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Terahertz Emission from Quantum Cascade Lasers in the Quantum Hall Regime:
Evidence for Many Body Resonances and Localization Effects
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A terahertz quantum cascade laser, operating at A = 159 um and exploiting the in-plane confine-
ment arising from perpendicular magnetic field, is used to investigate the physics of electrons confined
on excited subbands in the regime of a large ratio of the magnetic field confinement energy to the photon
energy. As the magnetic field is increased above about 6 T, and the temperature lowered below 20 K, the
devices are characterized by a very low threshold current density, with values as low as Jy, = 1A/cm?,
and an increase of gain by five times the low field value. We show that, as with the quantum Hall effect,
the key physical process is the localization of the carriers. Evidences for resonant electron-electron
scattering processes are directly obtained from light intensity and transport measurements.
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The quantum cascade (QC) laser [1] is a coherent
source of infrared radiation based on quantum confine-
ment and tunneling in semiconductor heterostructures.
Gain arises from a population inversion between two-
dimensional subbands. This continuum of available states
provided by the free in-plane motion of the carriers is
responsible for two strong limitations of quantum cascade
lasers structures: the relatively short upper state lifetime
and the waveguide losses arising from free carrier
absorption.

Strong in-plane quantization, through which the in-
plane parabolic dispersion becomes a set of discrete lev-
els, is potentially able to change this picture by acting on
the fundamental process governing the lifetime 7 of the
intersubband transition. The application of a strong per-
pendicular magnetic field provides a tunable confinement,
by breaking the free-electron in-plane dispersion, with
energy E;; = E; + (h*k*)/2m*, of each of the two-
dimensional states into a set of equidistant Landau levels
[li, n) with E;,, = E; + (n + })hiw,] separated by the cy-
clotron energy fiw, = (hieB)/m*.

In previous experiments, modifications of the charac-
teristics of a QC laser (both mid-IR and THz) have been
studied for cyclotron energies smaller or equal to the
photon energy [2-5]. In a recent work, the modification
of scattering times by Landau levels has been exploited to
enhance the population inversion in a QC laser [6] based
on an intersubband transition between the first two ex-
cited states of a thick quantum well. We investigate in this
Letter such a device, designed to operate at 1.9 THz (7.9
meV, A = 160 pum) in the regime of strong magnetic con-
finement. The temperatures, mobilities, and magnetic
fields correspond to the physics of resonant tunneling in

0031-9007/04 /93(23)/237403(4)$22.50

237403-1

PACS numbers: 78.60.Fi, 42.55.Px, 85.30.Tv, 95.85.Gn

the quantum Hall regime [7]. In contrast to previous
work, where an intermediate regime was achieved in
which the magnetic confinement was strong enough to
modulate the intersubband lifetime but no qualitative
change was observed in the laser behavior, we are able
to demonstrate two dramatic new features unique to
devices operating in this strong field regime: a strong
reduction of the waveguide losses and an increase in the
gain attributed to carrier localization, and a resonant
electron-electron scattering effect.

As shown schematically in the inset of Fig. 1(a), the
active region of our device, similar in concept to the one
presented in Ref. [6], consists of a 55 nm thick undoped
GaAs quantum well followed in sequence by a coupled
well extractor and a three quantum well injector. The
exact layer sequence is given in the caption of Fig. 1. As
shown in Fig. 1(d), where a Landau fan of the active
region is plotted, the device is originally designed to
operate at a field of 2.9 T where the cyclotron energy
matches the E,; energy spacing, reducing the n = 2 life-
time. At the same time, the energy spacings E3, and Ej;
are, respectively, equal to one and a half times and two
and a half times the cyclotron energy, enhancing the n =
3 lifetime. This combination of level alignment therefore
enhances the n = 3 to n = 2 population inversion.

The structure was grown by molecular beam epitaxy
on a semi-insulating GaAs substrate. One hundred peri-
ods of the active region were deposited between 0.7 um
thick (Sidoped, 9 X 107 cm™3) lower and 0.08 wm thick
(Si doped, 5 X 10'® cm™3) upper GaAs contact layers.
The devices were then processed into 100-520 um wide
and 0.5-4.7 mm long ridge stripes by wet chemical
etching. After thinning to a substrate thickness of
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FIG. 1. (a) Light emission in pulsed mode as a function of
magnetic field for various applied biases for a 3.5 mm long,
520 pwm wide laser stripe with backfacet high reflection (HR)
coating at 4.2 K. Inset: band structure of one period of the
active region; the layer sequence in nm starting from the
injection barrier is (from right to left) as fol-
lows: 2.5/3.5/1.2/55.0/3/21.0/1.0/20.0/3.2/16.4/3.2/16.0/
3.5/15.8/1.0/3.8/ (underlined layers are Si doped at 1.5 X
10'® cm™3; figures in bold type are Aly;5GaggsAs layers).
(b) Threshold current density as a function of magnetic field
for the same device as in (a). (¢) Conductance (black line),
together with its second derivative (grey line), as a function of
magnetic field at 4.2 K measured on a 320 X 400 uwm? mesa at
1.5 Vapplied bias. (d) Landau fan plot of the active region: the
dashed line is the cyclotron energy. Note the crossing at 9.3 T of
the cyclotron energy with the horizontal wide dashed line
representing two times the photon energy 2Ej3,.

