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Terahertz electroluminescence from superlattice quantum
cascade structures

Raffaele Colombelli, Axel Straub, Federico Capasso, Claire Gmachl, Myrtle I. Blakey,
A. Michael Sergent, S. N. George Chu, Ken W. West, and Loren N. Pfeiffer
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~Received 26 July 2001; accepted for publication 7 December 2001!

Intersubband electroluminescence is reported in a quantum-cascade structure based on asymmetric
superlattice active regions and designed for emission in the THz range~l'80 mm!. Comparison
with a structure based on a ‘‘vertical transition’’ in a single quantum well shows an increased full
width at half maximum~2.8 vs 0.9 meV! of the emission line. In both cases the dependence of the
optical power on the injected current is linear or sublinear and remains in the pW range. ©2002
American Institute of Physics.@DOI: 10.1063/1.1448393#
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Since their invention in 1994,1 quantum cascade~QC!
lasers have seen constant innovation as tunable coh
sources in the mid-infrared~mid-IR! range of the electro-
magnetic spectrum.2,3 Research in this field is continuous
expanding: new material systems are being explore4

ultrahigh-speed operation and mode locking have b
demonstrated,5 and new spectral ranges outside the mid-
are under investigation.6,7 The demonstration of a semicon
ductor injection laser at very long wavelengths would be
great importance due to the present lack of convenient
compact sources. Considerable progress has been ma
the range between 20 and 30mm wavelength;8 laser action in
the THz range, however, on the lower-energy side of
Reststrahlenband~l>50 mm! of commonly used material
such as GaAs or InP based semiconductors, has not yet
achieved.9

There are two main components to semiconductor la
action: a low-loss waveguide resonator with large opti
confinement, and gain, which is conveniently derived fro
population inversion.

First, the waveguide of choice at long wavelengths
based on surface plasmons, i.e., the mode is guided b
metal/semiconductor interface instead of the refractive in
contrast within a thick stack of semiconductor lasers.10 This
results in a substantially reduced thickness of the epitaxi
grown material, and in a significant increase of the mo
confinement factor. Ideally, at THz frequencies, the wa
guide should be based on a metal-semiconductor-meta
ometry, but fabrication difficulties suggest that replacing
bottom metal with a highly dopedn11 semiconductor layer
is a more convenient strategy. A QC laser device based
this waveguide configuration has been recently demonstr
at a wavelength of 21.5mm.8 The optical loss at THz fre-
quencies of such a waveguide was recently measured
Rochat et al.11 at l'75 mm by mean of a multisection
single-pass technique. They found a valueaw542
620 cm21, in agreement with calculations based on fre
carrier absorption.

Achieving population inversion is another essential s
for the realization of a THz QC laser. At THz frequencies t
photon energy is smaller than the typical optical phonon
3520021-8979/2002/91(6)/3526/4/$19.00
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ergies ~;34/36 meV!. Thus LO-phonon scattering is n
longer an effective way to obtain population inversion, co
trary to the case of mid-IR QC lasers. This is because i
difficult to selectively empty the lower laser state by reson
LO-phonon scattering without—at the same time—remov
carriers from the excited state. In addition the electro
electron (e–e) scattering rate scales approximately
DE21, where DE is the energy separation between t
states. Therefore, it can become the dominant scatte
process,12,13 at least for electrons which do not carry enou
kinetic energy to emit an LO phonon. The complexity of t
mechanisms involved ine–e scattering is well confirmed by
the different values reported in the literature14 for the inter-
subband nonradiative scattering times, which range fr
subpicosecond times to a few nanoseconds. Electron-elec
scattering must therefore be taken into account in design
THz QC lasers, or it may be taken advantage of.15

A SL active region structure is the simplest design th
could benefit frome–e scattering. The radiative transition i
across the minigap between two manifolds of extended st
~minibands!. Due to theDE21 dependence of thee–e scat-
tering rate12,13the intraminiband scattering rates can be ma
in principle several times higher than the interminiba
ones,13 e.g., when the distance between the states in the
miniband is 2–4 meV, while the minigap is'15 meV ~l
582.5 mm!. This characteristic, although not relevant f
electroluminescence, is very important for lasing, since it c
give rise to an intrinsic population inversion. Finally, a S
based design facilitates the flow of high currents, overco
ing the problem of very low current densities which is typ
cal of single QW based active regions.7 While in a SL based
active region the nonradiative scattering rates are stron
due to the larger number of possible transitions, leading
higher threshold current densities for laser action, this
crease is compensated by the possibility of driving the
vices at much higher currents, as stated above.

