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We report on quantum cascade lasers in the AlGaAs material system grown on
GaAs. The emission wavelength is in the range of A ~ 9.5 - 13 um. Both, first and
second order distributed feedback laser have been fabricated. A metallized surface-
relief grating is used for feedback to achieve single-mode emission. The emission
wavelength is continuously tunable with the heat sink temperature. The second order
distributed feedback lasers are efficient surface emitters with low beam divergence.
Further, continuous wave operation at cryogenic temperatures has been achieved for
a chirped superlattice active region.

1. Introduction

A quantum cascade laser (QCL) is a semiconductor laser involving only one type of
carrier and which is based on two fundamental phenomena of quantum mechanics,
namely, tunneling and quantum confinement. In conventional semiconductor diode la-
sers (as used, e.g., in compact disk players), the light originates from the recombination
of electrons and holes, and the emission wavelength is determined by the bandgap.
However, in QCLs the light generation is based on intersubband transitions within the
conduction band (or valence band). So far, QCLs are demonstrated only in two material
systems, the InGaAs/InAlAs material system grown on InP [1] and the AlGaAs/GaAs
grown on GaAs [2]. Spontaneous emission from quantum cascade structures has been
achieved in some other materials [3], [4]. Recently, room temperature operation of Al-
GaAs based QCL [5] has been demonstrated for Fabry Perot lasers, which is an impor-
tant step towards commercial applications. Up to this, room temperature operation was a
privilege for QCL grown on InP. Continuous wave operation of QCL is so far restricted
to low temperatures [6], also for QCL grown on InP [7] — [9]. However, for absorption
measurements like gas sensing, single mode lasers are favored. Therefore, distributed
feedback (DFB) QCL [10] — [13] have been realized soon after the invention of QCLs.
Some demonstration of infrared spectroscopy of gases [14] — [16] (single- or multiple
pass absorption), liquids [17] or photoacoustic spectroscopy [18] show the potential for
commercial applications. In this letter, we report on distributed feedback quantum cas-
cade lasers in the AlGaAs material system grown on GaAs.

2. Experimental

The energy band diagram (conduction band) of a typical QCL is shown in Fig. 1. The
electrons are injected into the upper laser level 3 by an electron funnel (injector). Inver-
sion is achieved by fast depopulation of level 2 by LO-phonon emission (lifetime
~0.3 ps). Therefore the energy spacing of level 2 and level 1 is designed close to the LO-
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phonon energy of GaAs (36 meV). The lifetime of the upper laser level is in the range of
2 ps, allowing fast direct modulation.
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Fig. 1: Left: Energy band structure and moduli square of the most relevant wave func-
tions of a QCL. The laser transition is the transition 3—2, and the energy separa-
tion of the level 2 and 1 is close to the LO-phonon energy. Right: Transmission
electron microscope picture of a MBE grown QCL.

We have used Aly33Gagg7As or AlAs as barrier material and GaAs or Ing 04GagosAs as
well material for our lasers. The active cell is formed by three quantum wells or by a
chirped superlattice. The superlattice is chirped in order to get flat minibands for the
design field. The conduction band discontinuity and the energy of the upper laser level
determines the leakage current into the continuum, which restricted the very first
Aly33Gag c7As/GaAs based QCL to low operation temperatures as the upper laser level
is close to the barrier energy (Fig. 1). In the first structures we used Aly33Gag¢7As as
barrier material, where the X-valley is higher in energy than the I'-valley in order to get
rid of multi valley effects as the crossover from a direct to an indirect semiconductor
occurs for AlyGa;xAs at x~0.45. We have also investigated InGaAs as well material,
which increased the band offset in respect to Aly33Gage7As [19]. The lattice mismatch
of InyGa; xAs grown on GaAs allowed only low In contents. Then we used AlAs as bar-
rier material, where the overall Al concentration is small and the AlAs layers are very
thin (down to 2 monolayers) so that the electrons remain around the I'-valley. In this
case, the lowest energy levels for the X-valleys (GaAs and AlAs) are higher than for the
I'-valley. An AlAs/GaAs chirped superlattice laser material showed the first time con-
tinuous wave operation for GaAs based QCL.

Our laser material is grown by solid source molecular beam epitaxy on n-doped GaAs
(100). A double plasmon enhanced waveguide is used for all lasers. 30 to 40 periods of
active cell/injector are cascaded and embedded into low doped GaAs (Si, 4x10'® cm™,
d ~ 3.5 um) layers, forming the low loss waveguide core. The cladding layers are

formed by highly doped GaAs (Si, 4x10"® cm™, d ~ 1.0 pm).
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Fig. 2: Left: Schematic cross section of the grating region and the ridge waveguide, and
a SEM picture of a fabricated laser. A denotes the grating period and DC is the
duty cycle of the grating. Right: Emitted power via surface and one facet for a
2.99 mm long and 45 um wide laser in pulsed mode operation (100 ns, 5 kHz).

We have fabricated DFB laser from several laser materials [6], [13], [20]. A metallized
surface relief grating is used for feedback, resulting in a large contact area and avoiding
the need of regrowth. The coupling coefficients and losses are calculated based on Flo-
quet Bloch analysis [21]. The Floquet Bloch fields are rigorously calculated at resonance
and a connection to the coupled mode theory is made by a perturbation method, as the
optical intensity in the grating region is small. In the case of first order DFB laser the
whole grating is covered with metal whereas in the case of the second order DFB laser
only the grating peaks (Fig. 2) are covered with metal allowing efficient transmission of
the TM polarized light through the metal stripe structure. We have fabricated ridge
waveguides where we etched through the active region. The lateral light confinement is
almost unity whereas the vertical light confinement by the plasmon enhanced waveguide
(in growth direction) is in the range of 0.3 — 0.5.

The absolute average power is measured with a slow thermopile detector. The pulse
peak power in pulsed mode operation (pulse length 100 ns) is in the several 100 mW
range (Fig. 2). Spectral measurements where performed with a Fourier transform infra-
red (FTIR) spectrometer equipped with a mercury-cadmium-telluride (MCT) detector.
As the current heats the active region, the emission wavelength is shifted to longer
wavelengths during a pulse causing a broadening of the emission in pulsed mode opera-
tion. The current heating can be neglected for short pulses and low pulse repetition rates.
The emission wavelength is in this case only a function of the heat sink temperature.
The emission wavelength shifts according to the Bragg wavelength and the temperature
dependence of the refractive index at a rate of (dA/dT)/A ~ 1x107/K (Fig. 3). In continu-
ous wave operation the emission tunes with the current (Fig. 3) corresponding to tem-
perature within the laser cavity.
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Fig. 3: Left: Effective temperature in the laser cavity for continuous wave operation as
obtained from the emission wavelength (heat sink temperature 4.2 K). Right:
Emission wavelength in pulsed mode operation (100 ns, 5 kHz) as a function of
the heat sink temperature for the same laser.

3. Conclusion

In conclusion, we have achieved single mode emission in the mid-infrared from quan-
tum cascade lasers grown on GaAs. The emission wavelength is continuously tunable by
the temperature. We have developed an analysis which allows the accurate prediction of
the coupling coefficient and the losses of the waveguide grating structure, including the
surface emission of second order DFB lasers. Further, continuous wave operation at low
temperatures has been achieved for a DFB laser emitting at 11.7 pm.
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