100 pm and back metallization, the devices were indium
soldered onto copper heatsinks and inserted into the bore
of a superconducting cryostat [6]. The optical waveguide
exploited the second order mode of the metal-semicon-
ductor-metal waveguide formed by the top and substrate
metallizations, as shown in the inset of Fig. 2(a). Light
intensity characteristics, obtained by ramping the mag-
netic field applied perpendicularly to the epilayers, are
displayed in Fig. 1(a) for various applied biases. As ex-

pected, the device displays a first maximum of intensity
at an applied magnetic field of 2.9 T, corresponding to the
design field at which the lifetime of the n = 2 state is
reduced by enhanced scattering [8] at the crossing of the
Landau levels |1, i) — |2, i — 1). The laser then switches
off until a field value of 5.5 T, at which point a series of
oscillations starts. As shown in Fig. 1, the extinction of
the laser between 3.3 and 5.5 T, as well as the minimum at
7.4 T, can be attributed to resonances between the n = 3
state and an excited Landau level of the n = 1 and n = 2
levels, and n = 1 level, respectively [3—6,9]. For fields
larger than 3 T, iw, > E,; and no resonances between the
n =2 and n = 1 states are allowed.

The conductance, measured directly by a lock-in tech-
nique, is displayed in Fig. 1(c), together with its second
derivative in magnetic field ‘;ZTCZ; This quantity reflects the
variation of the n = 3 lifetime with applied magnetic
field. As expected, an excellent agreement is found be-
tween the conductance and laser emission data whenever a
Landau level crossing involving the n = 3 state occurs.
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FIG. 2. (a) Waveguide losses as a function of magnetic field

for a ridge width of 420 um. Inset: intensity profile for the n =
2 TM mode (black line) which has a calculated value of losses
of 7.9 cm™! and a mode overlap of ' = 0.29. (b) Left axis
(disks): modal gain as a function of applied magnetic field for a
ridge width of 420 um. Right axis (full line): lifetime deduced
from the magnetotransport of the diagonal terahertz emitter
studied in Ref. [16]. Inset: laser spectra recorded at six and 12 T
for a 3.4 mm long, 220 um wide cavity at T = 4.2 K with an
FTIR spectrometer (resolution 0.125 cm™").
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The minimum at 7.4 T marks the crossing of the first
excited Landau level of state one with the ground Landau
level of state three |3,0) — |1, 1) above which the in-
plane confinement energy is greater than E5;. For this
reason, for fields larger than 7.4 T, no more inter-Landau-
level resonances should be observed. However, a very
strong feature is present at 9.3 T, corresponding to a field
where the photon energy is half of the cyclotron energy,
hw.(9.3 T) =159 meV = 2hv = 2E3,. In fact, this
resonance was predicted theoretically [10] as a signature
of an electron-electron scattering event in which energy
and momentum are conserved with one electron scatter-
ing to the lower Landau level and a second electron
scattering up to the higher Landau level. A signature of
this effect in transport only was observed previously at
very large magnetic field values [10]. In our data, this
resonance appears not only in transport but also in the
light intensity for the first time.

The threshold current density Jy of the device
[Fig. 1(b)] also exhibits the resonances displayed in
the light intensity data, and steadily decreases from a
value of 20 A/cm? at B =3 T to less than 1 A/cm? at
13 T. This value of threshold is extremely low, even
compared to record values Jy, =5 A/cm? obtained
from quantum box interband devices at similarly low
temperatures [11]. This decrease in threshold current
originates both from a reduction of the waveguide losses
as well as from a strong increase of the gain, caused by
the increase of the upper state lifetime with magnetic
field. To understand more fully the behavior of the thresh-
old current, we measured the threshold current density Jy,
in a series of five samples of various lengths between L =
4. 7mm and L = 1.8 mm, extracting the waveguide loss
a,, and gain gI" [12].

Waveguide losses and modal gain are plotted as a
function of magnetic field in Fig. 2(a) for 420 um wide
laser stripes [13]. Two regimes are apparent. The main
waveguide loss mechanism is, at these low THz frequen-
cies, free carrier absorption. We believe that this is effec-
tively quenched by the localization of carriers induced by
magnetic field. This phenomenon should become signifi-
cant as soon as w.T > 1, i.e., the cyclotron energy is
larger than the broadening of the levels of the injector;
this condition is well fulfilled at B = 6 T. At large fields
(B >9.3 T), the waveguide loss is limited by the metal
waveguide and no further reduction of the loss is possible.
However, the dielectric constant of the semiconductor is
anisotropic owing to the Landau quantization, and there-
fore an exact solution for the waveguide behavior is

difficult . Solutions have been proposed for specific ge-
ometries different from ours [14]. However, in our ge-
ometry where the field is constrained by two metal
boundaries it would be difficult to change significantly
the field distribution. An experimental indication of this
unchanged field distribution is that the group velocity
refractive index n, = 3.9, obtained from the spacing of

longitudinal Fabry-Perot modes, does not change with
magnetic field [see inset Fig. 2(b)]. It agrees well with the
computed value (n = 3.83) using the n = 2 TM mode
and tabulated refractive index values [15].

