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Abstract: Terahertz gain without population inversion is studied in thin III-V semiconductor quantum wells. Nonequi-
librium hole populations leading to intervalence gain in the transverse electric mode are investigated. The
results are obtained with a Keldysh Nonequilibrium Green’s Functions approach that takes into account
bandstructure, manybody and nonequilibrium effects.
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1. Introduction

Since the initial proposal of quantum cascade lasers
(qcls) [1] and their actual experimental realization [2] in-
tersubband optics became an important research topic
both from a basic physics point of view, as well as
for prospective application in mid-infrared and terahertz
spectroscopy [3]. There are however many fundamental
challenges to obtain high power room temperature inter-
subband lasers emitting at THz frequencies and one of
the main difficulties is to obtain a sufficient level of popu-
lation inversion at room temperature. The search for new
structures and designs that can lead to intersubband gain
without population inversion is thus both fascinating from
the fundamental physics point of view as it is relevant for
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applications. To the best of the author’s knowledge, the
first demonstration of lasing without inversion appeared
in atomic optics and was based on quantum interference
in Rb atoms [4]. Here we analyse a very different scenario
in intersubband emitters [5–7]. This may turn out crucial
in the search for room temperature THz qcl’s. As a mat-
ter of fact, since the demonstration of the first THz qcl in
2002 [8], it has been much more difficult to achieve room
temperature operation than for mid infrared devices. The
main reason for this is that dephasing and scattering phe-
nomena can lead to level broadenings of the same order
of magnitude of the lasing transitions, making population
inversion by carrier injection in upper lasing subbands
extremely difficult.

The first experimental realization of intersubband lasers
without inversion exploited the nonparabolicity of the con-
duction subbands and local population inversion near k=0
even though the lowest subband may have larger global
occupation [7].

Later on, valence-band-based designs have been pro-
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posed [9–11]. Intervalence band emitters based on Si-
Ge structures have been investigated. However, lasing on
quantum cascade structures has never been demonstrated.
Only electroluminescence has been measured so far [12–
14]. A complete set parameters required for predictive
calculations of optical properties of S-Ge devices is still
not known, although progress in this direction has been
recently achieved [15]. On the other hand, the material
parameters for the III-V system investigated here are very
well known. This paper complements the results given re-
cently in Ref. [16] by analyzing a different combination of
carrier densities, temperatures and quantum well width.
The following features are unique of the approach intro-
duced in Ref. [16] and were not found in previous studies
in the literature: (i) The strongly k-dependent transverse-
electric (TE) transition is used to create a k-space filtering
effect that enhances the gain due to local population inver-
sion that arises due to the strongly nonparabolicity of the
valence bands. (ii) The Nonequilibrium Keldysh Green’s
function method is used allowing the consideration of de-
phasing effects. (iii) Detrimental cross-absorption due to
multiple transitions is taken into account. Another use-
ful feature of the approach is that simple surface emitting
designs can be constructed due to the TE polarization of
the emitted field.

2. Numerical results and discus-
sions
A necessary ingredient to obtain lasing without inver-
sion exploiting nonparabolicity is that the upper conduc-
tion subband should either have smaller effective mass or
cooler electrons. By far GaAs-based heterostructures are
the best know so it is very useful to start the discussion
by comparing and contrasting the bands. Fig. 1 shows
that for unstrained GaAs-AlGaAs wells even though the
conduction bands can be characterized by effective masses
(parabolic) “nonparabolicity” appears with different effec-
tive masses per subband. And usually the lowest band
has a lighter effective mass. The valence bands in con-
trast have typically lower averaged effective masses in the
upper lasing subband which is an advantage. However
as shown in Figs. 1(b and d) the nonparabolicity can be
in some cases so strong that an effective mass does not
make sense and the full dispersions must be used, which
can complicate the numerical procedure enormously, spe-
cially if many particle and dephasing effects are taken into
account.
The model system actually investigated in this paper is
globally out of equilibrium but the holes are assumed to
be thermalized within each subband with occupation func-

Figure 1. Conduction (a,c) and valence bands (b,d) of
GaAs/Al0.3Ga0.7As quantum wells. (a,b) are for a 5 nm
well while (c,d) for a 10nm well. The dashed lines are
parabolic fits to the bands. The x-axis is in units of 1/a0,
where a0=7.97 nm.

