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Temperature-Driven Enhancement of the Stimulated
Emission Rate in Terahertz Quantum

Cascade Lasers
Asaf Albo and Yuri V. Flores

Abstract— We analyze the temperature dependence of the light
output power of terahertz quantum cascade lasers (THz-QCLs)
and demonstrate an enhancement of the stimulated emission rate
triggered by thermally activated electron leakage from the lower
laser level into the continuum. Contrary to common sense expec-
tation, we find that this leakage channel contributes positively
to the temperature performance of THz-QCLs. We show that
this leakage mechanism is the missing component to explain
the full temperature dependence of the light output power as
it counteracts the population inversion reduction that arises
from non-radiative electron scattering from the upper into
the lower laser state. We analyze experimental light output
power versus temperature data for a 3.87-THz-emitting device
with highly diagonal optical transition over a wide temperature
range (10–180 K) and show how thermally activated leakage of
electrons from the lower laser level leads to a nearly constant
output power up to a temperature of ∼120 K. These results open
the question if new design approaches that exploit this effect
can be developed in order to demonstrate devices with higher
maximum operating temperature.

Index Terms— Quantum cascade laser (QCL), semiconductor
device modeling, submillimeter wave laser.

I. INTRODUCTION

TERAHERTZ quantum cascade lasers (THz-QCLs) are
unique light sources in the submillimeter wavelength

range with enormous potential for novel, groundbreaking
scientific instrumentation as well as novel commercial applica-
tions. Light generation in THz-QCLs is achieved by radiative
transitions between quantum-well states within the conduction
band of a semiconductor heterostructure. Under a certain bias
the ideal operation of a THz-QCL assumes that an electron
injected externally into the device will generate multiple
photons –one in each “energy cascade”– while transporting
through the heterostructure. However, alternative scattering
paths that deviate electron transport from the ideal picture are
also present and have a considerable effect on the temperature
performance of devices. The maximum operating temperature
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of THz-QCLs is currently limited to values up to Tmax∼200 K
in pulsed operation mode [1] and its improvement has decel-
erated in recent years. Besides technological factors, the slow
progress in Tmax is also related to an incomplete understanding
of the temperature-driven electron transport in THz-QCLs.
In this context, thermally activated leakage of electrons out of
QCL active region states deserves particular attention. Several
works of both theoretical and experimental nature have been
reported on the topic of electron leakage in mid-IR QCLs,
and its huge impact on the performance of devices has been
demonstrated [2]–[5]. The review paper of Botez et al. [2] is
recommended for further references. However, unlike in the
mid-IR QCL scientific community, temperature-driven elec-
tron leakage has been addressed only marginally in THz-QCL
studies. A better understanding of the temperature degrada-
tion mechanisms in THz-QCLs would be certainly helpful to
optimize design concepts and ultimately contribute to achieve
higher values of Tmax .

In previous contributions we proposed a method to investi-
gate the temperature degradation of THz-QCLs by analyzing
the light output power vs. temperature experimental data in
terms of activation energies [6]–[8]. The measured activation
energies helped to identify the dominant physical mechanisms
associated with the performance degradation as the tempera-
ture increases. Using this method, we demonstrated that the
performance of devices using a vertical radiative transition is
strongly limited by electron scattering from the upper- into the
lower laser state via thermally activated electron-longitudinal
optical (LO) phonon interaction [6]. In addition, we demon-
strated that the performance of devices using diagonal radiative
transitions degrades due to thermally activated leakage of car-
riers into the continuum [7] and thermally activated shunt-type
carrier leakage through excited confined states [8].

However, those works ([6]–[8]) provide only partial under-
standing of the temperature-dependent transport mechanisms
that define the output power in THz-QCLs. One contradic-
tion between theory and experiment arises when analyzing
device LBD of [7], a THz-QCL with highly diagonal radiative
transition. A nearly constant light output power up to a
temperature of ∼120 K was observed in that work, although
a continuously decaying output power is expected as the
temperature increases.

To illustrate this discrepancy, we reproduce in Fig. 1 the
measured light output power of device LBD together with
a theoretical calculation that takes into account carrier
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Fig. 1. Measured light output power vs. temperature for device LBD
of [7] (red circles) together with a theoretical calculation (dashed blue
line) that takes into account thermally activated electron scattering from the
upper laser level (ULL) into the lower laser level (LLL) by LO-phonons.
The dashed-dotted green line is a guide to the eye for the expected output
power behavior when electron scattering from the ULL into the continuum is
added to electron- LO-phonon scattering from the ULL into the LLL. This
line approximates at low temperatures the expected behavior for ULL to LLL
relaxation (dashed blue line), whereas at high temperatures it approximates
the expected behavior for thermally activated leakage from the ULL into the
continuum [7]. As a result, the dashed-doted green line decays continuously as
the temperatures increases and it leads to output power values equal or lower
than the dashed blue line.

scattering from the upper laser level (ULL) into the lower
laser level (LLL) by thermally activated electron-LO-phonon
interaction as unique temperature-sensitive process ([6], [7]).

