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A Terahertz Quantum Cascade Laser (THz QCL) structure based on a bound to continuum and LO-phonon
extraction stage is studied under a strong magnetic field. Two series of power oscillations as a function of
magnetic field are observed. Comprehensive simulations of the lifetimes allow the first series to be assigned
to interface roughness (elastic) and the second to LO phonon scattering (inelastic) of hot carriers in an excited
Landau level, previously unobserved in terahertz QCL. We demonstrate that for the latter, the thermal electron
distribution in the upper laser state leads to a breaking of the population inversion and hence laser action.

Quantum cascade lasers operating in the terahertz domain

have recently attracted considerable attention, owing to the
fact these unipolar semiconductor lasers are the only compact
and coherent solid-state sources available in this frequency
range. The observation of laser action below the reststrahlen
band of GaAs (hwro ~ 36 meV) was made possible by var-
ious designs of the active region in order to obtain popula-
tion inversion between two levels closely spaced in energy.
The combination of a long lifetime and good injection effi-
ciency of the upper state with an efficient extraction of the
lower state is the major challenge in order to obtain reason-
able output power and high operating temperature. The first
THz QCLs were based on chirped superlattice structures in
which the laser transition occurs between the states of a super-
lattice minigap'? while, more recently, *bound-to-continuum’
designs have been studied®*. In this latter design, electrons
are injected into an isolated state and a miniband is employed
as extraction mechanism to reduce the lower state lifetime.
Designs using LO-phonon scattering for electron depopula-
tion of the lower state have also been realized>’. Such a de-
population mechanism offers the advantage to be extremely
fast and has allowed the highest working temperatures. Re-
cently, G. Scalari and co-authors® significantly improved the
performances of a bound to continuum THz laser by realizing
a structure in which the extraction miniband is coupled to a
LO-phonon stage. In this way they reduced the thermal back-
filling of the lower state of the laser transition and obtained
laser action up to 116 K in pulsed operation and 53 K in con-
tinuous wave at 3.6 THz (A = 82 um).
In this work we study the effect of a strong magnetic field ap-
plied parallel to the growth axis on the THz laser presented in
ref.%. Under an applied magnetic field, each subband |i) splits
into a ladder of Landau levels (LLs) |i, n) with energies:

Ein=E +(n+1/2)hw, (1)

where n is an integer and w. = eB/m* is the cyclotron fre-
quency (e is the electron charge and m™ the energy dependent
electron effective mass). The emitted power oscillates as a

function of the magnetic field. These oscillations have already
been observed in several mid- and far-infrared QCLs"'? and
ascribed to the fact that the lifetime of the upper state of the
laser transition oscillates with B. We will show that our THz
QCL presents a further series of oscillations, corresponding
to a LO-phonon emission from hot electrons thermally dis-
tributed in the LLs of the upper subband of the laser transition.
We will show that this effect is consistent with an electronic
temperature T, = 77 + 150 K, where T is the electronic tem-
perature and 7; the lattice one.

The QCL active region consists of 120 periods of a
GaAs/Aly.15Gag g5 As sequence grown on a GaAs semi-
insulating substrate as described in reference®. In Fig. 1 we
show the band diagram of one period of the active region
under an electric field of 4kV/cm, obtained using a self-
consistent Schrodinger-Poisson calculation. The square mod-
uli of the relevant wave functions are also shown, using the
same indices for the various levels as in reference®. The
ground level of the two large coupled quantum wells form-
ing the LO-phonon extraction stage is labeled |1) and its first
excited level is aligned resonantly with the extraction mini-
band, giving rise to levels labeled |3) to |7). Finally, state |9)
is the isolated level which is created inside the minigap in the
thin well adjacent to the injection barrier and is resonant with
state |1) of the previous period. The radiative transition oc-
curs between levels |9) and |7) (Fg7; = 15meV). The energy
separation Er; is calculated to be 32 meV, close to (36 meV).
This large energy separation was designed to reduce the lower
state lifetime by allowing electron-LO phonon scattering.

