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GaAs-based, single-stage, intersubband devices with active regions composed of deep quantum
wells (i.e., In0.3Ga0.7As) and high AlGaAs barriers display strong room-temperature emission at
l=4.7 mm. The structures are grown by metalorganic chemical vapor deposition. The large energy
barrierss,360 meVd for electrons in the upper energy level of the active region strongly suppress
both the carrier leakage as well as the tunneling escape rate out of the wells. As a result, the ratio
of emissions at 80 and 300 K is as low as 2.0, and thus there is considerably less need for a Bragg
mirror/transmitter-type region. Devices with virtually 100% tunneling injection efficiency have been
realized, and their room-temperature spectra are narrow: 25 meV full width at half maximum. These
deep-well, single-stage structures are intended for use as the emitting units in two-dimensional,
intersubband quantum-box lasers, or as the stages of quantum-cascade lasers for efficient,
room-temperature operation in the 3–5-mm wavelength range. ©2004 American Institute of
Physics. [DOI: 10.1063/1.1819518]

In the quest to achieve efficient, room-temperature(RT),
continuous-wave(cw) laser operation in the mid-infrared
(IR) wavelength range(i.e., 3–5mm) one proposed ap-
proach is the use of two-dimensional arrays of unipolar
quantum boxes1 (QBs), with each QB incorporating a single-
stage, intersubband-transition structure. In previous work on
single-stage, unipolar devices RT intersubband emission has
been reported only from InP-based structures2 at a wave-
length of 7.7mm. For 30- to 40-stage GaAs-AlGaAs
quantum-cascade(QC) lasers at RT, intersubband emission
wavelengths shorter than 8mm cannot be achieved, since at
higher transition energies the active-region upper level is ap-
parently depopulated via resonant tunneling between theX
valleys of the surrounding AlGaAs barriers.3

We present here the realization of RT mid-IR electrolu-
minescence emission fromsingle-stage intersubband de-
vices. The RT output power is of the same order of magni-
tude as that of InP-based QC structures of approximately the
same wavelength. The RT emission linewidth is narrow
[,25 meV full width at half maximum(FWHM)] and the
80”300 K emission ratio is very lows,2d.

Optimization studies of GaAs-based devices4 have
shown that for thin barriers between the injector region and
the active region, two effects occur which cause significant
decreases in the upper-(energy) state injection efficiency:(1)
a diagonal radiative transition from the injector-region
ground state,g, to an active-region lower state, and(2) se-
vere carrier leakage from the stateg to the continuum. Here
we show that by using GaAs-based devices withvery deep
active quantum wells(QWs), In0.3Ga0.7As active layers sand-
wiched between Al0.8Ga0.2As barriers, we can virtually sup-
press carrier leakage to the continuum. Furthermore, since

GaAs/AlGaAs superlattices do not need to be used on both
sides of the active region, resonant tunneling cannot occur
betweenX valleys at high transition energies, and thus RT
emission in the mid-IR range becomes possible for
GaAs-based devices.

The material used in the devices is grown by low-
pressure metalorganic chemical vapor deposition(MOCVD)
at 700°C and is essentially a single-stage structure embed-
ded in a plasmon-enhancedn-GaAs waveguide,3,4 which
gives an optical-mode confinement factor,G, of 0.48%.
Shown in Fig. 1 is an electron-energy diagram for the single-
stage structure and the squared wave-function moduli for the
relevant energy states. As shown, the single-stage structure is
composed of a superlattice injector and a double-QW
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FIG. 1. Conduction-band-energy diagram of the “injector +active region” of
the device when statesg andn=3 are at resonance, under an applied electric
field F=80 kV/cm. Shown are the moduli squared of the relevant wave
functions. The injector region isn-type dopeds431017 cm−3d over the in-
dicated range. The layer thicknesses in nm from left to right are:
4.0/3.0/3.0/3.0/1.5I /3.3/1.6I /2.9/2.0I /2.5/2.4I /4.6/2.4I /3.6/2.4I; where the
barriers are underlined. The first four layers are AlxGa1−xAs, wherex is 0.02,
0.04, 0.06, and 0.08, respectively.
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(DQW) active region. The GaAs/AlGaAs superlattice injec-
tor is n type s431017 cm−3d over the indicated range and is
designed for resonant tunneling into staten=3 of the active
region at a field of 80 kV/cm. A step-graded region insures
effective carrier flow to the miniband of the superlattice in-
jector. The DQW active region is designed for a vertical
radiative transition of 263 meV(i.e.,l=4.71mm), where the
wells are 4.6- and 3.6-nm thick and the three barriers are
each 2.4-nm thick. Then=1 state is separated from then
=2 state by approximately 32 meV, the LO-phonon energy.
Since the energy splitting at resonance between theg state
(of the injector) and then=3 state is about 8.4 meV, the
states are strongly coupled.5 The oscillator strength is distrib-
uted between two radiative transitions: a diagonal one from
stateg to then=2 state, and a vertical one from then=3 to
the n=2 states.

