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Active Region Cascading for Improved Performance
in InAs�GaSb Superlattice LEDs

Edwin J. Koerperick, Jonathon T. Olesberg, James L. Hicks, John P. Prineas, and
Thomas F. Boggess, Jr., Senior Member, IEEE

Abstract—Cascading of active regions in InAs�GaSb superlat-
tice light-emitting diodes (LEDs) grown by molecular beam epi-
taxy is demonstrated as an effective means of increasing optical
emission. Devices were fabricated into ��� ��� m� mesas to
demonstrate suitability for high resolution projection systems. De-
vices with 1, 4, 8, and 16 stages were designed for midwave infrared
emission at 3.8 m operating at 77 K, and quasi-continuous-wave
output powers in excess of 900 � from a 16-stage LED have been
demonstrated. External quantum ef�ciency is shown to improve
substantially with cascading, approaching 10% for a 16-stage de-
vice.

Index Terms—Electroluminescence, light-emitting diodes
(LEDs), semiconductor growth, semiconductor superlattices.

I. INTRODUCTION

I NFRARED optoelectronic devices based on the
InAs�GaSb superlattice (SL) material system are be-

coming increasingly popular for detectors and emitters in the
midwave infrared (MWIR) and long-wave infrared (LWIR).
Bandgap tuning from 0�0.5 eV through suitable choice of
InAs and GaSb layer thicknesses makes possible a wide array
of potential applications. High performance focal plane array
detectors based on InAs�GaSb superlattices [1] offer several
advantages over competing technologies, such as high quantum
ef�ciency and improved detectivity at room temperature. Laser
diodes based on InAs�(GaIn)Sb superlattice and quantum well
systems have been realized [2], as well as p-i-n light-emitting
diode (LED) structures [3], [4]. Such devices have applications
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in process monitoring, communications, biomedical spec-
troscopy, thermal imaging, and thermal scene generation.

Superlattices based on the InAs�GaSb system exhibit great
versatility, and may be highly specialized for many applica-
tions using band structure engineering. Lattice mismatch be-
tween InAs and GaSb is only 0.62%, and superlattice layers
may be grown quasi-lattice matched on GaSb substrates given
that proper strain balancing is performed at the interfaces. The
broken gap band alignment between InAs and GaSb, where the
InAs conduction band lies below the GaSb valence band, al-
lows interband transitions with energies much smaller than the
bandgaps of the bulk layers. While the electrons and holes tend
to be localized in the InAs and GaSb layers, respectively, strong
wavefunction overlap may exist across the structure. Con�ne-
ment of electrons in the InAs layers is less pronounced than
hole con�nement in the GaSb layers due to the lighter electron
effective mass. This effect and the appreciable wavefunction
overlap give rise to substantial band-to-band transition proba-
bilities and hence a strong optical response. An extra degree of
freedom is also afforded in the InAs�GaSb SL system due to
the no-common-atom nature of the interfaces. Interfaces may
be InSb-like, GaAs-like, or a mixture of the two compositions.
Choice of interface composition may be used to alter strain in
the crystal, providing routes for strain balancing [5] and band
structure modi�cation [6].

Cascaded LED devices considered here were developed for
infrared scene generation (ISG) in the MWIR. Representation of
a person or object by ISG involves projecting IR radiation gen-
erated by either a thermal source or other IR emitter array onto
a suitable detector array. Such a system may be used to simulate
thermal scenes, allowing calibration of IR detection systems for
such applications as security monitoring or night vision. Cur-
rent state-of-the-art IR scene projection relies on thermal pixel
resistor arrays fabricated by thin �lm deposition on Si substrates
[7]. Such devices are, however, limited to apparent temperature
generation of 800 K and rise times of 5 ms [8], [9]. Applica-
tion of LED systems to ISG is expected to provide much shorter
rise times, and higher apparent temperatures. While a resistive
thermal element emits a broadband spectrum [10], only a lim-
ited spectral interval of the emission is sampled by the detector.
Emission spectra from LEDs tends to be rather narrow, on the
order of , where is the Boltzmann constant, and
the device temperature in Kelvin. Due to the relatively narrow
spectrum of LED emission, a large fraction of the device output
is useful in simulating a given temperature.