We see from the calculation in Fig. 1 that thermally activated
electron scattering from the ULL into the LLL by LO-phonons
would lead to a nearly continuous decay of the output power
as the temperature increases (dashed blue line); a trend char-
acterized by an activation energy of EL O −hν ∼ 20 meV [6].
Any other thermally activated electron leakage mechanism –as
understood in the traditional sense, i.e. one that reduces
population inversion– added to the dashed blue line would
result in lower output power values (see for example the
dashed-doted green line in Fig 1). This expectation however
clearly contradicts the experimental data for device LBD,
which shows a nearly constant output power up to ∼120 K.
In order to successfully explain the experimental results an
additional temperature driven electron transport mechanism
must exist, one that promotes population inversion as the
temperature increases. To date, such a mechanism has not been
identified.

In the present work we investigate the light output power
vs. temperature profile of device LBD of [7] over the entire
device operation temperature range 10 – 180 K. As mentioned
above, the output power of this device is nearly constant up to
a temperature of ∼120 K and it decreases rapidly for higher
temperatures. We show that thermally activated leakage of
carriers from the LLL into the continuum is the responsible
mechanism for the observed stabilization of the output power
up to ∼120 K.

II. DEVICE DESIGN AND MODELING

Figure 2a shows the conduction band profile for a period of
the investigated QCL design and Fig. 2b shows the measured

Fig. 2. (a) Conduction band profile of the device investigated in this
work (LBD of Ref. [7]) under 13.4 kV/cm design electric field. Layer
thicknesses in monolayers are indicated. Calculated design parameters are
E3 − E

2′ = hν = 16 meV (photon energy), f
32′ = 0.17 (oscillator

strength) and Lmod = 470Å (module length). (b) Measured (red circles)
and calculated (dashed-dotted blue line) normalized light output power as a
function of temperature. The data is collected in pulsed operation mode and
at low duty cycle in order to avoid self-heating. Further details to the device
and to the experimental data can be found in the original publication [7].

normalized light output power as a function of temperature.
The data is collected in pulsed mode with a low duty cycle
in order to avoid self-heating effects. Further details on the
device and measured data can be found in the original publica-
tion [7]. Fig. 2b includes also calculated values for the output
power vs. temperature. These values are obtained modifying
the method outlined in [6] and [9] in order include three
temperature-sensitive electron scattering mechanisms, namely
thermally activated LO-phonon scattering of electrons from
the ULL into the LLL and thermally activated electron leakage
from both the ULL and LLL into the continuum. The details
of the calculations are developed in the following paragraphs.

Figure 3 shows the schematic representation of the energy
levels and scattering paths of device LBD used for our analy-
sis. We idealize in our approach the continuum as a virtual
state wherefrom the carriers are assumed to be immediately
recaptured in a non-lasing path back into the injector state of
the next downstream cascade.1 State 5 in Fig. 2a is assumed
to be the excited state in device LBD that triggers escape into
the continuum.

Based on earlier experimental studies (see for exam-
ple [13]) we neglect thermal backfilling in our calculations.
We further neglect the carrier leakage from the injector
state (state 1 in Fig. 2a) into the continuum due its relatively
high activation barrier. The doublet formed by the LLL and

1We base our approach on two arguments: (1) populations in QCL excited
states are expected to be negligible with respect to active laser states’
populations [10]–[12], which complements our assumption of immediate
recapture into the next downstream cascade and (2) electron scattering from
level 3 (or 2) into excited states is dominated by scattering into level 5
(the energetically and spatially closest state). This is equivalent to say that,
at first order, the impact of electron leakage on the lifetime of state 3 (or 2)
is represented by τ35 (τ25). The effect of the virtual continuum state on
the upper (and lower) laser state lifetime mimics the interaction between
the continuum and active region bound states. Furthermore, the fact that
this simple picture provides a reliable explanation of an observed physical
effect (as the nearly constant light output power observed for device LBD up
to 120 K) provides this assumption further support.
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Fig. 3. Schematic representation of a 3-level QCL active region. Black arrows
represent relevant non-radiative scattering paths with corresponding scattering
times.2 Energy levels are colored and labeled in analogy to Fig. 2a (levels 2’
and 2 in Fig. 2a are treated as a single level 2 in Fig. 3). The dashed black
arrows represent resonant tunneling transport between injector 1′ and upper
laser level 3 (ULL).3 State 1(i) is the injector state of the next cascade. Vertical
dashed-dotted lines represent energy barriers or activation energies Ea(2,3) for
escape into excited states that are strongly coupled with the continuum. After
escaping into these states electrons are assumed to immediately relax into
state 1(i).

the extractor levels, i.e., level 2’ and 2 in Fig. 2a respectively,
is treated as a single level 2 (LLL) in our calculations (Fig. 3).
We would like to emphasize that our model is meant to pro-
vide a simple description of electron transport in THz-QCLs.
Whereas more advanced models [14], [15] can be used for
more elaborated description, we consider that our approach
catches the essence of the underlying physics.

