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Electroluminescence ak~69 um (4.3 TH2 is reported from interminiband transitions in
quantum-cascade structures with superlattice active regions. Spontaneous emission gives a
low-temperature linewidth of 2 meY0.48 TH2 with linear light—current characteristics observed

up to high-current densities (625 A/ém resulting in record output powers of 500 pW. Devices
operate up to above liquid-nitrogen temperature, with both emission wavelength and current—
voltage characteristics in good agreement with theoretical prediction20@ American Institute

of Physics. [DOI: 10.1063/1.1461034

The THz region of the electromagnetic spectrum stillminiband dispersion allows for high operating currents and
lacks compact, coherent, solid-state radiation sources. Buppresses thermal backfilling. Details of the design can be
promising candidate to fill this gap is the quantum cascadéound in Ref. 9, where Monte Carlo simulations, including
(QO) laser Quantum cascade lasef@CLs) are unipolar both carrier—carrier and carrier—phonon scattering, showed
semiconductor structures in which electrons are fed sequemnthat such a structure is indeed capable of carrying much
tially from an injector region into the active regigooupled higher current densities, and, owing to the improved
quantum wells or superlatticeand then into the subsequent injection/extraction into/out of the active region, can exhibit
injector of a repeated epitaxially grown heterostructure population inversion. The active core of our sample consists
QCLs have shown very high performance in theof 40 AlyGa gsAS/GaAs SL-injector stagesee the inset
midinfrared® and can now be operated at wavelengths a®f Fig. 1 for a schematic band diagranStarting from the
long as 24um.* This has stimulated a number of studies oninjection barrier the layer sequence of each period reads
QC structures designed for emission at THz frequertciés, 4.3/18.80.8/15.80.6/11.72.510.32.910.28.0/10.883.3/9.9.
well below the forbidden phonon reststrahlen band. Thes&hickness values are given in nm with barriers in bold face,
devices are all based on transitions between subbands in isand italics identifying the SL. The 10.2-nm-wide GaAs well
lated quantum wells and are characterized by low-outpuis n doped to 4< 10'® cm™3. This active core is sandwiched
powers (typically, a few pW and low currents, limited by between a highly dopedn&2x 10 cm™3) GaAs upper
negative differential resistand®DR) effects. These short- contact layer of thickness 200 nm and a 500 nm GaAs buffer
comings can be largely attributed to poor tunnel coupling oflayer (n=2x10'® cm™2).° The entire stack was grown by
injector states with the active region, and to the choice of
narrow injector minibands. The latter is necessary to avoid E

. . . . nergy (meV)
cross absorption of the emitted light and detrimental nonra- 10 20 30 40 50 60
diative relaxation through optical-phonon emission. These T e r T T T
features seriously hinder efficient extraction of electrons ]
from the lower state of the optical transition. In fact, popu-  1g
lation inversion has not been observed to date.

In this letter, we report on THz electroluminescence
from a QC device based on an alternative structure designe’
to overcome the problems described above. In this structure
radiative emission takes place across the first minigap of ¢
graded superlatticéSL), which allows large interminiband
dipole matrix element§7.8 nm, in this cagewithout requir- : .
. . . e s 0 o : %
ing high dopant concentrations to avoid field-induced 500
localization® To minimize electron population in the lower
state of the transition, we engineered the first SL miniband to
comprise seven subbands spanning an energy of 17 meMG. 1. Electroluminescence spectra recorded at 8 K. The solid line is taken
This energy s slighly less han Ihal of the photon, n arder S e 4 ST o000 AT e e
,to aVOId, cross absorption, and provides a large p.hfslse Spaéézu:l dissipatectiypgwer. The main peak at 144tris attribu‘t)ed to the
into which electrons scattered from the upper miniband Ofptersubband transition and is absent in the reverse bias spectrum, as ex-

directly from the injector can spread. In addition, the widepected from the asymmetry of the structure. Inset: schematic diagram of the
conduction band in the active core. The moduli squared of the wave func-

tions involved in the optical transition are shown; shaded areas represent the
@E|ectronic mail: koehler@nest.sns.it SL minibands. See Ref. 9 for a complete discussion.
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molecular-beam epitaxy on a*-GaAs substrate. The Current Density (A/cm®)

samples were then processed into square mesas of400 0 250 500 750

side by optical contact lithography and wet-chemical etch-= B spectrally integrated T a |

ing. The wafers were thinned down to about 24660 in order 21000+ intersubband emission  |--- =T ---------------- o

to improve heat dissipation, and Ohmic Ge/Au contacts Wereg
provided to the top and back surfaces of the sample by ther%
mal evaporation and subsequent annealing under a nitroge§ 0
atmosphere. The top contact simultaneously served as agra_. 3
ing coupler in order to diffract the in-plane emitted light out < 2 p------omommoocaoo oo e
of the sample. Grating periods of 15, 18, 21, ang.24 were I ]
used. The devices were finally soldered with an In—Ag alloy £ 0 . . '
onto a copper block and mounted on the cold finger of a 0 400 800 1200

