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Abstract—Two mechanisms for achieving lower terahertz-range frequencies in quantum-cascade structures
with two quantum wells based on GaAs/AlGaAs compounds are proposed. The first mechanism is based on
the introduction of composite quantum wells consisting of a narrow (~2 nm) quantum well with a low poten-
tial barrier, being within the main wide quantum well. The second mechanism is based on barriers with
unequal heights, arranged in front of and behind the composite quantum well. Optimized quantum-cascade
laser structures emitting in the regions of ~2.15 and ~1.35 THz are calculated.
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1. INTRODUCTION 121 K was attained. It is complicated to extend the
QCL with two QWs to lower frequencies, since it is not
quite possible to vary the thicknesses of the quantum
wells and barrier layers (there are only four of them)
due to the necessity to simultaneously satisfy the con-

Recently, intersubband optical transitions in the
terahertz range in semiconductor multi-period quan-
tum-cascade lasers (QCLs) are actively studied in view
of their great prospects for practical applications. All
currently implemented THz-range QCLs are mainly
developed on GaAs/AlGaAs structures operating on

the principle of “resonant optical-phonon emission” E.(z), meV
[1—4], based on rapid depopulation of the lower oper-
ating level due to resonant optical-phonon emission. AQJSGaO‘SSAS
A single structure cascade can include four [1], three
[2], or two [4] quantum wells (QW) of different widths, 200 L
separated by tunneling-transparent barriers. Accord- /\
ingly, QCLs operate according to five- [1], four- [2], \ K]
and three-level [4] schemes. The highest achieved AN
operating temperatures for THz-QCLs are 117 K in 150 - y o~ L
the continuous mode [3] are 186 K for pulsed pumping 2
[5] and 225 K in the case of additional use of a mag- AN \|
netic field [6]. The QCL radiation power in the fre- 100 E W\
quency range of 3—4.5 THz reaches 100 mW, however, GaAs ¥ \7 &_,l
when moving from 3 to 1 THz, the output powers
decrease to ~10 mW. AN

In [4], GaAs/Al,sGa;ssAs quantum-cascade zlo 4|0 6IO glo
structures with two QWs, operating according to the Z, nm
three-level scheme, were proposed. As shown in
Fig. 1, population inversion is reached between lev- Fig. 1. Conduction band diagram E,(z) and squared mag-
els 3—2, and 1'-2 during depopulation of level 2 due to nitudes of the electron wave functions in the electric field
resonant optical-phonon emission; in this case, level 3 i . tgﬁgl}‘]\t’)/ g“ll/}g‘;/sgr‘é‘/:;‘l_ieé?ge(rlr‘]htlﬁlgrllzssl:ssgugﬁ:
is tunnelly related to level 1' of the previous cascade [4]. the GaAs quantum well is shown in bold, the underlined
In such structures, lasing was achieved at a frequency layer is doped with a Si impurity with a layer concentration
of 4.6 THz, and the highest operating temperature of of 2.17 x 101 cm™2).
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Parameters of the band structure of the semiconductors

Compound | m./m, Y1 Y2 Y3 E,, eV | AS), meV| Ey,eV |a, meV/K| B, K —F
GaAs 0.067 6.98 2.06 2.93 28.8 341 1.519 0.5405 204 1.938
AlAs 0.15 3.76 0.82 1.42 21.1 280 3.099 0.885 530 0.477
Al ;Gag gsAs | 0.069 6.96 2.04 2.90 28.6 340 1.553 0.547 211 1.909
Al 15GaggsAs | 0.079 6.50 1.87 2.70 27.6 332 1.747 0.592 253 1.719
Alj 19Gagg;As | 0.083 6.37 1.82 2.64 27.3 329 1.800 0.606 265.9 1.660

Note: m, is the electron effective mass and m, is the free electron mass.

ditions of resonant optical-phonon emission and res-
onant tunneling.

This paper is devoted to numerical calculations of
the energy and spectral characteristics of QCLs with
two QWs and to the search for ways to extend the QCL
to lower frequencies of the THz range by varying the
component composition of the quantum wells and
barrier layers.