Electrons in the ULL and LLL (states i = 3 and i = 2
in Fig. 2a and Fig. 3) can reach the injector level of
the next downstream cascade (state 1 in Fig. 2a and Fig. 3)
in two ways: they can either scatter directly into state 1
by a characteristic time τ 0

i1 or scatter first into the con-
tinuum by a characteristic time τ T

i1 and then being cap-
tured into state 1. The total characteristic time for escape
from the ULL and LLL is τi1 = (τ 0

i1τ
T
i1)/(τ

0
i1+τT

i1), with
i = ULL, LLL. τ 0

i1 is governed by electron-LO-phonon
scattering2. The calculation of τ T

i1 is based on a thermionic
emission model [17]–[19], resulting in the expression 1

τ T
i1

=
kTei
4h

Ni
AV

Ni
. Similarly to [17]–[19], we consider here the number

of electrons Ni
AV ≈ (m∗/π�

2)(kTei )Ticexp(−Eai /kTei ) from
level i that escaped into the continuum with respect to the
total number of electrons Ni in that level.4 Eai is the energy

2Calculated non-radiative scattering times are τ0
31 = 392 ps and

τ0
21 = 0.81ps. The former is the electron-LO-phonon scattering time from

level 3 to level 1 (Fig. 2a and Fig. 3). The latter is the total scattering
time from level 2’ to level 1 (Fig. 2a). Note that electrons in level 2’ can
reach level 1 in two ways: they can either scatter directly into level 1 or
scatter first into level 2 by resonant tunneling and then into level 1 by means
of electron-LO-phonon scattering. The raw electron-LO-phonon scattering
time [6] between levels 3 and 2’ (Fig. 2a) is calculated to τ0

32 = 1.69 ps.
3The resonant-tunneling rates are calculated following [9] and [16] with

a dephasing time τpd ≈ 75 fs, which is estimated analyzing the shape of
low temperature current-voltage curves. Resulting values are τ∗

1′3 = 5.4 ps
for resonant tunneling from the injector state (level 1’ in Fig. 3) to the ULL
(level 3 in Fig. 3) and τ∗

2′2 = 0.88 ps for resonant tunneling between levels
2’ and 2 (Fig. 2a). τ∗

2′2 is used in the calculation of τ0
21.

4The populations of the upper and lower laser levels, N3 and N2, respec-
tively, are estimated from rate equations calculations to N3 = 0.3 Ntot and
N2 = 0.06 Ntot , where Ntot = 5.9 × 1010cm−2 is the total sheet density per
QCL period in device LBD [7].

barrier (or activation energy), m∗ is the electron effective mass
in the quantum well material, k is the Boltzmann constant and
Tei = TL +Texi is the electron temperature of subband i , which
is larger than the lattice temperature TL ([20], [21]). Texi is
the electron excess temperature. Tic is the total transmission
coefficient associated with the specific excited resonance and
barriers that are relevant for the escape process from level i
into the continuum (calculated as in [15]).

The transmission coefficients for escape into the continuum
through the excited state (level 5 in Fig. 2a) are calculated
as T3c = Tb1Tb2

Tb1+Tb2
= 0.063 for electrons in the ULL and

T2c = Tb2 = 0.128 for electrons in the LLL. Tb1 (Tb2)
is the transmission coefficient through barrier b1 (b2).
b1 is the 12.8 monolayer-thick barrier and b2 is the 16.6
monolayer-thick barrier (Fig. 2a). As activation energies we
use Ea3 ≈ 66 meV and Ea2 ≈ Ea3 + hν ≈ 82 meV. These
values correspond to the intersubband energy spacing between
levels 3 and 5 for Ea3 , and 2’ and 5 for Ea2 (Figure 2a).

The electron excess temperature Texi is expected to decay
with increasing lattice temperature [6], [9]. At low tempera-
tures there is significant electron heating in all subbands due to
the dominance of elastic scattering and, at higher temperatures,
LO-phonon scattering becomes dominant and leads to an
efficient cooling of electrons towards the lattice temperature.
Calculations on several THz-QCL designs using resonant
phonon extraction show that Texi converges for TL > 100K
towards values as high as Tex3 ∼ 0 − 20 K for the ULL and
Tex2 ∼ 40 − 80 K for the LLL. We use for simplicity Tex3

and Tex2 as temperature-independent yet subband-dependent
fit parameters, which results in values as high as Tex3= 0 K
and Tex2= 45 K for this particular device.