liquid-He flow cryostat equipped with polyethylene win- Current (mA)

dO_WS' To re_duce heating effects, trains Of, 750 current pUISeI§IG. 2. (a) Light—current and(b) voltage—current characteristics as re-
(width ranging from 600 to 1400 ns, period of %) were  corded in pulsed modé800-ns-long pulsgsat 8 K. The values of peak
applied to the device, with a train repetition rate of 333 Hz,output power were corrected for the absorption of the polyethylene window
chosen to match the frequency response of the detector. TH’ithe cryostasee Ref. 12 Squares correspond to the emission spectrally

o integrated over the whole range (50—600¢iy whereas circles represent
rac_ilatlon Wa_S CO_”eCted orthogonal to the_mesa by a f/;l‘ 01Lf'the power of the intersubband emission peak alone. The solid line is a linear
axis parabolic mirror, sent through a Fourier transform inter+it to the data from 200 to 1000 mA.

ferometer(FTIR), and focused again onto a liquid-He-cooled
Si bolometer. The entire beam path was purged with purifieﬁ’nore sensitive to interface roughness. No appreciable in-

air in order to minimize Water-vapor absorptlor_l. Spectralcrease of the linewidth with drive current amplitude or duty
measurements were performed using the F,TIR n step.-sca&cle is observed, indicating no significant influence of elec-
mode and employing a lock-in amplifier for signal detection.n heating effects. The nature of the fourth peak observed
Figure 1 shows two electroluminescence spectra reg; 115 oyl (11.1 meVf is unclear. This peak is present in
corde(j at 8 K heat-sink temperature with a resolution of 4jqys other structures from which we do not detect inter-
4cm - from a mesa with an 1gm-period grating. The  gyphand emission, and it exhibits linear light—current char-
solid line corresponds to a spectrum taken with the correch erisiics. Possible explanations could include shallow do-
bias polarity, applying 800-ns-long negative pulses of 100Gy transitions, or defects located in the interdiffused layer
mA amplitude to the top contact. The dotted line is a specpepween the GaAs and the Ge—Au top contact. It might also
trum obtained at the same level of dissipated power but Unpe an artifact of blackbody radiation convoluted with the
der reverse bias. The first spectrum consists of four peakgrating and apparatus response.
with the two peaks at 243 and 292 cincorresponding to Figure 2 shows the current—light ¢1) and the current—
the GaAs phonon reststrahlen band. The main peak afoltage (/—1) characteristics of the device. The upper data
144 cmi* (equal to 18 meY can be unambiguously attrib- (squarescorrespond to the spectrally integrated power from
uted to the intersubband transition. As expected, it is absemg to 600 cm?, whereas the lower dataircle correspond
in the spectrum taken under reverse bias. In fact, owing t@o the power emitted within the intersubband peak. The latter
the asymmetry of the level structure, intersubband emissiofhcreases monotonically with current up to 1000 mA
can only be recorded when the active-region field has thee25 A/cnf), where the highest peak output power of 500
appropriate polarity. This is not the case for other spuriouw was measuretf. The current—voltage characteristics
processes such as blackbody emission or impurity-relateshown in Fig. 2b) are typical for transport through QC struc-
transitions. Moreover, we performed measurements on mesagres. At low V0|tages the resistance of the Samp|e is h|gh
with different grating periods ranging from 15 to 24n and  owing to level misalignment. At a voltage of about 1.1V,
found this peak present in all spectra. Its intensity, howevergorresponding to an electric field of 3 kV/cfnlose to the
decreases with longer grating periods, whereas theuts  design field of 3.5 kV/c the levels become aligned and
grating gives almost as good results as theut8 grating.  injection into the upper SL miniband takes place, as indi-
This is in good agreement with theoretical predictidrand  cated by the differential resistivity dropping to Q¥ Linear
results of previous experimentsBoth confirm that the cou- V| characteristics are obtained over a wide range of cur-
pling efficiency between the grating and the light is maxi-rents(from about 400 to 1100 m)Aconfirming that the large
mum for a grating period slightly shorter than the wave-dispersion of the SL miniband ensures efficient electron
length, decreasing rapidly towards longer periods and slowlyransport through the structure. At a current of 1300 mA
towards shorter periods. The transition energy of 18 meV ig~820 A/cn?) NDR occurs, marking the suppression of
in very good agreement with the value calculated from aesonant tunneling transport. The intersubband emission de-
Schralinger—Poisson framework at this applied field. At low pendence on the current density is practically linear almost
temperature, the full width at half maximut®WHM) is 2 up to the roll-off point. This suggests that the radiative effi-
meV, which is a little broader than that measured in samplesiency is not reduced by density-dependent mechanisms like
employing a vertical transition within a single quantum electron—electron or Auger scattering, contrary to previous
well.>7 It is well known, however, that SL active regions experiments where a square-root dependence of the emitted
tend to exhibit broader luminescence peaks since the waight with current was found.In our structure, and in line
functions involved extend across several barriers and thus areith theoretical prediction$the linear dependence is better

500
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' ' ' ' lengths and broadens with increasing temperature, which is
T T=80Kreverse bias in line with the behavior observed in midinfrared QC lasers.
=T = 80 K forward bias . .

