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We report on the midinfrared emission from electroluminescent devices with quantum cascade
active regions based on InGaAs/InP heterostructures. We observe emissiotzaim from two
different structures and compare their emission characteristics based on the different band structure
designs. Their relevance in view of the realization of InP-based quantum cascade lasers with
aluminum-free waveguides is discussed. 2003 American Institute of Physics.
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I. INTRODUCTION sides in the capability of building a completely Al-free laser
both in the waveguide claddingsdin the active core. This
The quantum cascad@C) lasef has been a break- may lead to improved thermal performances due to the sub-
through in the field of midinfrarediR) sources that became stitution of a high thermal resistivity materié\linAs) with
feasible after the invention and development of growth techa much lower onéInP),® even though the presence of several
niques as sophisticated as molecular beam epit’s§E),  interfaces in the QC active region might still play a signifi-
which allow the control of material properties down to the cant role in the heat dissipation. An improvement in the ther-
nanometer scale. One of the peculiarities of QC lasers, whichal conductivity could, in any case, provide a considerable
makes them considerably different from conventional Semi-advantage in the development of QC laser technology, since
conductor lasers, is their unipolar nature, i.e., their operatiofhese devices could reach room temperature continuous wave
relies entirely on one type of carrigasually, electronsun-  operation only recentli and there are still wide possibilities
dergoing intersubband transitions between levels created #fdr further improvements.
one band by quantum confinement. This is achieved by al-  One of the peculiarities of the InGaAs/InP heterostruc-
ternately growing two semiconductor materials with differenttyre is the comparatively small band offset, which amounts
band gaps and exploiting the band offset between the two tgy about half the value of the one in the lattice matched
create confined energy levels. The choice of layer thicknes;y\GaAs/InAlAs material system. This may lead to higher
thus allows one to determine the active region characteriseakage currents due to the tunneling of the injected electrons
tics, namely, its emission wavelength, the oscillator strengthinto the continuum of the conduction band. The advantages
of the radiative transitions, and the electronic lifetimes of thepf this material system may be, therefore, more evident at
energy levels. These characteristics can be tailored specifionger wavelengths.
cally to meet the user requirements, almost independently of
the heterostructure material chosen for its realization, as lon
as the quantum wells are deep enough to allow for a Iargﬁ' SAMPLES
range of wavelengths. Up to now, laser action has been re- The investigated samples included an active core con-
ported in a number of material systems, GalnAs/AlnAs,sisting of five repetitions of an InGaAs/InP multilayer struc-
both lattice matched with InPRef. 2 and strained, and ture, grown on lown-doped f~2x10"cm %) InP sub-
GaAs/AlGaAs with different Al mole fraction$® The obser- strates. A highly doped n= 108 Cm*3) GalnAs contact
vation of intersubband electroluminescence in QC structuregyer was grown on top of the active core of each structure.
has also been reported for Si/SiGe multilayeiSmission  The material growth was conducted in a MBE system with
at wavelengths ranging from 3.5 to 98m has been valved solid phosphorus and arsenic sources. Sample A
achieved’® had an active region designed as a so-called
Here, we present the realization of various InGaAs/InP‘hound-to-continuum™! structure (Fig. 1), with one con-
quantum cascade electroluminescent devices emitting at fihed state used as the upper level of the radiative transition
wavelength\~12 um. The importance of this semiconduc- and the lower energy level of the radiative transition as part
tor heterostructure, with respect to the usual QC lasers resf a manifold of closely spaced states, a “miniband”, which
ensures rapid depletion of level 2 by electron—phonon scat-

aE|ectronic mail: troccoli@deas.harvard.edu tering with small momentum transfejr.. Th'e m'iniband states
YElectronic mail: capasso@deas.harvard.edu have also the purpose of electron injection into the active
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FIG. 1. Conduction band diagram of two periods of the active region and
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injector of sample A. Shaded areas indicate minibands of states. Arrows
indicate the radiative transitions observed in the spectra. The layer sequence
of one active region periodstarting from the tunneling barrier, leftmost
layer in figure is: 5/2/4/2.2/3.82.6/3.7/2.9/3.53.2/3.4/3.3/3.33.7/3.2/4.1/
3.1/4.83/6.5/1.1/7.5, where the dimensions are in nm, InP layers are indi-
cated in boldface type, and the underlined layers are the ones doped to
=2x10"cm 3,

region of the following period. The second samample

B) was designed using a “diagonal transition” sche(fé.