It is worth to mention that the effects of non-equilibrium
LO-phonons are implicitly contained in our approach as we
treat the subband electron temperatures as fitting parameters.
Non-equilibrium LO-phonons generated during QCL opera-
tion would induce increased values of Texi [22]. Furthermore,
because of the low (∼0.2 − 0.6) occupation number of
non-equilibrium LO-phonons in THz-QCLs ([23], [24]) we
expect only a small impact of non-equilibrium LO-phonons
on Texi in our device.

Using these parameters, the output power is calculated using
the method outlined in [6] and [9]. (The only additional
calculation parameters are the gain bandwidth 1 THz and the
total optical loss of 22 cm−1, which are estimated from time
domain spectroscopy data [25], [26]). Fig. 2b shows excellent
agreement between calculation and experiment. We find that a
variation of model parameters as the carrier density, injection
tunneling time, gain bandwidth and total optical loss by ± 20%
does not have a substantial impact on the calculation results
and does not affect the conclusions of this work.

As next we discuss the impact of individual leakage paths
on the output power.

III. IMPACT OF ELECTRON LEAKAGE ON LIGHT

OUTPUT POWER

Figure 4 shows calculated light output power vs. temper-
ature curves for device LBD under four different scenarios,
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Fig. 4. Calculated light output power vs. temperature for device LBD in four
different scenarios. The dashed red line represents complete suppression of
carrier leakage from the ULL and LLL into the continuum. The dotted green
line represents complete suppression of carrier leakage from the LLL into
continuum. The solid green line represents complete suppression of carrier
leakage from the ULL into continuum. The dashed blue line represents the
combined effect of both thermally activated electron leakage from the ULL
and LLL into the continuum and of thermally activated electron-LO-phonon
scattering from the ULL into the LLL. The dashed blue line is the same curve
as in Fig. 2b.

which are (1) complete suppression of carrier leakage from
the ULL and LLL into the continuum (dashed red line),
(2) complete suppression of carrier leakage from the LLL
into continuum (dotted green line), (3) complete suppression
of carrier leakage from the ULL into the continuum (solid
green line) and (4) inclusion of carrier leakage from the
ULL and LLL into the continuum and of thermally activated
electron-LO-phonon scattering from the ULL into the LLL
(dashed-dotted blue line). Scenario (4) is the same curve as
in Fig. 2b.

Scenarios (1) and (2) exclude electron leakage from the LLL
into the continuum and predict a continuously decaying output
power as the temperature increases. This behavior remains
however absent in the experimental data, which shows a nearly
temperature-independent character up to ∼ 120 K (Fig. 2b).
Fig. 4 shows that the apparent temperature-insensitivity of
the device up to ∼ 120 K arises from the combined effects
of electron leakage from the ULL and LLL into the contin-
uum respectively and thermally activated electron-LO-phonon
scattering from the ULL into the LLL. In this interplay,
thermally activated leakage of carriers from the LLL into the
continuum plays a key role as it is the only thermally activated
scattering mechanism that leads (over a certain temperature
range) to higher output powers as the temperature increases
(solid green line). In other words, over a certain temperature
range, thermally activated leakage of carriers from the LLL
effectively compensates the reduced population inversion in
the active region that arises from the other two leakage chan-
nels by means of a fast depopulation of the LLL. At higher
temperatures, thermally activated leakage of carriers from
the ULL into the continuum becomes dominant, deteriorating
significantly the device performance.

An interesting consequence of this finding is that a full
suppression of thermally activated leakage from the LLL
into the continuum would lead to a reduced temperature

performance of devices. This effect may explain the
lower Tmax values reported for THz-QCLs using high
(>15% Al content) barriers with respect to low (15% Al
content) barrier devices [8], [27]. This leakage mechanism
may also explain the increase of the maximum output power
that was observed in devices f26 and f30 of [28] as the
temperature increased within the range 55 – 135 K ([28,
Fig. 3a and 3b]).

IV. CONCLUSION

In conclusion, thermally activated leakage of electrons from
the lower laser level into the continuum can be fast enough to
effectively counteract the population inversion decrease that
arises from the remaining electron leakage channels as the
temperature increases. This effect leads to a higher output
power by means of an enhancement of the stimulated emission
rate with temperature increase and contributes significantly to
the performance of state of the art devices. This finding opens
the question if new design approaches for THz-QCLs that
exploit this effect can be developed in order to demonstrate
devices with higher Tmax. This work is the first demon-
stration of a thermophotonic mechanism in semiconductor
lasers, which utilizes generated heat in order to increase the
number of coherent photons. A similar effect has been recently
reported for infrared- and blue-light emitting diodes [29],[30].
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