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Quantum-cascade lasers based on a bound-to-continuum transition
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A guantum-cascade structure combining the advantages of the three-quantum well and superlattice
active regions is demonstrated. In these devices, the emission occurs between a state localized close
to the injection barrier and a miniband. A low threshold current deri8iy kA/cn?), large slope
efficiency (200 mW/A for 35 periods and peak powe(700 mW) are achieved at 30 °C while a

peak power of 90 mW is obtained at temperatures as high as 150 °@00@ American Institute

of Physics. [DOI: 10.1063/1.1339843

The quantum cascad€C) laset is a unipolar semicon- quantum well (3QW) active region separated from the
ductor laser that has demonstrated pulsed operation at roomjection/relaxation region by a tunneling barrfen the sec-
temperature in the midinfrared wavelength rafgel19 um). ond design, the active region consists of a superlattice, which
At cryogenic temperatures, good agreement has been oler the best performances can be “chirped” to compensate
tained between computed and measured threshold currefur the applied field* In both cases, the necessity to confine
densities and slope efficiencies for a large class of devites, the upper state of the active region requires the laser to be
In contrast, at 300 K, the predicted value of threshold currenseparated into an active region followed by an injection/
density (between 1 and 3 kA/cfn depending on whether relaxation region. Although Eql) has limited predictive
theoretical or experimental values of the waveguide lossepower because the critical parametérgection efficiencies
are usedl is much lower than the experimental values re-and lower state lifetimgsare not easily computed or mea-
ported in the literaturébetween 4.6 and 7 kA/cth Achiev-  sured, it qualitatively explains the different strategies these
ing threshold current values closer to the theoretical predictwo designs have employed to achieve low-threshold room-
tions is crucial to improving the room temperature temperature performance: the three-quantum well maximizes
performances of QC laser devices in order to allow, in parthe first term {y373), while the superlattice designs mini-
ticular, continuous wave operation on a Peltier cooler. mize the second termz,7,). In the 3QW active region

In a QC laser, electrons are injected into an upper statdevices a large value of; is achieved by the large penetra-
(or upper miniband, in the case of superlattice QC lders tion of the n=3 state into the injection barriet that en-
and recombine radiatively to a lower stdt@ lower mini-  hances the coupling to the=3 state while minimizing the
band. The gainG is proportional to the population inversion coupling to the lower states of the active regiore., 73
An between the uppemE3) and lower (=2) states. Let > 7,). The extraction of the electrons from the-2 state is
us assume, as shown schematically in Fig. 1, that a fractioanhanced by the resonant nature of the optical phonon tran-
73 of the current is injected into the upper state, apdnto  sition between thev=2 andn=1 states, implying a very
the lower state. In this cas& can be written as short value ofry; (7,,~0.2—0.4ps). However, in such a

design, the small value of,; is misleading because, ulti-
, (1) mately, the population of the=1 state(and alson=2) is
extracted into the injection/relaxation region by a tunneling

wherers, 7, are the(total) lifetimes, 73, is the intersubband Process. The value of the tunneling timg, is difficult to
lifetime between the states=3 andn=2, ando is the tran-

sition cross sectioh.In the case of a QC, lasers based on a
superlattice active region, Eql) can still be applied with

the n=3 state being the lower state of the upper miniband
and then=2 the upper state of the lowest miniband. Equa-
tion (1) shows clearly the strong dependence of the gain on
both injection efficiencies and the ratio of the lifetimes: one e
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must design a structure which maximizes the difference 1

1373~ M7, and minimizes the ratie, / 73,. ;
High-performance room temperature quantum cascade Toge

lasers have so far been demonstrated using two different ap- 1

proaches. The first one is the original design based on a three .'..K;Cesc

3E|ectronic mail: jerome.faist@unine.ch FIG. 1. Schematic description of the relevant levels and injection efficien-

