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Intersubband electroluminescence is reported in a quantum-cascade structure based on asymmetric
superlattice active regions and designed for emission in the THz rarg@0 nm). 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 meY 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 rangg002
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Since their invention in 1994 quantum cascadéQC) ergies (~34/36 meV.. Thus LO-phonon scattering is no
lasers have seen constant innovation as tunable coherdonger an effective way to obtain population inversion, con-
sources in the mid-infrare@mid-IR) range of the electro- trary to the case of mid-IR QC lasers. This is because it is
magnetic spectrurh® Research in this field is continuously difficult to selectively empty the lower laser state by resonant
expanding: new material systems are being expldred,LO-phonon scattering without—at the same time—removing
ultrahigh-speed operation and mode locking have beenarriers from the excited state. In addition the electron-
demonstrated,and new spectral ranges outside the mid-IRelectron €—e) scattering rate scales approximately as
are under investigatioh’ The demonstration of a semicon- AE™%, where AE is the energy separation between the
ductor injection laser at very long wavelengths would be ofstates. Therefore, it can become the dominant scattering
great importance due to the present lack of convenient anprocess?3at least for electrons which do not carry enough
compact sources. Considerable progress has been madekinetic energy to emit an LO phonon. The complexity of the
the range between 20 and afn wavelengtif laser action in  mechanisms involved ia—e scattering is well confirmed by
the THz range, however, on the lower-energy side of thehe different values reported in the literattfréor the inter-
Reststrahlenban@\=50 um) of commonly used materials subband nonradiative scattering times, which range from
such as GaAs or InP based semiconductors, has not yet besnbpicosecond times to a few nanoseconds. Electron-electron
achieved scattering must therefore be taken into account in designing

There are two main components to semiconductor lasefHz QC lasers, or it may be taken advantagé®of.
action: a low-loss waveguide resonator with large optical A SL active region structure is the simplest design that
confinement, and gain, which is conveniently derived fromcould benefit frome—e scattering. The radiative transition is
population inversion. across the minigap between two manifolds of extended states

First, the waveguide of choice at long wavelengths is(miniband$. Due to theAE~! dependence of the—e scat-
based on surface plasmons, i.e., the mode is guided by taring raté®**the intraminiband scattering rates can be made
metal/semiconductor interface instead of the refractive indein principle several times higher than the interminiband
contrast within a thick stack of semiconductor las@rghis  ones® e.g., when the distance between the states in the SL
results in a substantially reduced thickness of the epitaxiallyniniband is 2—4 meV, while the minigap is15 meV (A
grown material, and in a significant increase of the mode=82.5 um). This characteristic, although not relevant for
confinement factor. Ideally, at THz frequencies, the wave-<lectroluminescence, is very important for lasing, since it can
guide should be based on a metal-semiconductor-metal ggive rise to an intrinsic population inversion. Finally, a SL-
ometry, but fabrication difficulties suggest that replacing thebased design facilitates the flow of high currents, overcom-
bottom metal with a highly doped™ * semiconductor layer ing the problem of very low current densities which is typi-
is a more convenient strategy. A QC laser device based ocal of single QW based active regioh8hile in a SL based
this waveguide configuration has been recently demonstrateaittive region the nonradiative scattering rates are stronger
at a wavelength of 21.xm2 The optical loss at THz fre- due to the larger number of possible transitions, leading to
guencies of such a waveguide was recently measured Hyigher threshold current densities for laser action, this in-
Rochatet al™ at A~75 um by mean of a multisection crease is compensated by the possibility of driving the de-
single-pass technique. They found a valug,=42 vices at much higher currents, as stated above.
+20cm !, in agreement with calculations based on free- In this letter, we report THz electroluminescende.)
carrier absorption. from a SL QC structure and compare it with the case of a

