated by the formulas (1)–(3) with
interchange c $ v.

The states of the continuum were calculated in a limited
volume. Therefore, from a mathematical point of view, all states
were discrete (2D) and Eq. (1) was applicable. The transition to 3D

FIG. 2. (a) Band diagram and (b) distribution of carrier densities inside the
8 QW active region of the simulated heterostructure, calculated at 320 K, 15 A
drive current [above the lasing threshold: photon density
S(2D) ¼ 1:25� 1011 cm�2]. Fwn, Fwp (Fn, Fp) are the quasi-Fermi levels of
localized (delocalized) carriers.
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was carried out by increasing the size of the analyzed continuum.
In the work, the size of continuum was 20 nm and it was limited
by the time for calculating the resulting Auger coefficient. It was
necessary to sum the contributions from all states, and the number
of states increases with increasing size of continuum.

For the analyzed quantum well HgTe/Cd0:85Hg0:15Te 2.1 nm
wide for 300 K, the coefficients of Auger recombination for
electrons Cnnp ¼ 9:2� 10�16 cm4/s and for holes Cnpp ¼ 3:8
�10�15 cm4/s. The level of excitation was taken close to the thresh-
old. The summary coefficient of 4:7� 10�15 cm4/s is a bit higher
than typical values 1� 4� 10�15 cm4/s for type-I and type-II III–
V quantum wells emitting in the same spectral range.7

Resonant transitions with a small change in wave vectors
(, qscr) make a significant contribution to the recombination. In
this case, the final high-energy state can be a continuum state. For
example, for transitions involving two electrons and one hole, this
contribution is about half of the resulting coefficient, while for a
nonresonant transition with the participation of localized electrons
only in the first subband, the recombination Auger coefficient is
Cnnp ¼ 4:4� 10�16 cm4/s. Auger recombination for transitions
involving two holes and one electron is determined mainly by reso-
nant transitions, and the corresponding coefficient is 4 times
higher than the value for a process involving two electrons and one
hole. This differs from the Auger calculations of recombination
without taking into account the continuum states, when CCCH
process with scattering of two electrons and one heavy hole is
the most probable among different types of Auger processes in
narrow-gap materials.28 Quantitatively, the obtained values of
the resulting recombination Auger coefficient C ¼ Cnnp þ Cnpp

¼ 4:7� 10�15 cm4/s for n ¼ p is smaller than in calculations,28

where only transitions involving localized electrons and holes were
taken into account (Cnnp ¼ 1:2� 10�14 cm4/s). However, the
exchange interaction, which reduces the recombination Auger coef-
ficient, was not taken into account in Ref. 28.

Verification of the coefficients of Auger recombination with
the experimental data of Ref. 29 has been carried out. For
Cd0:08Hg0:92Te/Cd0:8Hg0:2Te quantum wells with thickness of
2.7 nm (λ � 3:7 μm), the measured value at an external tempera-
ture of 250 K and an electron temperature of 400 K and the charge
carrier concentration of 1:2� 1012 cm�2 is C3D � 10�27 cm6/s.
According to our calculations, based on formulas (1)–(3) for a tem-
perature of 400 K C3D ¼ C2Dd2 ¼ 6:5� 10�28 cm6/s.

V. HOT PHONON EFFECT

One of the mechanisms limiting the output power of semicon-
ductor lasers is nonequilibrium heating of electrons in quantum
wells.53,54 “Hot” electrons appear in the active region through the
process of their capture from barrier regions to localized levels and
subsequent thermalization to the lower levels of the quantum well.
Also, Auger recombination causes heating of the carriers.55

Electrons and holes lose energy by emitting optical phonons. Due
to the high concentration of charge carriers and the high frequency
of collisions, the temperatures of “hot” electrons and holes can be
considered to be approximately equal.55 The accumulation of
optical phonons significantly reduces the rate of energy dissipa-
tion.55 The processes of relaxation of the electron and hole

temperature to the “hot” phonon temperature are faster than the
equilibration of the “hot” phonon temperature and the lattice tem-
perature. Therefore, it is possible to consider the temperature of
electrons and holes equal to the temperature of “hot” phonons,

Nph ¼ 1

exp �hωLO
kBT

� 	
� 1

: (5)

Here, Nph and �hωLO are the number and the energy of optical
phonons, respectively. This approximation greatly simplifies the
analysis compared to the detailed model of Ref. 55, where a quanti-
tative calculation of the electron–phonon scattering probabilities is
required.