Arrays based on InAs�GaInSb/AlSb interband quantum cas-
cade (IQC) LEDs operating in the MWIR have been demon-
strated by Das et al. for high temperature dynamic scene pro-
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jection [11]. Apparent temperature values of 1050 K have been
demonstrated from 18-stage m IQC LEDs with
surface gratings and thinned substrates operating at 77 K [12].
Such techniques to improve output power were not employed
here, however the authors note this as a potential route for im-
provement as these methods are generic.

Here we demonstrate InAs�GaSb cascaded active region SL
LEDs with a completely aluminum-free design. Devices are
shown to be a promising alternative to current technologies for
infrared scene generation, with apparent temperature values ex-
ceeding 1400 K for a 16-stage m mesa. Optical
and electronic properties of devices with varying numbers of
active regions are examined to assess the bene�ts of active re-
gion cascading in the InAs�GaSb material system. Limitations
on output power are found to arise from two primary processes;
Joule heating of the active region, and carrier leakage caused by
limited hole con�nement in the valence band.

II. LED DESIGN AND GROWTH

Devices in this study were grown by molecular beam epitaxy
(MBE) on n-doped GaSb substrates. Use of n-doped GaSb
is intended to reduce free carrier absorption, as devices were
designed to emit through the substrate. Tellurium doped GaSb
with doping densities expected of the substrates used here
(2�3 10 cm ) has been shown to have an absorption
coef�cient of cm for radiation at 4 m [13]. Thus,
approximately 40% of the LED emission is lost to absorption
in the 0.5-mm-thick substrate. Active regions consist of 27
periods of nominally 8.9/16 monolayers (ML) InAs�GaSb SL.

Prior to growth, substrates were subject to a HCl etch and sol-
vent rinse to thin the native oxide layer. Thermal oxide desorp-
tion was observed at 490 as evidenced by a streaky re�ection
high energy electron diffraction (RHEED) pattern, and wafers
were annealed at 525 for 15 minutes under Sb over-pressure
to encourage full oxide removal. Growth rates were 0.55 ML/s
for GaSb and 0.17 ML/s for InAs, with corresponding V/III
beam equivalent pressure ratios of 2.5 and 5.0, respectively.
The substrate temperature was held at 430 throughout the su-
perlattice growth to produce good morphological and structural
quality. Superlattice interfaces were encouraged to be InSb-like
by migration enhanced epitaxy at the normal (InAs on GaSb) in-
terface and Sb soaking at the inverted interface. This is in order
to compensate for the strain introduced by the InAs layers.

Active region cascading is achieved by coupling successive
superlattice active regions with a reverse-biased, p-n tunnel
junction as marked by the dark gray region in Fig. 1. This
allows carriers to participate in a radiative recombination event
in each of the multiple active regions, increasing output power
and external quantum ef�ciency [14]. For a device employing

active regions, output power and quantum ef�ciency may be
improved by up to a factor of . Because the current required
to obtain a given output power is reduced by cascading, the
impact of contact resistance is reduced. Here, four samples with
varying numbers of active region stages were grown and tested
to demonstrate the effectiveness of cascading on increasing
output power in MWIR InAs�GaSb SL LEDs.

The tunnel junctions employed here consist of a 50-nm
p-doped GaSb layer and a 45-nm-thick graded n-doped

Fig. 1. Layer structure of a cascaded LED device. Regions in the bracket con-
sist of a SL active region and tunnel junctions, and are repeated �� � �� times
for a � active region device. Dark gray regions represent the tunnel junction
layers.