2. THEORETICAL MODEL
FOR CALCULATING ENERGY LEVELS
AND AMPLIFICATION SPECTRA

The energies and wave functions were determined
using the extended Bastard model by solving the
Schrodinger equations [7, 8]

2dzlm(z, E;) dz
—[E—- E(2)]vA2) =

hd[ 1 N

where E,are the size-quantization levels, y(z) are the
wave-function envelopes, and E,(z) is the profile of the
potential energy of the conduction band in the electric
field. The energy and coordinate dependence of the
effective mass m.(FE, z) was determined according
to [7] as

e _14+2F(2)
m(E,
m (E, 2) 2

+ E_‘p|: 2 =+ 1 :|
3LE+E(z) E+E(2)+ASy(2)

The band-structure parameters for ternary com-
pounds A B, _,C were approximated by experimental
and theoretical data for binary AB, AC, and BC com-
pounds [9] using the quadratic approximation param-
eter bapc

Gapc(x) = xGyc + (1 =x)Gpe —x(1 =X)bpgc.  (3)
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Here, instead of G, the Luttinger parameters (y;, Y2, ¥3),
the energy related to the Kane matrix element of inter-
band transitions £, the spin—orbit splitting energy
AS,, the band gap E,, Varshni parameters a.and 3, and
the parameter F' characterizing the interaction of the
conduction band with the overlying energy bands
should be substituted. The interpolated characteris-
tics necessary to calculate the band structure of
Al, _,Ga,As compounds are listed in the table. The
quadratic approximation parameter b pc Was chosen
as 0.7165 in calculating E, and 0 in calculating other
parameters.

The filling factor of the energy levels and the corre-
sponding quasi-Fermi levels for the steady-state case
were determined by numerically solving the set of bal-
ance equations [10]

ININ—])

= Z( Uiy R’N/N)+Z( notin T

In#Fiy Jn-i

+ Z( vetiv

In+

’N//v+|)’ (4)

M max

Zn = Hgor-

iy=1

The set of balance equations (4) includes terms
corresponding to transition rates within the N-th cas-
cade and between (N — 1) — Nand N — (N + 1) cas-
cades. The latter equation includes the sum of electron

densities n; at all levels of the N-th cascade, equal to

ng and defined by layer doping levels. In calculating
the resulting transition rates, scattering at optical
phonons and electron—electron scattering [10] were
taken into account.

The gain g for intrasubband transitions, depending
on the light frequency v, was determined in the multi-
level approximation [11]
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Fig. 2. (a) Conduction band diagram E.(z) and squared

magnitudes of the electron wave functions for a structure
with identical barrier layers Al 15Ga gsAs in the electric

field £=14.35kV/cm and (b) amplification spectra at £ =
(1) 14.15, (2) 14.25, (3) 14.35, (4) 14.45, (5) 14.55, and
(6) 14.65kV/cm.

g(V) - Zzgnm(v) zszm|znm|

(&)
x J.dEf(E,- — E)F(hv—(E;- Ep),v)

E,

m

x [.f(Ei_Fn)_f(Ef_Fm)]9

where Ei (Ef Efm)(mfm/mm) + E in> Znm = J.\V:Z\dez

is the matrix element of the dipole transitions; F, and
F,, are the quasi-Fermi levels in the minibands » and m
with the energies E,, Ej, and the effective masses m,,,
s d is the quantum-cascade structure thickness; 7, is
the refractive index; and F(AE) is the function

USHAKOV et al.

describing the profile of emission-line broadening
[11]. Summation in (5) is performed over all quan-
tum numbers of the initial (») and final (m) states
for which E,, — Ej, > 0.

Previously, this technique was successfully tested at
numerical calculations of QCLs with four and three
QWs, grown by molecular-beam epitaxy by Trion
Technology (Tempe, Arizona, USA) [12]. Figure 1
also shows the test calculations of the band structure,
energy levels, and wave functions of QCLs based on
GaAs—Al, 5Ga, gsAs with two QWs, proposed in [4].
In the calculations, the potential barrier height in the
conduction band was set to AE, = 153.7 meV. As
numerical calculations show, the main transitions
occur between the 3—2 and 1'—2 levels in the region of
~4.6 THz, which is in good agreement with the exper-
imental data of [4].

3. DISCUSSION OF WAYS OF EXTENSION
TO LOWER FREQUENCIES
OF THE TERAHERTZ RANGE

One of the ways to obtain additional degrees of
freedom to extend to lower frequencies of the THz
range can be minor changes in the molar composition
of the QWs and the introduction of composite QWs
with narrow QWs (~2 nm) bounded by a low potential
barrier located within the wide QW. The latter allows
efficient control of the energy position of the ground
state of size quantization of the composite QW.

Figure 2a shows the optimized design of such a
QCL type. A narrow GaAs/Al,;,Gaj9sAs QW of the
depth AE, = 20.5 meV is embedded into the structure
of awide Al (,Ga ggAs/Alj ;5Gay gsAs QW of the depth
AE, = 133.7 meV. The layer thicknesses of the struc-
ture from left to right are /14/22/7/25/23/23 mono-
layers. In the layer sequence, the GaAs quantum wells
are shown in bold; Al 4,Ga, ¢sAs are in bold italic. The
underlined layers are doped with Si impurities with a
layer concentration of 2.17 x 10'® cm~2. We note that
all QCL layer thicknesses are multiples of the GaAs
and AlGaAs monolayer thickness (0.2825 nm),
which provides better quality heterojunctions, high
growth rates, and higher expected operating tem-
peratures [13].