Current confinement is provided by a 80-mm-wide
metal-contact stripe and two 1.5-mm-deep grooves etched
through the heavily dopeds531018 cm−3d n-GaAs upper-
cladding layer. The devices are 300-mm long and mounted
on Cu heat sinks. The spectra as a function of drive current
and temperature are shown in Fig. 2.(Drive conditions:
,200-ns-wide pulses; 84-kHz repetition rate.) At T=10 K
and low drive levels, the electron population in theg state is
much higher than that in then=3 state, which causes the
diagonal low-energy transition at,240 meV to dominate.
The emission FWHM is larges,35 meVd, as was found by
Barbieri et al.4 for thin-barrier QC devices. As the electric
field increases the population of then=3 state increases,
which causes a shift of the emission primarily to the vertical,
high-energy transition at 259 meVsl=4.78mmd. Increasing
the temperature to 300 K[Fig. 2(b)] further increases then
=3 state population, such that most emission occurs from the
vertical transition atl=4.7 mm. The emission linewidth at

4.7 mm is estimated to be 25 meV, a value quite similar to
the best RT values reported for QC devices6 operating atl
,5 mm.

Figure 3 shows the light-currentsL-Id characteristics at
80 and 300 K. (Drive conditions: 1.5-ms-wide pulsed;
16-kHz rep. rate). The outputs are of the same order of mag-
nitude as those from InP-based QC structures emitting at the
same approximate wavelength. Due both to the deep wells
and the high barriers, thermionic carrier leakage to the con-
tinuum is negligible by comparison to that observed for thin-
barrier GaAs/Al0.33Ga0.67As QC devices4 (i.e., the emission
is not temperature independent). Proof of suppression of the
carrier leakage is the fact that the 80”300 K emission ratio is
only about 2.0, compared to typical values of,3.0 for QC
devices.2,4 Ideally, if no carrier leakage exists, the 80/300 K
emission ratio should be 1.7 as dictated by Bose-Einstein
statistics.1 The strong carrier-leakage suppression occurs be-
cause the energy barrier seen by the electrons in then=3
state is,360 meV, a value about four times larger than for
conventional 5-mm-emitting QC devices.6,7 Furthermore,
due to the DQW structure and the high exit barrier the tun-
neling escape probability of the electrons in then=3 state to
the continuum is strongly reduced.8 Thus, there is consider-
ably less need for the Bragg mirror/transmitter region char-
acteristic of conventional QC devices.2–8 This fact, aside
from meaning less device complexity and easier fabrication,
allows for the fabrication of QC devices for which
backfilling1,7 becomes negligible at room temperature9 (e.g.,
if two structures similar to the one shown in Fig. 1 are placed

FIG. 4. Conduction-band-energy diagram for device optimized for 95%
tunneling-injection efficiency from the stateg to then=3 state. The injector
region isn-type doped just as shown in Fig. 1 for the nonoptimized device.
The layer thicknesses in nm from left to right are:
2.5/2.5/2.5/2.5/1.5I /2.5/1.8I /2.2/2.1I /1.9/2.4I /4.6/2.4I /3.6/2.4I; where the
barriers are underlined.

FIG. 2. Intersubband electroluminescence spectra at:(a) 10 K, for four dif-
ferent currents under pulsed conditions(,200 ns, 84 kHz). The low-energy
peak is due to photon-assisted tunneling of electrons from the injector
ground state(level g) to then=2 state; while the high-energy peak is due to
the vertical transition between then=3 andn=2 states;(b) room tempera-
ture and 400-mA drive current(i.e., 1.6 kA/cm2 current density).

FIG. 3. Light-current curves under pulsed-drive conditions(1 ms, 16 kHz)
at 80 K and at room temperature.
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back to back, the energy difference between the quasi-Fermi
level in the doped region of the front structure and then=2
state of the back structure,D, is quite large:,150 meV).9 By
suppressing backfilling and carrier leakage one should be
able to prevent the thermal runaway which mars the room-
temperature, cw performance of conventional QC
devices.10,11

As mentioned above, for the initial deep-well intersub-
band devices there is evidence of injected-carrier loss via
incoherent tunneling from stateg to staten=2. In turn the
tunneling-injection efficiency,hin, into staten=3 is ,60%.
In order to get thehin value close to 100% one has to design
devices for which there is strong coupling between statesg
and n=3 concomitant with weak coupling between statesg
andn=2. For InP-based devices that has been done by using
a triple-QW design.6–8 In our case we used the structure
shown in Fig. 4. By computing the overlap integrals of the
wave functions forg andn=3 andg andn=2 we get ahin
value of 95% for an applied electric field of 75 kV/cm.(For
comparison, the transition matrix elementsuz32u and uzg2u are
1.76 and 0.51 nm for the optimized device versus 1.59 and
0.84 nm for the unoptimized device.) Such structures have
been fabricated and tested, and the spectra are shown in Fig.
5 at a current density of 4.2 kA/cm2. Now the spectra have
the characteristic shape5,6 of intersubband transitions and

thus fully correspond to vertical transitions. The FWHM
linewidths are 19 meV at 80 K and 25 meV at 300 K.[The
300-K value stays constant to the highest drive current of
1.5 A (i.e., 6.3 kA/cm2 current density)]. These values are
the same as, if not better than, the best values reported6 from
5-mm-emitting QC devices optimized for anhin value of
,100%, and thus demonstrate that the spectral linewidths of
intersubband GaAs-based devices grown by MOCVD can be
as narrow as those of InP-based devices grown by molecular
beam epitaxy.

In conclusion, by using deep-well, GaAs-based intersub-
band devices with high AlGaAs barriers we have obtained
strong RT emission in the mid-IR range from single-stage
intersubband emitters. Furthermore, the devices have been
optimized for tunneling injection efficiency close to 100%.
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