The balance of “hot” phonons Nph was estimated analogously
to Refs. 56 and 57 from the equation

dNph

dt
¼ �Nph � Nph 0

τph
þ ηph

REgb � (Rst þ Rsp)�hω

ρph�hωLO
: (6)

Here, Nph 0 is the equilibrium occupation numbers of phonon
modes, τph is the lifetime of phonon modes, which takes into
account the decay of optical phonons into acoustic phonons, scat-
tering processes on interface roughness, etc. R is the rate of electron
(hole) injection in a QW, Egb is the bandgap energy of the barrier
layers, Rst and Rsp are the rates of stimulated and spontaneous
recombination, respectively, �hω is the energy of emitted photons,
ρph is the density of phonon modes, effectively interacting with
electrons and holes. ηph is the portion of emitted phonons, which
fall into the modes involved in thermalization of the carriers near
the bottom of the band.

According to Eq. (6), the number of emitted phonons is deter-
mined by the ratio of the energy of particles entering the active
region reduced by the energy carried away by radiation to the
energy of one phonon. For the barrier bandgap of 1.15 eV and the
phonon energy of 18 meV, the capture of an electron–hole pair
into a quantum well leads to the emission of about 40 phonons for
radiative recombination (�hω ¼ 0:41 eV) and about 64 phonons for
nonradiative (Auger) recombination of electron–hole pair in a
quantum well. Also, we neglected that the fast intra-subband relax-
ation can also generate acoustic phonons. Thus, the described
method gives an upper bound for the nonequilibrium phonon
temperature.

For the estimates, one can consider an ensemble of the “hot”
phonons consisting of all the phonons with wavevector smaller
than the highest possible value of the wavevector of the emitted
phonons,

qph � k2j j þ k1j j � 2 k2j j, (7)

where k2 and k1 are the wavevectors of the initial and final states of
the electron, respectively. Approximation is true for the transitions
of electrons with the energy E(k)� E(0) � �hωLO. Scattering with a
subband change is less probable than scattering inside one
subband. Therefore, we assume that first carriers relax inside a
subband to its bottom and then they move to the states of the
subband with lower energy, as shown in Fig. 3. In this case, the
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density of phonon modes can be obtained after averaging the
square of the wavevector of the current carrier with regard to its
energy,

ρph ¼
k2h iE
π2

: (8)

Here, the fraction of emitted phonons falling into localized phonon
modes is considered to be ηph ¼ 1.

The described method for estimating the nonequilibrium tem-
perature provides underestimated values for overheating, since it
does not take into account the uneven distribution of emitted
phonons along the wavevectors and the selective interaction of elec-
trons and holes with phonons.

In order to find the distribution of emitted phonons along the
wavevectors, we can write the probability of electron transition by
emitting optical phonons,

ωq ¼ 2π
�h

V2
q

��� ���δ E2 � E1 � �hωLOð Þ: (9)

Here, E2 and E1 are the initial and final energies of the electron
(hole). The square of the matrix element of electron–phonon inter-
action with phonon modes, localized near the interfaces, is
inversely proportional to the value of the wavevector q,

V2
q � 1

q
: (10)

In the balance equation for the population of electrons (holes), it is
necessary to take into account the transitions to the adjacent lower
level with probability ω � (Nph þ 1) and to the adjacent higher
level with probability ω � Nph. In this case, the relaxation of an
electron or hole to the bottom of the quantum well leads to the
emission of dozens of optical phonons and the chain of transitions

is very long. It can be shown that for an infinite chain of such
levels, there are two stationary solutions. One solution describes
thermodynamic equilibrium when the populations are connected
by the Boltzmann relation. The second solution is dynamic, with
all the populations being the same. In this case, stimulated transi-
tions with phonon emission are compensated by stimulated transi-
tions with phonon absorption, and the resulting rate of transitions
is determined only by the probability of spontaneous transitions.

We can average (9) over all possible directions of the initial
wavevector of the electron for a fixed wavevector of the phonon q
considering k1 ¼ k2 � q,

p qð Þ �
ð
1
q
δ

dE1
dk21

k22 � 2k2q cosfþ q2 � k21

 �� �

df: (11)

Here, p qð Þ is the probability density of emitting the phonon with
wavevector q. After calculating the integral, we obtain

p qð Þ ¼ 2πqp qð Þ � 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2p � q2

� 	
q2 � q2m

 �r : (12)

Here, p qð Þ is the probability density to emit a phonon with wave-
vector equal to q, qm ¼ k2 � k1, qp ¼ k2 þ k1. The proportionality
factor can be found from the normalization condition by numeri-
cally calculating the integral

ðqp
qm

p qð Þdq ¼ 1: (13)

Thus, the probability density of emitting the phonon with wave-
number q increases near the range boundaries [km, kp] and
decreases in the middle of this range.