In this letter, we report THz electroluminescence~EL!
from a SL QC structure and compare it with the case o
two-level single QW structure. We stress that this is the fi
experimental demonstration of a superlattice active reg
Terahertz emitter, while all previous such demonstratio
6 © 2002 American Institute of Physics
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were based on single quantum well structures.7 Our SL struc-
ture ~sampleA! was grown by molecular beam epitaxy u
ing a GaAs/Al0.15Ga0.85As lattice matched to a highly-dope
(n;231018cm23) GaAs substrate. The active region
based on an interminiband transition in an asymmetric su
lattice @Fig. 1~a!#. The SL character of this optical transitio
is determined by the relatively large number of QWs~;6!
over which the wave functions are delocalized. The act
region was repeated 40 times. It was preceded by the gro
of a 1-mm-thick highly doped (n;731018cm23) GaAs
layer, which acts as then11 plasma layer, and is followed b
a contact facilitating layer~150 nm of GaAs doped ton;2
31018cm23!. Two other structures~samplesB and B8!,
based on an intrawell transition between two well-localiz
states in a single QW, were grown for comparison~Figs. 1~b!
and 3~c!! for layer thicknesses! with similar cladding layers,

FIG. 1. ~a! Conduction-band profile of two periods of sampleA, under an
applied electric field of 1.7 kV/cm. The layer thicknesses in nm of a sin
stage are, from left to right, starting from the barrier marked by
arrow: 4.2/12/3.7/12.4/3.6/13/3.2/13.9/3.0/14.8/2.5/15.9/2.0/17.3/1.0/16.9/
0.6/9. AlGaAs barriers are in boldface. Underlined layers are doped with
to 231016 cm23. The moduli squared of the relevant wave functions a
shown; the wavy arrows indicate the radiative transition, designed for e
sion at l584 mm. ~b! Conduction-band profile for sampleB, under an
electric field of 1.8 kV/cm. The layer thicknesses in nm are, starting fr
the injection barrier:4.8/14/2.3/15/2.3/16/2.3/17/4.0/28.5. Underlined layers
are doped to 131016 cm23. The radiative transition, indicated by wav
arrows, was designed atl580 mm.
r-
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but on an insulating GaAs substrate. In sampleB, the spon-
taneous emission takes place between the excited and
ground state of a wide quantum well. The calculated opti
dipole matrix element isz55.1 nm. In sampleA instead,
the optical transition involves states delocalized on sev
wells @Fig. 1~a!#, and the matrix element isz55.7 nm. In
addition, while structureB relies mainly on tunneling to
extract carriers from the ground state, sampleA relies in-
stead on intraminiband scattering inside the lower miniba

The samples were processed into 4003400 mm2 mesas.
Ge/Au/Ti/Pt/Au contacts were deposited on top and w
later annealed at a temperature of 420 °C. Contacts are m
gratings with a period ranging from 10 to 20mm, but the
mesa were cleaved in the middle to allow light extracti
from the facet. Devices were then soldered with indium t
copper block, wire bonded, and mounted in an He-flow c
ostat for the measurements. The light collected by a pa
bolic mirror was spectrally analyzed in a Nicolet Fouri
transform infrared spectrometer equipped with a He-coo
Si bolometer or a doped-Ge detector. Due to the low spee
the detectors, the devices were driven with bursts of 6
1.5-ms-wide pulses. The burst frequency was 413 Hz, wh
corresponds to an overall duty cycle of 37.5%. All the me
surements were performed with the FTIR operating in st
scan mode.

Figure 2~a! shows typical EL spectra taken at cryogen
temperatures for sampleA. The emission consists of
single line centered at a wavelength of 82mm ~15 meV!,
very close to the design wavelength of 84mm ~14.7 meV!,
with a full width at half maximum~FWHM! of ;2.8 meV
and constant with current. The emission appears first a
injected current of;150 mA, and at an applied voltage re
sonably close to the design bias of 1 V. This value cor
sponds to the electric field of 1.7 kV/cm@Fig. 2~b!#. The
emission peak increases with current and for values>350
mA a broad shoulder rises at the low-energy side of the pe
which we attribute to thermally generated blackbody em
sion. A sudden increase in differential resistance~most prob-
ably indicating domain formation! appears above 500 mA in
the current-voltage characteristic, above which the ther
background completely dominates over the optical emiss
from the SL@see Fig. 2~a!, upper spectrum at 550 mA driving
current#. The attribution of the low-energy shoulder to the
mal background, which is not surprising given the high du
cycle used in these measurements~almost 40%!, should be
clear following its evolution in Fig. 2~a! in the last four spec-
tra, at currents ranging from 350 to 550 mA. The low-ener
shoulder is not a peak, but it is a low-energy backgrou
spectrum convoluted with the detector frequency respon
which has a cutoff at about 9 meV, marked by the dash
vertical line in Fig. 2~a!. Above the region of high differen-
tial resistance, the sudden increase in applied voltage lea
a sudden increase in dissipated power too, thus explain
why the thermal background completely dominates. Fig
2~c! shows the integrated luminescence intensity of the em
sion atl'82 mm as a function of injected current. The cha
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acteristic is linear up to 350 mA, showing that in this ran
the luminescence efficiency is constant, then it saturates
ibly, the origin of which is not yet understood. The linear
below 350 mA@dashed line in Fig. 2~b!# does not intercep
the origin. The reason is that the emission is due to an in
miniband transition, so that no emission can occur before
structure is energetically aligned.