Lasers were processed into 160 ym wide and 1.5 mm long
ridge waveguides. They were mounted inside an insert at the
center of a superconducting coil where a magnetic field B up
to 15T could be applied parallel to the growth axis. Light
emitted by the laser was focused onto a composite silicon
bolometer placed 5 cm below the device. The variation of the
output power P as a function of B at T' = 2K is shown in
Fig. 2(a). The laser was driven in pulsed mode with a 0.005 %
duty cycle and 200 ns pulse-width with an envelope of 90 Hz
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FIG. 1: Self-consistent solution of coupled Schrodinger

an Poisson’s equations for one period of the structure.

Layer sequence starting from injection barrier is as follows:
42/100/7/183/10/152/13/127/17/105/27/211/24/165 (under-
lined layer is Si doped at 3.8 x 10'® cm™3, figures in bold type are
Alp.15Gag g5 As layers).

and the dependence P(B) was obtained by using a standard
lock-in technique.

A first series of pronounced minima is observed for magnetic
field values such that F9; = nhw. , where n = 1,2,3...
(solid arrows) in fig. 2(a). Indeed, when this condition is ful-
filled, an additional relaxation path opens for electrons in the
LL |9, 0) to elastically scatter into the LLs |7,n). This leads
to a strong decrease of the population inversion between |9, 0)
and |7,0) and hence of the output power P. Fig. 2(b) shows
the Landau levels |9, n) and |7, n) as functions of the magnetic
field. Dashed vertical lines are used to indicate the values of
the magnetic field, for which elastic scattering is possible be-
tween |9,0) and |7, n). From fig. 1 we can see that the relevant
wavefunctions are delocalized over several quantum wells. As
a consequence, the wavefunctions of the subbands |9) and |7)
are not negligible for at least 4 interfaces. We believe that in
this situation the relevant elastic scattering process is essen-
tially the interface roughness'!"'2. Following ref.!!, we calcu-
lated the lifetime of the upper state of the laser transition 79 o
as a function of the magnetic field (fig. 2(c)).

In order to reproduce all the experimental features, the life-
time has been obtained by considering the relaxation via the
interface roughness scattering from |9, 0) Landau level to the
Landau levels of all the subbands of the extraction miniband:

80 6
1 1 1 ’
roughness : :( roughness + : : roughness) ( )
79,0 n=0 79,0—7,n i=3 79,0—i,n

For the calculation, we used a Gaussian autocorrelation of the
roughness, with an average height A = 1.54 and a correla-
tion length A = 604, as in ref.'!. The calculated upper state
lifetime as a function of magnetic field is shown in figure 2(c)
and we observe that the minima indicated by the solid arrows
in fig. 2(a) can be very well reproduced. In particular, the laser
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FIG. 2: (a) Emitted power as a function of the magnetic field under
a constant current J = 236 A.cm™2. (b) Plot of the laser Landau
levels. note the crossing at 9T, 4.5T, 3T. (c) Interface roughness
lifetime as a function of the magnetic field, calculating by taking into
account transitions from |9, 0) to |7,n), |6,n), |5, n), [4,n), |3,n).

switches off between 8 and 10 T due to the fundamental elastic
resonance (Fgg = FE71). We considered a Gaussian broaden-
ing of the Landau levels, with a width § = 2meV. This value
was obtained by comparing figs. 2(a) and 2(c) and assuming
that the features indicated by the arrows are mainly due to the
magnetic field dependence of the upper state lifetime.

From the comparison betweens figs. 2(a) and 2(c), we can
see that the minimum at 6.5 T cannot be ascribed to the elastic
scattering process described before. Furthermore, we can see
that the laser switches off between 12 T and 14 T, after the fun-
damental elastic resonance. Resonances with the excited Lan-
dau levels of the subbands |), with ¢ < 7, cannot be responsi-
ble for these features: the overlap between the wavefunctions
of subbands |9) and |¢) at the interfaces is lower than between
|9) and |7). As a consequence, the lifetimes related to these
processes are longer. Moreover, the features at 6.5T and 13 T
cannot be explained by resonant electron-electron scattering
effect (Auger process), which has recently been observed in a
QCL based on an intersubband transition between states of a
large quantum well'?. Indeed, in the sample investigated here,
such a process would occur when 2 X Eg7 = 30 meV = hw,
corresponding to B = 18T, beyond our investigated field
range. The series of minima of the emitted power that cannot
be explained by elastic resonances between the |90) Landau
level and the excited Landau levels of the lower subbands is
indicated in fig. 2(a) by dashed arrows.