In order to find the density of phonon modes effectively inter-
acting with electrons, we determine the rate of transitions of elec-
trons near the bottom of a band accompanied by phonon
absorption

R �
ð
ωq exp � E1

kBT

� �
d2k1
2πð Þ2: (14)

For simplicity, we consider that the electron system is non-
degenerate and the second term of the integrand takes into account
the Boltzmann distribution of electrons in the energy levels.
We consider that E2 ¼ �h2k22=2mc, E1 ¼ �h2k21=2mc, k22 ¼ k21
þ2k1xqþ q2. After the integration, we can find the weight function,
which accounts for relative contribution of different q in electron
heating,

fc qð Þ ¼ 2mc�hωLO

�h2q2

� �

� exp � �h2

2mckBT
mc�hωLO

�h2q
� q
2

� �2
" #

: (15)

FIG. 3. Dispersion of electrons and holes in the [013] direction in a 2.1 nm
thick HgTe/Cd0:85Hg0:15Te quantum well. Horizontal lines show the energies of
the edges of the QW and the barrier layers of the conduction band (blue
dashed lines) and the valence band (red dashed lines). Arrows show the transi-
tions of charge carriers associated with the emission of optical phonons.
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A similar expression can be obtained for the holes by substituting
effective mass of an electron mc by the effective mass of a hole mv .

The combined weight function that accounts for the relative
contribution of different q in heating of both electrons and holes
and be found by summing the individual taking into account the
condition of charge neutrality of the QW (i.e., equal concentration
of electrons and holes),

fcv qð Þ � fc qð Þ
mc

þ fv qð Þ
mv

: (16)

The weight function is normalized according to condition
max fcv qð Þ ¼ 1. With that in mind, the density of the phonon
modes which are involved in carrier thermalization near the
bottom of the band can be written as

ρph ¼
ð
fcv qð Þ d2q

2πð Þ2, (17)

while the proportion of spontaneous phonons which fall into the
modes involved in thermalization of the carriers near the bottom
of the band is expressed as

ηph ¼
ð
fcv qð Þp qð Þdq: (18)

Note that the choice of normalization of the weight function
does not affect the final result because the values ρph and ηph are
found in the balance equation for non-equilibrium phonons (6) as
a fraction.

The resulting approximate expression for the density of
phonon modes due to the interaction of one type of the charge car-
riers reads as

ρph ¼
mph

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�hωLOkBT

p
ffiffiffi
π

p
�h2

: (19)

This expression can also be used in a general case by finding the
parameter mph from numerical solution of integral (17).

As Fig. 4(a) shows, phonons intensely interacting with elec-
trons have smaller values of wavevectors than phonons interacting
with holes. This is due to the fact that effective mass of electrons is
smaller than effective mass of holes. The dependence of the pro-
portion of emitted phonons involved in carrier thermalization near
the bottom of the band has a complex energy dependence deter-
mined by carrier dispersion [Fig. 4(b)]. This proportion increases
near the minima of the lower subbands, but never reaches a value
of 1 due to thermal distribution of the carriers. The average value
of the proportion of spontaneous phonons involved in carrier ther-
malization at the bottom of the band is obtained by averaging over
the carrier energy. In considered case, ηph

� �
E
¼ 0:31 with effective

mass of the density of phonon modes mph ¼ 0:029 while masses of
electrons and holes are 0.050 and 0.19, respectively.

Thus, accounting for non-uniform distribution of emitted
phonons along the wavevectors according to Eq. (12) and selective
by wavevector interaction of electrons and holes with phonons

according to Eqs. (16)–(18) in the considered case results in 12
times higher heating rate of the non-equilibrium electron–phonon
system ηphR=ρph [see Eq. (6)] compared to the estimates obtained
in the approximation of uniform distribution of emitted phonons
along the wavevectors from Eq. (8).