In summary, far-infrared(THz) electroluminescence
from a quantum cascade device with superlattice active re-
gions has been investigated. Unlike previous structdres
where sublinear light—current characteristics were observed,
our sample exhibits a linear response up to a current density

, of 625 A/cn?. The measured peak output power at this cur-
s T = 50 K reverse bias . . .
——— T =50 K forward bias rent is about a factor of 10 higher than values previously
reported in the literature. This can be explained by the im-
e proved transport characteristics of the structure and the large

10 20 30 40 50 dipole matrix element of the superlattice active region.
Energy (meV)

Intensity (arb. units)

This work was supported in part by the European Com-
FIG. 3. Spontaneous emission spectra collected at heat-sink temperatures 9fission through an IST Framework V FET project
50 K (lower curve$ and 80 K(upper curvesat an injection current of 800
mA using 1us-long pulses. The spectra at 80 K are offset for clarity. The WANTED. One of the authoréR.K.) acknowledges support
forward bias spectra are plotted as solid lines, while reverse bias ones aRy the C.N.R.; two of the author&.H.L. and A.G.D) ac-
dotted. The intersubband emission is clearly detectable up to 80 K, howeveknowledge support from Toshiba Research Europe Ltd. and
its intensity decreases significantly with temperature and the linewidth bethe Royal Society, respectively. The authors thank Sukhdeep

comes considerably broader. . . .
y Dhillon for helpful discussions.

explained by activated carrier-phonon scattering with a small
activation energy. At the C,urrent density of 625 Aﬁcm . 1J. Faist, F. Capasso, D. L. Sivco, C. Sirtori, A. L. Hutchinson, and A. Y.
where we observe the maximum output power, the carrier cno, science64, 553 (1994.
density in the upper state can be estimated to be 3.PD. Hofstaetter, M. Beck, T. Aellen, J. Faist, U. Oesterle, M. lllegems, E.
x10° cm™? from the calculated level lifetim@.The ex- ~ Gini ?r‘”d H. Melchior, A%Jl- Phys. (L:etg& 19;;4(2001)- o
- : R. Paiella, R. Martini, F. Capasso, C. Gmachl, H. Y. Hwang, D. L. Sivco,

peCted optlcal output ppwer of 260 nW can then be derived J. N. Baillargeon, A. Y. Cho, E. A. Whittaker, and H. C. Liu, Appl. Phys.
from the number of periods, the photon energy, and the tran- ett. 79, 2526(2001).
sition dipole moment. This is approximately three orders of “R. Colombelli, F. Capasso, C. Gmachl, A. L. Hutchinson, D. L. Sivco, A.
magnitude higher than the measured value of 500 pW, which ;;edz'g;g%o'\gi)c- Wanke, A. M. Sergent, and A. Y. Cho, Appl. Phys. Lett.
is gqite reasonable takin_g into.a'ccount the grating couplings,,” Rochat, J. Faist, M. Beck, U. Oesterle, and M. llegems, Appl. Phys.
efficiency and the collection efficiency of our apparatus. The Lett. 73, 3724(1998.
L—1 roll off at higher currents can be attributed to the onset®B. S. Williams, B. Xu, Q. Hu, and M. R. Melloch, Appl. Phys. Les5,

faali . 2927(1999.
of misalignment betw_een the I.n.JeCtor ground Sta.‘te and. the7.]. Ulrich, R. Zobl, K. Unterrainer, G. Strasser, and E. Gornik, Appl. Phys.
upper level of the optical transition owing to the increasing | . 76 19 (2000.
bias voltage. Such misalignment causes poorer injection ef8a. Tredicucci, F. Capasso, C. Gmachl, D. L. Sivco, A. L. Hutchinson, and
ficiency and thereby reduces the optical output power. gA- Y. Cho, Appl. Phys. Lett73, 2101(1998. _

Figure 3 shows the luminescence spectra obtained atsézf)o(g'gg]f' C. lotti, A. Tredicucci, and F. Rossi, Appl. Phys. L&,
heat-sink temperatures ¢d) 50 K and(b) 80 K for a drive 105 x,, and Q. Hu, Appl. Phys. Let0, 2511(1997).
current of 800 mA. Intersubband emission is clearly visible!*m. Helm, E. Colas, P. England, F. DeRosa, and S. J. Allen, Jr., Appl. Phys.

up to 80 K, although the intensity decreases significantly Lett. 53, 1714(1988.

PP ; : 12The optical output power was calculated using the responsitivity of the
with increasing temperature. For comparison, we also plot bolometer as calibrated against blackbody radiation by the manufacturer

the spectra record_ed_ in reverse bi_as together with the 8 K qmc Instruments The transmission of the polyethylene window was
spectrum. The emission slightly shifts towards longer wave- measured to be 0.62 at the wavelength of interest.