YAlso with Alpes Lasers; electronic mail: www.alpeslasers.com cies in a cascade laser.
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estimate very accurately. Experimental values obtained in
QC structures yieldres=2-3 ps®’ much larger thanr,,

and the valug0.2 pg computed assuming the injection re-
gion behaves as a continuum. A study using a simple rate-
equation approach of the 3QW active region shows that such
a slow electron tunneling time, by creating an effective
“bottleneck” effect, significantly reduces the population in-
version and, therefore, the performance of such a design.
This detrimental effect is felt the strongest at high tempera-
tures and high injection currents. In superlattice active region
designs,n, is made very small by a phase space argument:
the n=2 state is only one of a manifold of lower states
forming the lower miniband and thus injection into this very
state is unlikely. Similarly,r, is expected to be very small
(m,=0.2ps) through very efficient intrasubband scattering.
In addition, no bottleneck problems are foreseen, since trans-
port in the lower miniband provides a very efficient electron 300K
extraction. Howevery; is not expected to be as large as in

the 3QW case since electron injection is not achieved 80K _/A \

through resonant tunneling.
These considerations are supported by the experimental Lig s sl ivis 'y

evidence. Resonant tunneling effects have been observed in 50 100 150 200 250
the 3QW active region up to room temperature, as expected Photon energy (meV)
for large values ofy3.>® The possibility of achieving multi-

wavelength operaticnin superlattice active region designs FIG. 2. (@ Schematic conduction band diag;? of one stage of the
. . .~ .. structure under an applied electric field of 8.50" V/cm. The moduli
supports the idea that at least some of the electron m]eCtIoﬁ]uared of the relevant wave functions are shown. The layer sequence of

into the superlattice active region occurs through capture anghe period of structure, in nanometers, left to right and starting from the
is therefore less efficient. The high lower state extractiorinjection barrier is4.0'2.0/0.7/6.0/0.9/5.9/1.0'5.2/1.3/3.8/1.4/3.5/1.5

- ; ; ; ; i 3.3/1.6/3.1/1.93.1/2.33.0/2.42.9 where InsAlg4AS layers are in
efficiency of superlattice designs is proved by their ability toibold, I 5@ +AS in Roman and underlined number correspond to doped

operate at very high injection current densiti@® t0 30  |ayer with Si toNy=3x 10" cm3; (b) luminescence spectrum of the active
kA/cm?).2 region at 300 and 80 K, as indicated. The applied bias is 9 V. Lower curve:

We propose here a design that attempts to take advarsomputed oscillator strength of the various transitions from the upper state.
tage of the resonant tunneling injection feature of the 3QW
design and the electron extraction efficiency of the superlatence effects can be expected to appear in the emission
tice design. In this design, shown schematically in Fig. 2, thespectra and will be discussed elsewhere.
active region spans the whole period and consists of a The devices were mounted junction-side-up onto a cop-
chirped superlattice presenting a tilted lower minibandper submount. Figure 3 shows the pulsédb% duty cycle
whose width is maximum in the center and decreases on botpeak optical power from a single facet versus drive current
sides close to the injection barriers. The upper state is creatd@ll various temperatures fa 3 mmlong and 28um wide
in the first minigap by a small well adjacent to the injection device. Knowing the duty cycle, the peak power was ex-
barrier. Its wave function has a maximum close to the injec-
tion barrier and decreases smoothly in the active region. This J (kA/cm?)
upper state is well-separated from the higher-lying states of 0
the superlattice, lying in its first minigap. It therefore does g
not need to be confined by separating the structure into an 15
active region and an injection/relaxation region. Because of
this large energy separatioit0 me\), the injection effi-
ciency 73 is not reduced by electron injection into higher
energy states of the superlattf®! In addition, this con-
figuration of the wave function should enable an injection
efficiency comparable to the one of the 3 QW design. 5

The structure is grown by molecular beam epitaxy using
InGaAs and AllnAs alloys lattice matched on an InP sub-
strate. It consists of a 35 periods active region embedded in 0 .
an optical waveguide formed on one side by the substrate 0 2
and on the other by an InP top cladding grown by metalor- Current (A)
ganic Chemlca! vapor deposition. A good agreement betwee G. 3. Peak optical output power vs injected current in pulsed mode at a
the electroluminescence spectrum and the computed ma-trBEJty cycle of 1.5% at various temperatures. Inset: Threshold current density
elements is found, as shown in Fig. 2. Constructive interferas a function of temperature.
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trapolated from the measurement of the average power witthe Swiss Commission for the Technology and Industry
a thermopile powermeter. The device operates at a wavéKTl) and the OFES.
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