2). This last design should decrease the oscillator strength of
the radiative transition but allow for a better confinement of
the upper level, therefore increasing the excited state lifetime
and limiting the thermally activated current leakage from the
injector states into the conduction band continuum. We com-
pared the two active regions in order to use them as the
active core of QC laser waveguides.

The band structure of sample A was designed for emis-
sion at 12.2um. In Fig. 1, two periods of the active region
conduction band structure are shown. The applied bias in this
caseV=0.2V per stage, corresponds to the alignment of the
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FIG. 3. Transmission electron microscope images of the two investigated
samples: sample £8) and sample Bb). Magnification is 16X . Dark layers
are InP barriers and light gray layers are GalnAs wells.

upper state of the radiative transition with the ground state of
the injector(state 4. In the usual cascading scheme, elec-
trons are resonantly injected from the injection miniband into
level 3, allowing for the radiative transition from level 3 to
level 2 to take place. Figure 2 shows the band structure of
sample B, at a voltage &f=0.25V per stage. In this case,
the emission wavelength is much more sensitive to the ap-
plied field due to the Stark shift of the radiative transition. At
the bias corresponding to the band structure shown in Fig. 2,
the wavelength of the intersubband emission is calculated to
be at 10.5um.

The transmission electron microscope images of the

FIG. 2. Conduction band diagram of sample B. Two periods of active re-multilayer part of the samples are shown in Fig&)3and
gions are shown. Shaded areas indicate the minibands. The layer sequerBgh). In both cases, the layer thickness is close to the de-

(starting from the tunneling barrier, leftmost layer in figuis: 3/2/4/2.2/
3.82.68.7/2.98.43.23.1/3.612.84.22.6/4.72.55.72.57, where the di-

signed one and the repeatability from one period to another

mensions are in nm, InP layers are indicated in boldface type, and thiS VEry good. The interface quality appears to be good, al-

underlined layers are the ones dopedte2x 107 cm 3,

though the attainment of laser action in QC devices may
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require further improvements in order to minimize the inter- 1.0 r——
face scattering contribution to the excited state non-radiative 08 - (a) ]
lifetime and to optimize injection. ’ ;
0.6 1
lll. RESULTS 0.4 .
. 02 r .
The samples were etched into round mesa structures and N ]

b A;’\.IAA.-AM"-A

a Ti(30 nm/Au(300 nm top contact was evaporated on top ~=~ 0 S

of each one. A GE2 nm/Au(27 nm/Ag(50 nm/Au(200 ﬁ 500 1000 1500 2000
nm) back contact was evaporated at the substrate side. The * = 1.0 —_—
samples were then indium bonded onto copper holders and = (b)
mounted into a helium-flow cryostat. The temperature was .08

monitored with a calibrated Si diode mounted on the back of & (.6
the sample holder and positioned directly opposite to the ¢g 0.4 i
sample. Electroluminescence spectra were recorded from """ 1

each sample under various bias conditions. A Fourier trans- ¥4 0.2 }

T

FE Y

form infrared(FTIR) spectrometer equipped with a liquid, N g ) oy

cooled HgCdTe detector was used for the spectral measure- & 500 1000 1500 2000
ments. In this configuration the FTIR was capable of detect- o,

ing radiation up to 16um with a resolution of 0.125 cit. —_ 1.0

Due to the long integration times required by the weak lumi- €3 0.8 } (C)
nescence signals, the resolution was set at its lowest value, 2 0.6 |

32 cm L. Electrical excitation to the samples was provided +2
by a high-power HP8116A pulse generator, giving up to 100 O 04|
V, 2 A pulses. Typically, repetition rates around 80 kHz were

used and a combined step-scan and lock-in acquisition tech- 0.21 f\'\ Q ,: 1
Val

nigue was employed to collect the spectra. 0 :