VI. RESULTS AND DISCUSSION

One way to obtain the necessary amplification at a moderate
rate of Auger recombination is to use multiple QWs instead of one.
According to our calculations, NQW ¼ 6–10 is the optimal number
of QWs, which allow to decrease Auger recombination rate with no
significant increase in free carrier absorption and threshold current.
The optimized current and optical confinement result in modal
gain exceeding the total optical loss (estimated as 22–24 cm�1 at
λ ¼ 3 μm in the simulated structure) up to �350 K (Fig. 5), thus

FIG. 4. (a) Dependence of the weight function for the lowest subbands of the
quantum well, its electron and hole components on the wavevector of the
phonon at T ¼ 300 K and probability density (not normalized) of electron emit-
ting the phonon with wavevector of k ¼ 0:003, 0.06, 0.12� 2π=a0 (a0—lattice
constant); (b) dependence of the proportion of the emitted phonons involved in
carrier thermalizations near the bottom of the band on the energy of charge car-
riers. Captions e1 denotes electron subbands, h1, h2, l1 denotes heavy and
light hole subbands, respectively.
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allowing laser operation above room temperature. The gain
maximum is shifted to shorter wavelengths with increasing temper-
ature due to the temperature dependence of the bandgap.

The output characteristics of the laser were calculated for
pulsed mode operation with 100 ns pumping current impulse.
During the impulse, the active region of the structure is heated, so
the momentary power and generation wavelength decrease to the
end of the pulse in Fig. 6.32 For a drive current of 16 A, the output
power reduces from 1000 to 150 mW during a 100 ns pulse. With a
further increase in the drive current, the power drops to zero in a
time shorter than the duration of the pump pulse.

Figure 7 shows the average power, wavelength, and tempera-
ture of the active region as a function of pumping current for a
1-mm long and 100-μm wide resonator. The threshold current
increases from 6 to 8 A as the number of QWs increases from 6 to

FIG. 7. Calculated (a) output power (b) lasing wavelength, (c) average tempera-
ture of the active region at the end of 100 ns pump pulse and (d) electron
heating in first and last 6, 8, and 10 (dotted) QW vs drive current for resonator
lengths L ¼ 1 mm. Resonator width is 100 μm, reflection coefficients of the
facets are r1 ¼ 0:9, r2 ¼ 0:2. The heat sink temperature is 300 K. Dashed lines
in (a) correspond to calculations without taking into account the “hot” phonons
effect.

FIG. 6. Time evolution of output power of the active region during a 100 ns
pulse at different drive currents. The heat sink temperature is 300 K.

FIG. 5. Gain spectra [unsaturated: photon density S(2D) ¼ 0] for the TE0 mode
at lattice temperatures T ¼ 300–360 K. The corresponding drive current density
is J ¼ 15 A. The estimated total losses are also shown with the dashed line.
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10. The power 600 mW is reached at pumping current of approxi-
mately 20 A for a structure with eight wells. The threshold current
density was 5.2–5.6 kA/cm2 depending on the number of quantum
wells or 0.6–0.9 kA/cm2 per one quantum well. This falls within
the range of 0.2–0.9 kA/cm2 of the typical values of threshold
current densities for type-I and type-II III-V quantum wells emit-
ting in the same spectral range.7 Without taking into account
the effects of hot phonons, the threshold current density would be
4.8–5.2 kA/cm2, and the output power at current of 15 A would be
1.2–2.2W.

The calculated threshold currents of 5–6 kA/cm2 for the pro-
posed 3 μm interband laser are comparable with the results for
QCLs based on InGaAs/AlAs(Sb)/InP11 and InAs/AlSb.12 The
minimal threshold currents of 2 kA/cm2 were obtained for GaInAs/
AlInAs QCL with minimized leakage currents.13 However, the
interband design of the proposed laser requires much less structure
layers compared to cascade lasers that reduces the requirements for
long-term stability of the growth rate of molecular beam epitaxy
equipment. In addition, for an interband laser, a large spectrum
tuning is possible with the help of temperature (which is impossible
for a QCL), that from a practical point of view is extremely conve-
nient for tuning the radiation wavelength to absorption lines of
gases.

The internal optical losses were 15, 12.5, and 10 cm�1 at the
lasing threshold for structures with 6, 8, and 10 QWs and they
increased with the pump current due to an increase in the popula-
tion of QWs and waveguide layers.58 At a current of 20 A, the
internal optical losses increased to 20, 17, and 14 cm�1,
respectively.

The average temperature of the active region is determined by
the injection current and practically does not differ for structures
with different numbers of QWs [Fig. 7(c)]. The temperature aver-
aging was performed over the time of lasing (not the entire dura-
tion of the pump, 100 ns). The kinks are related to the change in
the averaging time. In the initial segment and in the final segment,
the lasing duration is less than the pulse duration. In the middle
segment, the lasing duration is equal to the pulse duration. The
rapid increase in temperature up to the first kink is associated with
an increase in the lasing duration with an increase in the pump
current and the inclusion in the averaging of regions with a high
temperature at the end of the pump pulse. The relatively slow tem-
perature increase after the second kink is associated with a decrease
in the lasing duration with an increase in the pump current and
the exclusion from the averaging of regions with a high temperature
at the end of the pump pulse. At a current of 20 A, the average
heating of the active region is �60 K. The range of the
current-induced tuning of the generation wavelength is about
140 nm from �3:02 to �2:88 μm [Fig. 7(d)]. This tunning is
related to the temperature dependence of the bandgap.