Figure 3~a! shows EL spectra taken at cryogenic te
peratures for sampleB, based on the intrawell transition
The spectrum at 30 mA shows a very narrow emission
~FWHM ;0.9 meV, not limited by the instrument resolutio!
centered at 74.5mm ~16.6 meV!, reasonably close to th
design wavelength of 80mm ~15.5 meV!. At 200 mA instead
~in the region of very high differential resistance! the peak is
again barely visible beneath a broad thermal backgrou
The integrated EL intensity of the same sample as a func
of current is shown in Fig. 3~b!. The characteristic is linea
up to 100 mA and then saturates, but contrary to sampleA

the linear fit intercepts the origin.
The two designs exhibit emissions with differe

FWHM, in particular the EL from sampleA ~FWHM52.8
meV! is approximately three times broader than the one fr
sampleB ~FWHM50.9 meV!. Since in both cases the lin
broadening is expected to be inhomogeneous, the result
good agreement with the characteristics of the samples.
based structures usually exhibit broader FWHM due to
higher number of interfaces and increased interface rou
ness scattering. According to a standard formula for

FIG. 2. ~a! THz electroluminescence~EL! at 5 K of sampleA, measured at
different currents as indicated. The emission at 15 meV~l'82 mm!, is close
in energy to the designed value of 14.7 meV~l584 mm!. The dashed line
marks the detector~an He-cooled doped-Germanium! cutoff energy.~b!
Current-voltage (I –V) characteristic of the device. The arrows mark t
current values where optical spectra were measured. At 500 mA a su
increase in differential resistance appears, and the thermal background
to dominate the optical emission.~c! PL intensity vs injected current at 5 K
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threshold current density in QC lasers16 broader lines imply
higher thresholds, but this effect is usually compensated
higher gain and by the possibility of injecting higher curren
in a SL structure. In our case, in fact, the EL intensity sa
rates at 125 A/cm2 in sampleB, based on a intrawell tran
sition, while in the structure based on the interminiband tr
sition the saturation occurs at the much higher curr
density of 450 A/cm2.

The estimated integrated maximum optical power em
ted by our structures is 5 and 15 pW, respectively,
samplesA and B. This is somewhat surprising, since th
optical dipole matrix element is slightly bigger for the SL
based sample. A possible explanation comes from the an
sis of the nonradiative scattering rates. The optical power
spontaneous emission is related to the injected current by
following formula, which is independent of the nature of th
nonradiative scattering process. It therefore includes b
LO-phonon scattering and electron-electron scattering~and
potentially other scattering mechanisms!:

Popt5hcollN\v
I

e

G rad

Gnon-rad
, ~1!

where hcoll is the overall collection efficiency~which in-
cludes the effectiveness of light extraction from the cleav
mesa!, N the number of stages,\v the transition energy,I the
injected current,G rad the radiative, andGnon-rad the nonradi-
ative scattering rates, respectively. Assuming identical c
lection efficiency we obtain an upper limit for the ratio b
tween the scattering times in the two samples of 10, i.e.,

en
arts

FIG. 3. ~a! THz EL at 8 K of sampleB, measured at 30 mA injected curren
~below the region of high differential resistance! and at 200 mA. In the latter
the thermal background completely dominates the emission.~b! PL intensity
vs injected current at 8 K for sampleB. ~c! THz EL of sampleB8 at
different heat sink temperatures. SampleB8 is a copy of sampleB with a
10% reduction in all layers thicknesses~barriers and wells!.
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nonradiative intersubband scattering rate should be at m
10 times faster in sampleA, based on a SL, than in samp
B, based on a QW.

A number of possible reasons can be found for this
sult. First, while in sampleB the excited state of the radia
tive transition is localized, and carriers can essentially sca
only to the ground state, in sampleA carriers have access t
all the states of the lower miniband and the number of s
tering channels increases almost by an order of magnit
This can affect, in particular, hot electrons with enough
netic energy to emit an LO phonon and thus scatter to low
energy states with subpicosecond times.

In addition the nominal doping levels of the two samp
are quite different ~131011cm22 for sample A, 3.5
31010cm22 for sampleB!. Electron-electron scattering i
the main scattering process at energies below the LO p
non, and it depends on doping in a nonstraightforw
way;12–14 such a difference in electron concentration can
fect the nonradiative rates of the system.

The different doping levels of the samples can expl
their different temperature behavior. The emission from
SL structure is completely broadened already at 60 K~data
not shown!. SampleB8 instead exhibits a sharp line at th
same temperature, with no discernible broadening, wit
superimposed blackbody background@see Fig. 3~c!#. Only at
a heat sink temperature of 90 K the thermal backgrou
dominates over the emission peak from the QW.

In conclusion, we reported THz EL in a QC structu
with asymmetric superlattice active regions and we co
pared it with emission from a sample based on a vert
transition. The latter exhibits a narrower emission line,
the former is able to carry more injected current at cons
luminescence efficiency, an important feature in order
achieve population inversion. We have finally estimated
higher nonradiative intersubband scattering rate for
sample based on a asymmetric-superlattice active region
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