Below B = 9.3 T, the measured modal gain, displayed
in Fig. 2(b), exhibits the same oscillations as the laser
emission due to the modulation of lifetimes in the excited
subbands caused by the coupling of the Landau levels.
Specifically, we observe a decrease of the gain and life-
time by a factor of 2 at the field (9.3 T) where resonant e-e
scattering is occurring. Above 9.3 T, gain increases dra-
matically by a factor of 5, attributed to an increase of the
lifetime of the upper state by the same factor. Shown,
alongside the gain data, is the lifetime deduced from
magnetotransport measurements of the diagonal THz
emitter studied in Ref. [16] with an energy spacing of
14 meV, very close to the energy spacing E3; = 12.9 meV
of our laser. The behavior of the two quantities is very
similar, confirming a dependence of the gain on the over-
all lifetime 75.

The origin of this strong increase in the lifetime may
be understood by looking at the dependence of the thresh-
old current density from magnetic field and temperature.
In Fig. 3, the threshold current density is shown between
4.2 and 65 K for the various magnetic fields correspond-
ing to a local maxima in the optical intensity.

For magnetic field below 6 T or temperatures above
about 20 K, the threshold current density remains above a
value of 10 A/cm?, increasing as the temperature is
raised and showing a very weak temperature dependence
below 50 K. This is the behavior exhibited by all THz
quantum cascade lasers [17], and reflects the increase in
threshold current density caused by the activation of

~ 40 3
30 g
g
2 &
o | 15 ;,::
. 10 §
y o
| | @
) ‘ 5 5
TS <
,\,\\ | [
> B 02
a : \ 2 ‘EI\J
2 -
e
‘%} G 10
%
. &
Of‘ . [ e e
“% S
% 0 30 W)
2 < \\ z exat®
v 0 1@6‘?
FIG. 3. Dependence of threshold current density on tempera-

ture and magnetic field for a 3.5 mm, 320 um wide device. The
change in lasing regime is evident above 6 T and below 20 K.
The measurements at 4.2 K are performed with the sample
immersed in liquid He.

237403-3



PRL 93, 237403 (2004)

PHYSICAL REVIEW

week ending

LETTERS 3 DECEMBER 2004

optical phonon processes above a temperature of about
50 K. However, in our sample, for low temperatures and
large magnetic fields, a strong reduction of threshold
current density is observed, with the threshold varying
by a factor of 5 between 4.2 and 20 K. This temperature
range corresponds to an energy much lower than the
cyclotron energy, but is compatible with the typical lo-
calization energy of =1 meV resulting from residual
disorder in the sample.

From knowledge of the dipole matrix element, and
measurement of the waveguide and mirror losses, an
estimated upper state sheet density of ny=1.24 X
108 cm™2 is obtained [18]. This corresponds to an effec-
tive upper state lifetime of 73 = 20 ps and an average
interelectron distance of 0.89 wm. Furthermore, recent
work has shown that the localization of electrons on such
a scale does occur even at much lower magnetic fields
[19]. In reality, the situation is more complex than this
since each of these electrons pockets will be coupled by
tunneling to a common reservoir of electrons in the lower
injector state, where a sheet density of ny,; = 5.3 X
10'% ¢cm™? resides.

The nature of the main nonradiative channel between
subbands, key to the performance of THz quantum cas-
cade emitters at low temperatures, is still a matter of
controversy. The observation in our data of clear
electron-electron scattering resonances points to the im-
portance of this process and is in agreement with indirect
evidence obtained from light-current characteristics of
nonlasing structures based on a vertical transition in a
square well [20], whereas such behavior has never been
observed in chirped superlattice or bound-to-continuum
structures [21,22]. Actually, the largest increase in gain
and lifetime is observed at large magnetic fields and low
temperatures, i.e., in a situation where interface rough-
ness and impurities do not lead to intersubband scattering
but to an inhomogeneous broadening of the gain because
of carrier localization. It is worth noting that this local-
ization is at least as efficient for high excited states since
the population inversion improves with magnetic field.
Electron-electron scattering is also efficiently suppressed
except for the resonant condition at 9.3 T [23].

In conclusion, our data show that extremely long inter-
subband lifetimes may be observed when well separated
Landau levels are localized by a disorder potential—
typical conditions for the quantum Hall effect. As the
devices are very large compared to the wavelength, the
very low threshold current densities would lead to a
“thresholdless” device if structures could be fabricated
in a microcavity configuration where the parameter 3,
the fraction of the spontaneous emission emitted in the
lasing mode, is close to unity [24]. Our data also open up
the very interesting possibility of observing effects such
as Coulomb charging relating to the discreteness of the
charge residing in localized islands.
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