Fig. 3(a) shows the excited Landau levels of subband 9,
as well as the fundamental Landau level of subband 7. The
dashed line indicates the first LO-phonon replica of |7, 0) Lan-
dau level. We notice that at 13T, |9, 1) the first excited Lan-
dau level of the upper subband has a phonon resonance with
|7,0) the fundamental Landau level of the lower subband:
Fg91 — Er7g = hwpo. We will show in the following that this
relaxation mechanism is a result of hot electrons in the injec-
tor that decrease the gain in the structure.
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FIG. 3: (a) Fan chart of laser Landau levels (solid lines) and level
|7,n) + hwro (dashed line). Note the crossing at 13T, 6.5 T, 4.3 T.
LO-phonon scattering rate as a function of the magnetic field, calcu-
lated by taking into account transitions |9, 1) to |7, 0) in solid line,
|9,2) to |7, 0) in dashed line and |9, 3) to |7, 0) in dotted line. (inset)
Four levels system at 13T.

After the fundamental elastic resonance at 9T, the system is
in the extreme quantum limit. In order to understand why the
laser switches off at 13 T, we compare the gain in the struc-
ture at 13 T (when the laser is off) and at 14 T (when the laser
is on) by assuming that it is possible to apply the same sys-
tem of rate equations. We consider a four level system, as
shown int the inset fig. 3(b), coupled with an injector state.
We assume that the electronic temperature 7, in the injector
is greater than the lattice temperature 7; (1, = 1; + 150K);
this assumption is consistent with the results of photolumines-
cence experiments on THz QCLs'* and with those obtained to
reproduce the temperature dependence of the threshold cur-
rent density in the same structure®. We assume a Boltzmann
distribution of the electrons in the injector, and we calculate
the population inversion below threshold using a complete set
of rate equations for levels |9) and |7):

J TGSC
[Ng — N7]gsor = —[190(1 — ——
€ T90—-70
4 e_(ES)l(B)_EQO(B))/(kBTe) X 7-91(1 _ Tesc )] 3)
To1—70(B)

where 7. is the escape time from the lower state of the radia-
tive transition, kg is the Boltzmann constant and J the den-
sity current in the device. The scattering rate of level |9, 1),
1/791—70, is calculated by only taking into account the LO-

phonon emission and is shown by a solid curve in fig. 3(b).
We assume that 7., and 79970 are constant with magnetic
field as a consequence of the extreme quantum limit.

Using cavity losses o = 16.2cm™1, the application of eq. 3
at 14 T at threshold allows us to extract the value of the popu-
lation inversion necessary to achieve a laser action. From the
comparison between this value and [Ng — N;] at B = 13T,
J = 236 A/cm?, we obtain a limiting condition on 7.4, for
the inhibition of the laser emission. We obtain that if 7.4, >
20 ps, the condition for laser action is not satisfied. If we cal-
culate 7.5, by assuming the relaxation via the phonon stage as
the main relaxation mechanism involved, we find an escape
time of 22ps. As a consequence, the relaxation of hot elec-
trons by the emission of an LO phonon may be invoked as the
mechanism responsible for the second series of oscillations
in the P(B) spectrum. Fig. 3(b) also shows in dashed lines
the scattering rates for LO-phonon emission, corresponding to
19,2) — |7,0) transition and |9,3) — |7,0) transition: they
are peaked at the minima of the P(B) curve shown in figure
2(a) (dashed arrows).

The two sets of power oscillations observed can now be sum-
marized by the following equations, showing that a reduction
in the population inversion is observed when:

FEog = E79 + mhw; withm=1,2,3... (@]
and
FEgo + nhw. = E7g + hwro; withn=1,2,3... (5)

reproducing all the minima observed in the P(B) character-
istics.

In conclusion, we have investigated the output power
dependence under applied magnetic field on a QCL design
with a LO-phonon extraction stage. Two distinct series of
oscillations are identified corresponding to Landau level
resonances between the upper and lower laser transition
states. The first series correspond to an elastic scattering
from the fundamental Landau level of the upper subband.
The second, which has not been previously observed, is
associated to the relaxation of hot electrons via the emission
of an LO-phonon.
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