The introduction of a narrow QW into the wide well
makes it possible to lower the radiation energy by
changing the position of the size-quantization states of
the composite QW with respect to the ground state of
the narrower (23 monolayers) GaAs/Alj sGaggsAS
QW. We note that in the structure version of [4]
(Fig. 1), the 3—2 and 1'-2 transitions occur between
the energy level 3 (ground level) of the narrow QW and
the energy level 2 (excited level) of the wide QW and
between the first energy level 1' (ground level) of the
wide QW of the previous cascade and the energy level 2
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of the wide QW of the next cascade. In the design we
proposed (Fig. 2a), the 3—2 and 1'—2 transitions occur
between the energy level 3 (excited level) of the com-
posite QW and the energy level 2 (ground level) of the
narrow QW and between the energy level 1' (ground
level) of the composite QW of the previous cascade
and the energy level 2 of the narrow QW of the next
cascade.

The introduction of a narrow QW into the wide well
centers the wave function and makes it possible to
control the matrix element of the dipole transitions
between the operating levels 3—2 at a fixed electric
field strength £ = 14.5 kV/cm and constant thickness
of the composite wide QW. If the narrow QW seven
monolayers thick is displaced to the left edge of the
composite QW, the transitions between the operating
levels become more straight, and the matrix elements
of the dipole transitions increase from z3, = 4.82 nm
for the composite QW (22/7/25) to z3, = 5.54 nm for
the displacement of five monolayers to the left
(17/7/30). In the case of displacements to the right
edge of the composite QW, the transitions become
more diagonal and the matrix elements of the dipole
transitions decrease, z3, = 2.94 nm for the composite

QW (30/7/17).

Figure 2b shows the calculated amplification spec-
tra of such structures. The gain maximum increases
and shifts to lower frequencies with the electric field
strength. At £ = 14.35 kV/cm, the best conditions for
resonant tunneling are achieved (levels 3 and 1' coin-
cide). In this case, the gain is 32 cm™! at a frequency of
~2.15 THz, which is significantly smaller than in [4].

It is interesting to study the effect of the height of
the narrow barrier layer in front of the wide composite
QW on the amplification spectra at fixed layer thick-
nesses, which is possible by varying the molar compo-
sition of the barrier layer. The QCL characteristics
were calculated for the Al ,Ga,_,As barrier layer
3.955 nm (14 monolayers) thick at x from 0.09 to 0.19,
which corresponds to potential barrier heights from
92.2to 194.7 eV. The calculations showed that the dis-
tance between the levels 2—1 decreases at fixed struc-
ture layer thicknesses and x < 0.15, and becomes
smaller than the optical-phonon frequency, which
results in lasing failure. At x > 0.15, the distance
between the levels 2—1 increases, but is controlled by
the electric field and insignificantly differs from the
optical-phonon frequency. Figure 3 shows the results
of calculations for the Al ¢Ga, 5, As barrier layer. As
seen in Fig. 3b, the behavior of the gain maximum
with increasing electric field strength is similar to that
shown in Fig. 2b, but already at higher E. The best
conditions for resonant tunneling are achieved at the
electric field strength £ = 14.55 kV/cm. In this case,
the gain is 23 cm™! at a frequency of ~1.35 THz. The
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Fig. 3. (a) Conduction band diagram E.(z) and squared

magnitudes of the electron wave functions for a structure
with different barrier layers, Al 19Gag g;As in front of the

wide composite quantum well and Al 15Gag gsAs behind

it, in the electric field £ = 14.55 kV/cm and (b) amplifica-
tion spectra at E = (1) 14.25, (2) 14.35, (3) 14.45,
(4) 14.55, (5) 14.65, and (6) 14.75 kV/cm.

lower gains are caused by a small deviation from the
condition of resonant optical-phonon emission.

4. CONCLUSIONS

A QCL design with two QWs was proposed, in
which a narrow GaAs QW is embedded into a wide
Aly ,Gag 93As/Aly 15Gag gsAs QW structure. The maxi-
mum gain was achieved at a frequency of ~2.15 THz.
The matrix element of the dipole transitions for the
operating lasing levels 3—2 can be controlled by vary-
ing the narrow QW position in the wide QW. An
increase in the barrier-layer height in front of the wide
composite QW results in a decrease in the emission
frequency to ~1.35 THz. The proposed ways, both
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together and individually, make it possible to intro-
duce additional degrees of freedom to extend to the
region of lower THz-range frequencies.
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