Achieving population inversion is another essential stegwo-level single QW structure. We stress that this is the first
for the realization of a THz QC laser. At THz frequencies theexperimental demonstration of a superlattice active region
photon energy is smaller than the typical optical phonon enTerahertz emitter, while all previous such demonstrations
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but on an insulating GaAs substrate. In samplethe spon-
taneous emission takes place between the excited and the
ground state of a wide quantum well. The calculated optical
dipole matrix element ig=5.1nm. In sample 7 instead,
the optical transition involves states delocalized on several
wells [Fig. 1(a)], and the matrix element i8=5.7 nm. In
addition, while structure? relies mainly on tunneling to
extract carriers from the ground state, sampterelies in-
stead on intraminiband scattering inside the lower miniband.
The samples were processed into A@00 xm? mesas.
Ge/Au/Ti/Pt/Au contacts were deposited on top and were
later annealed at a temperature of 420 °C. Contacts are metal
gratings with a period ranging from 10 to 2@m, but the
mesa were cleaved in the middle to allow light extraction
from the facet. Devices were then soldered with indium to a
copper block, wire bonded, and mounted in an He-flow cry-
ostat for the measurements. The light collected by a para-
bolic mirror was spectrally analyzed in a Nicolet Fourier
transform infrared spectrometer equipped with a He-cooled
L Si bolometer or a doped-Ge detector. Due to the low speed of
the detectors, the devices were driven with bursts of 605
50 . 1.5-us-wide pulses. The burst frequency was 413 Hz, which
corresponds to an overall duty cycle of 37.5%. All the mea-
surements were performed with the FTIR operating in step-
5 scan mode.
g | L T (b) Figure Za) shows typical EL spectra taken at cryogenic
temperatures for sampleZ. The emission consists of a
-300 200 100 0 single line centered at a wavelength of g&n (15 meV),
Distance (nm) very close to the design wavelength of g4n (14.7 meV,
F1G. 1. (2) Conduction-band brofile of ods of . und with a full width at half maximum(FWHM) of ~2.8 meV
T 18 Contuclor b prfle of o eroce ofsample nder 2 eaNd constant with current, The emission appears fist at an
stage are, from left to right, starting from the barrier marked by aninjected current of~150 mA, and at an applied voltage rea-
arrow: 4.212/3.7/.12.46.@?.3/3.213.QB.014.8.2.515.9'2.017.30..016.9/. sonably close to the design bias of 1 V. This value corre-
e o e e s g SPONAS 10 the electic field of 1.7 kVIcfiig. 20)]. The
shown; the wavy arrows indicate the radiative transition, designed for emis€Mission peak increases with current and for vale&50
sion atA=84 um. (b) Conduction-band profile for sample, under an  mA a broad shoulder rises at the low-energy side of the peak,

electric field of 1.8 kV/cm. The layer thicknesses in nm are, starting from_ , . . .
the injection barrierd.814/2.315/2.316/2.317/4.0/28.5. Underlined layers which we attribute to therma”y generated bIaCkbOdy emis

are doped to X10'cm 2. The radiative transition, indicated by wavy SiOn. A sudden increase in differential resistafio®st prob-
arrows, was designed at=80 um. ably indicating domain formatiorappears above 500 mA in
the current-voltage characteristic, above which the thermal
background completely dominates over the optical emission
were based on single quantum well structur@ir SL struc-  from the SL[see Fig. 2a), upper spectrum at 550 mA driving
ture (sample.7) was grown by molecular beam epitaxy us- cyrreni. The attribution of the low-energy shoulder to ther-
ing & GaAs/A}15Ga.g5AS lattice matched to a highly-doped a1 packground, which is not surprising given the high duty
(n~2x10cm°) GaAs substrate. The active region is cycle used in these measuremetabnost 40%, should be
bas_ed on an interminiband transition in an asymmetric SUPCE oy following its evolution in Fig. @) in the last four spec-
lattice [Fig. 1(a)]. The SL character of this optical transition :
is determined by the relatively large number of QW) tra, at currents ranging from 350 to 550 mA. The low-energy
shoulder is not a peak, but it is a low-energy background

over which the wave functions are delocalized. The active luted with the d f
region was repeated 40 times. It was preceded by the groth'PeCtrum convoluted with the detector frequency response,

of a 1-um-thick highly doped i~7x10%cm=3) GaAs which has a cutoff at about 9 meV, marked by the dashed

layer, which acts as the" * plasma layer, and is followed by Vertical line in Fig. 2a). Above the region of high differen-