tions characterized by different temperatures. The tem-
peratures of the electrons (or holes) in different subbands
can be different. This fact has as determined experimen-
tally for conduction band designs by means of microprobe
photoluminescence experiments [17]. It is a design chal-
lenge to cool the upper subband electrons for more effi-
cient lasing. Furthermore the number of carriers in each
subband in an intersubband system depends on the in-
jection scheme and can be chosen independently of the
temperature in simulations. See e.g. Ref. [16].
The results shown next are all for non-global inversion
conditions. Only the top two valence subbands 1 and 2
are occupied and in all cases the lowest hole band has
equal or more total carrier density than the upper (lasing)
hole subband, i.e. n2 ≤ n1. The system considered is the
5 nm quantum well of Figs. 1a and 1b. Detrimental cross
absorption due to higher (empty) hole subbands is taken
into account. Before proceeding further the following point
should be highlighted: very good agreement with experi-
ments has been obtained by considering electron-phonon
and electron-impurity scattering as the main origin of de-
phasing in mid infrared systems [18–20]. Interface rough-
ness scattering also plays a role even in THz systems,
however this effect depends on sample quality [21, 22] and
the inclusion of sample quality considerations would be
beyond the scope of this paper. The nature of the main
non-radiative channel between subbands, which is crucial
to the device performance, remains a matter of controversy
for THz systems. The typical energy spacing for one ac-
tive region period is lower than the optical phonon energy
(36 meV in GaAs). Thus, optical phonon emission may not
always be the dominant non-radiative mechanism unless
the electrons are very hot. Moreover many-body effects
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Figure 2. Intervalence TE mode gain for the 5 nm quantum well of
Fig. 1. Both subbands have the same total carrier density
n1 = n2 = 2 × 1011 cm−2. In all curves the holes at the
lowest subband are at temperature T1=200 K. From top
to bottom, the hole temperature in the second subband is
T2=160, 200, 240, 280 and 320 K.

(electron-electron scattering resonances) have been ob-
served in recent experiments for THz QCLs operating in
the Quantum Hall Regime [23]. Thus in the theoretical
limit analyzed in this paper, the dephasing is due only to
electron-electron mechanisms [24] Consideration of other
scattering channels will be the subject of future research.
Fig. 2 illustrates the evolution of gain spectra for the fol-
lowing conditions. Both subbands have a fixed total car-
rier density n1 = n2 = 2 × 1011 cm−2. In all curves the
holes in the lower subband have a temperature T1 = 200 K
while from top to bottom the gain curves correspond to
temperatures for the upper subband given respectively by
T2 = 160, 200, 240, 280, 320 K. This demonstrates that
the gain without inversion effects persists even for the
case where the upper subband is hotter within a given
tolerance range. The importance of the k-space filtering
is demonstrated for this 5 nm well case in Fig. 3. Here
both curves have the same density and temperature con-
ditions as the second curve from top to bottom in Fig. 2,
i.e. n1 = n2 = 2 × 1011 cm−2 and T1=T2=200 K. The
solid curve is the same as in Fig. 2, but shown as ab-
sorption and not as gain and with a larger spectral range.
The dot-dashed curve has been evaluated by replacing the
full k-dependence of the dipoles by constant dipoles. The
maximum value of the dipole in the solid curve for each
transition is taken. Similarly to the 10nm well analyzed
in Ref. [16] the gain disappears without the k-space filter-
ing promoted by the strongly k-dependent dipole moment.
The optical gain originates from transitions between the
first two hole subbands.
Figs. 2 and 3 show that it is possible to engineer the pop-
ulation differences (which follow the bandstructure engi-
neering) to obtain regions in k-space with local popula-

Figure 3. Intervalence TE mode absorption for the 5 nm quantum
well of Fig. 1. Both populated subbands have the same
total carrier density n1 = n2 = 2 × 1011 cm−2 and the same
temperature T1=T2=200 K.The solid curve has the full k-
dependence in the dipole moments, while the dot-dashed
has been calculated by replacing the dipoles by constants.
The constants used are the maximum values of each tran-
sition dipole moment.The dots are a guide to the eye and
separate the gain and absorption regions.

tion inversion even the lower hole subband is cooler than
the upper hole subband. However that does not guaran-
tee actual gain since the final gain expression will de-
pend not only on the population inversion but also on
level broadenings, transition dipole moments, many body
effects, cross absorption to higher unoccupied hole sub-
bands, and on the overlap of the peak of the TE-dipole
moment with the local inversion.
The calculated gain presented here is higher that in usual
quantum cascade lasers because the active region length
used here is the 5 nm well width. An actual design will
have a much larger width including active and injection
regions and consequently a smaller overall gain, since
the gain is inversely proportional to effective active region
length. The feasibility of a more complete design will be
the subject of further research.
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