The non-equilibrium temperature of electrons and holes in
the QWs was calculated using the phonon lifetime τph ¼ 0:9 ps
which was estimated from experimental data on the phonon atten-
uation energy.42,59,60 At Cd0:85Hg0:15Te barrier layers bandgap of
1.15 eV (300 K), the thermalization of each electron–hole pair to
the ground QW states (separated by 0.4 eV) is accompanied by the
emission of more than 40 phonons with energy of �18 meV.
Calculations have shown that accounting for the effect of “hot”

phonons leads to an increase in the non-equilibrium temperature
of charge carriers in the QW by 40–140 K at 20 A depending on
the number of QWs. The electronic temperature in different
quantum wells may strongly differ because of different current
injection into these wells (the injection coefficient drops with the
distance from p-emitter because of the low mobility of holes). The
electron temperature decreases with the increase of the number of
the QWs. Excess of electron temperature over lattice temperature
about 150 K was observed experimentally.29

The main reason for the high threshold current is the high
Auger recombination rate. When developing the design of an injec-
tion laser, it was supposed that the main Auger recombination
channel is a process involving two electrons and one hole (cch).29

Therefore, a structure with high barriers was chosen, which pro-
vided one localized level of electrons. The Auger recombination
rate with the participation of electrons localized in the quantum
well decreases with an increase in the barrier height due to an
increase in the momentum transferred during collisions. The calcu-
lations presented in this paper showed that for the selected wave-
length range, the dominant Auger recombination process is the
process involving two holes and one electron (hhc), in which the
final hole state is a continuum state. For this channel, suppression
does not occur as the barrier height increases. Therefore, further
research can be directed to the creation of a superlattice that
reduces the density of hole states of the continuum in the required
energy range or to use the HgTe/Cd1�xZnxTe heterosystem with
deeper wells for holes. The latest strategy would yield an even more
favorable valence band structure for the Auger suppression.25 The
compressively strained HgTe quantum wells grown on a
Cd1�xZnxTe buffer layer would increase the energy separation
between h1= and l1 bands and provide an even greater range of
energies over which the in-plane mass of the h1 holes is quite light.
In addition, for better heat removal from the active region in the
continuous-wave operation mode, the p-cladding CdTe layer can
be reduced to the optimum thickness, at which the mode absorp-
tion in the metal contact will still be small.

VII. CONCLUSION

Thus, this paper proposes the design of an injection laser with
a 2.1-nm thick HgTe QW for generation in the 3 μm region at
room temperature. The analysis of structures with 6 to 10 QWs is
based on a model that takes into account carrier drift and diffusion
in barrier layers, capture in quantum wells, radiative and non-
radiative recombination, and heating of the active region. Based on
the developed technique, the refractive index of quantum-sized
HgTe layers was calculated, which was 5.14 at a wavelength of
3 μm. The value of a two-dimensional Auger recombination coeffi-
cient was calculated to be 4:7� 10�15 cm4/s at a lattice temperature
of 300 K. It is found that the contribution to the Auger recombina-
tion of transitions involving continuum states exceeds the contribu-
tion from transitions involving only localized states. The dominant
mechanism of Auger recombination is a process involving two
holes and one electron. A model for calculating the non-
equilibrium electronic temperature due to the emission of “hot”
phonons was developed. It is found that at 0.9-ps optical phonon
lifetime the temperature of electrons and holes in the QW can

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 132, 073103 (2022); doi: 10.1063/5.0098918 132, 073103-9

Published under an exclusive license by AIP Publishing

https://aip.scitation.org/journal/jap


exceed the lattice temperature by 40–140 K depending on the
number of QWs. It is shown that for structures with 8 QWs the
maximum power of 600 mW is reached when pumped by 100 ns
current pulses at a pumping current of 20 A, the resonator length
of 1 mm, and the aperture of 100 μm. At the same time, during the
pumping pulse, there is a shifting of generation wavelength of
about 140 nm from �3:02 to �2:88 μm because of an active region
lattice temperature increase of 60 K.
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