Figures 4a) and 4b) show the electroluminescence 500 1000 1500 2000
spectra of sample A recordedlat 0.5 and 1 A, respectively, 1.0 . :
both with a duty cycle of 25% at a pulse repetition rate of 0s | (d)
frep=84.3 kHz and a temperature 6 10 K. The main peak ’
at 815 cm* (12.2 um) with a full width at half maximum of 0.6 |
70 cmi 1 (8.7 meV is clearly distinguishable in both spectra. 04|
When the current increases frdrs 0.5A up tol=1 A, an- )
other broader band at higher energies, which is already 02 1
present at lower currents with a lower intensity, becomes 0 . /\‘//\/\AJ'\ AYaY!
clearly visible, rising to about 70% of the main peak inten- 500 1000 1500 2000

sity [Fig. 4b)].

If we refer to the band structure, we can assign these two
peakS to the transitions 3-2 and 4-2 in F|g 1. As the driVQ:|G. 4. Normalized spectra of sampld &) and(b)] and sample B(c) and
current is increased, the ideal energy level alignment of Fig(d)] recorded af=10K and current pulses df=0.5A [(a) and (¢)] and
1 is lost. This reduces the injection efficiency into level 3,!=1A [(b) and(d)]
which is, therefore, occupied by a smaller fraction of the
total electronic population. In addition, the electric field in-
duced penetration of the wave functions in the barriers helpshift towards higher energies with increasing voltage, in
to increase the dipole of the radiative transition between thagreement with the expected Stark shift. Moreover, compar-
ground state of the injection miniband and statéd-2 in Fig.  ing the spectra in Figs.(8 and 3b) on a common scale and
1). At this point, even though the radiative transitions fromapplying simple rate-equation considerations together with
the injection miniband to the lower states of the following the calculation of the oscillator strengths of the radiative
stage still have smaller oscillator strength than the “vertical” transitions, it is possible to estimate that the fraction of the
3-2 transition, they become visible in the spectrum, with aninjected electrons that populate the upper level of the optical
intensity comparable to that of the main peak. The energiegansition(level 3 in Fig. 2 drops by about 35% when pass-
of the measured transitiorfd01 and 126 meYin Fig. 3(b) ing from =500mA tol=1A, as a consequence of the re-
closely correspond to the 3-2 and 4-2 transitions in the deduced injection efficiency.
signed band structurd 07 and 123 meYat the correspond- To avoid these problems related to the poor confinement
ing bias. If we compare the spectra of sample A taken abf the upper energy level of the optical transition, we de-
different biases, corresponding to injected currentslof signed structure B, with a so-called diagonal transition be-
=0.3A[not shown in Fig. &), 0.5 and 1 A, the high-energy tween minibandg¢Fig. 2). Electronic relaxation by emission
peak corresponding to the 4-2 transition can be observed tof optical phonons still allows for the rapid depletion of the

Wavenumbers (cm'l)
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rameter analyzer. The typical QC behavior with a diode-like
|-V can be observed. The diagonal transition structure
(sample B, continuous lineshows a more leaky—V at low
current levels, possibly due to the smaller thickness of a full
active region period, thus allowing thermally activated elec-
trons to tunnel through more easily even before the voltage
drop corresponding to the band alignment of Fig. 2 is
reached. At high currents, in the regime of strong injection,
the two differential resistances become very simil&y (
=1 for sample A andRy=1.16Q) for sample B, most
probably because in both designs carrier leakage into the
continuum starts playing an important role in this region of
the transport characteristics.

Voltage (V)

v o by e e b by ey g a g

0.25 0.50 0.75 1.00 1.25
Current (A)

FIG. 5. Current—voltage characteristics of samplgv&rtical transition,
dashed ling and sample Bdiagonal transition, solid lipemeasured at
=10 K with current pulses of 100 ns at 5 kHz repetition rate.

0
0

IV. CONCLUSIONS

In conclusion, we report the mid-IR emission from QC
electroluminescent structures with InGaAs/InP active re-
gions. This material system may be useful for the realization
of improved QC lasers. Some of the issues that are to be
taken into account for the realization of a QC laser have been

lower level of the radiative transitiofstate 2 in Fig. 2and at ) . . . L
of g-2 er|>0|nted out, and will be the object of future investigations.

the same time contributes to the population of the upper lev
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