a contact facilitating layef150 nm of GaAs doped to~2  tial resistance, the sudden increase in applied voltage leads to
X 10 cm3). Two other structuregssamples.? and.#’), @ sudden increase in dissipated power too, thus explaining
based on an intrawell transition between two well-localizeawhy the thermal background completely dominates. Figure
states in a single QW, were grown for compari¢biys. 1b) 2(c) shows the integrated luminescence intensity of the emis-
and 3c)) for layer thicknessegswith similar cladding layers, sion at\~82 um as a function of injected current. The char-
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FIG. 2. (8) THz electroluminescendé&L) at 5 K of sample 7, measured at  F|G, 3. (a) THz EL at 8 K of sample”, measured at 30 mA injected current
different currents as indicated. The emission at 15 rfev82 um), is close  (pelow the region of high differential resistane@nd at 200 mA. In the latter

in energy to the designed value of 14.7 mé\~84 um). The dashed line  the thermal background completely dominates the emisgiiRL intensity
marks the detectotan He-cooled doped-Germanitinoutoff energy. (b) vs injected currentta8 K for sample.%. (c) THz EL of sample.#’ at

Current-voltage [(—V) characteristic of the device. The arrows mark the different heat sink temperatures. Sampi is a copy of sample? with a
current values where optical spectra were measured. At 500 mA a sudderpe, reduction in all layers thicknessésarriers and wells

increase in differential resistance appears, and the thermal background starts
to dominate the optical emissioft) PL intensity vs injected current at 5 K.

threshold current density in QC las¥t®roader lines imply

acteristic is linear up to 350 mA, showing that in this rangeNigher thresholds, but this effect is usually compensated by
the luminescence efficiency is constant, then it saturates viglgher gain and by the possibility of injecting higher currents
ibly, the origin of which is not yet understood. The linear fit N @ SL structure. In our case, in fact, the EL intensity satu-
below 350 mA[dashed line in Fig. ()] does not intercept rates at 125 A/ciin sample.%, based on a intrawell tran-
the origin. The reason is that the emission is due to an intessition, while in the structure based on the interminiband tran-
miniband transition, so that no emission can occur before th&ition the saturation occurs at the much higher current
structure is energetically aligned. density of 450 A/CFfl _ . _
Figure 3a) shows EL spectra taken at cryogenic tem- The estimated mteg_rated maximum optical power emit-
peratures for sample, based on the intrawell transition. t€d by our structures is 5 and 15 pW, respectively, for
The spectrum at 30 mA shows a very narrow emission lin@mples 2 and.7. This is somewhat surprising, since the
(FWHM ~0.9 meV, not limited by the instrument resolution ©OPtical dipole matrix element is slightly bigger for the SL-
centered at 74.5:m (16.6 meV, reasonably close to the based sample. A possible explanation comes from the analy-
design wavelength of 8am (15.5 meVj. At 200 mA instead sis of the nonradiative scattering rates. The optical power for
(in the region of very high differential resistandee peak is ~SPontaneous emissio_n is.re_lated to the injected current by the
again barely visible beneath a broad thermal background®/lowing formula, which is independent of the nature of the
The integrated EL intensity of the same sample as a functiofonradiative scattering process. It therefore mclud'es both
of current is shown in Fig. (). The characteristic is linear LO-phonon scattering and electron-electron scatte(aryl
up to 100 mA and then saturates, but contrary to sample Potentially other scattering mechanigms

the linear fit intercepts the origin. | Trag
The two designs exhibit emissions with different Popt= nco”Nﬁwé T , 1)
FWHM, in particular the EL from sampleZz (FWHM=2.8 non-rad

meV) is approximately three times broader than the one fronwhere 7., is the overall collection efficiencywhich in-
sample.Z (FWHM=0.9 me\j. Since in both cases the line cludes the effectiveness of light extraction from the cleaved
broadening is expected to be inhomogeneous, the result is mesa, N the number of stageéw the transition energy,the
good agreement with the characteristics of the samples. Slinjected current]’ .4 the radiative, and’ | yn.raqthe nonradi-
based structures usually exhibit broader FWHM due to thetive scattering rates, respectively. Assuming identical col-
higher number of interfaces and increased interface rougHection efficiency we obtain an upper limit for the ratio be-
ness scattering. According to a standard formula for théween the scattering times in the two samples of 10, i.e., the
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nonradiative intersubband scattering rate should be at mostased upon work supported in part by DARPA/ARO under
10 times faster in sampleZ, based on a SL, than in sample Contract No. DAAD19-00-C-0096.
.7, based on a QW.
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