Fig. 2. Band edge diagram of the tunnel junction design utilized in the cas-
caded LEDs demonstrated here. The n-SL graded region is established as a
semi-metallic junction with the p-GaSb region. The gray lines indicate the band
edges of the InAs and GaSb layers. The colored lines show the effective band
edges of the superlattice.

InAs�GaSb SL stack as shown in Fig. 2. The graded SL
stack, grown subsequent to the 50-nm GaSb layer, begins
with 16 ML/2 ML InAs�GaSb and ends with 8 ML/16 ML
InAs�GaSb. Compositional grading of the SL stack facilitates
the formation of a semi-metallic junction with the p-GaSb
material, pulling the conduction band of the SL below the va-
lence band of the GaSb, enabling carrier transport through the
junction with minimal resistance [15]. Low resistance tunnel
junctions are necessary when employing many active region
stages in order to keep series resistance (and Joule heating) to
a minimum.

Compositional grading of InAs�GaSb layers was also used
at the interfaces between the SL active region and GaSb clads.
In this case, the grading serves to reduce interface potential
spiking which arises due to band offsets between the clads and
active region [16]. The grade between the n-GaSb clad and ac-
tive region begins with 2/16 ML InAs�GaSb on the GaSb side
and ends with 8/16 ML InAs�GaSb to transition to the active
region. Grading on the p-type side of the device begins with
8/16 ML InAs�GaSb on the active region side and ends with
2/33 ML InAs�GaSb on the p-GaSb clad. Doping pro�les were
also graded in the clad/SL grade regions by using a linear ramp
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Fig. 3. SEM image of a ���� ��� �m mesa. The metal contact on the mesa
consists of Ti/Pt/Au with 1 �m of indium to aid �ip-chip packaging. A possible
route to improving packaging is increasing the size of the anode contact, as this
offers enhanced re�ection from the contact and provides better heat-sinking to
the header.

of the dopant effusion cell temperature, thus avoiding any abrupt
changes in doping level which may have led to potential spikes.

III. DEVICE PROCESSING AND TESTING

Fabrication of SL material into mesa LED devices was car-
ried out by standard ultraviolet photolithography and wet chem-
ical etching. An isotropic citric acid etch was used to etch the
epilayer, with a typical etch depth of 5 m for the samples con-
sidered here. Prior to metallization, samples were brie�y etched
in HCl to thin the oxide layer and improve contact adhesion.
Metal contacts were applied by electron beam evaporation, and
consisted of Ti-Pt-Au. Chromium-indium contacts were subse-
quently applied by thermal evaporation to assist the bonding
process to the GaAs header. A scanning electron microscope
(SEM) image of a typical m processed LED is
shown in Fig. 3.

Devices considered here were designed for emitter array ap-
plications, requiring high pixel density with small pitch for gen-
eration of scenes with reasonable resolution. To effectively bond
arrays of devices, �ip-chip bonding techniques are typically em-
ployed and were used for all test devices considered here. For
small test devices, fan-out headers for �ip-chip bonding were
fabricated on semi-insulating GaAs wafers. Simple Ti-Pt-Au
traces were deposited on the headers by e-beam evaporation,
with Cr-In contact pads patterned to coincide with LED device
contacts. Samples were bonded by aligning the LED sample and
header with an IR camera looking through the GaAs header,
pressing the pieces into contact, and applying epoxy.

Device testing was performed at 77 K by mounting �ip-chip
bonded samples in a liquid reservoir dewar. Excitation was
applied by a pulsed voltage source operating under quasi-DC
conditions (50% duty cycle, 500 Hz), and LED emission de-
tected with a calibrated InSb photodetector cooled to 77 K. No
integrating sphere or collection optics were employed, as the
objective was to ascertain only the forward-directed axial emis-
sion of the device. No substrate thinning or surface texturing
was used to enhance extraction. Measurement of the output dis-
tribution of the 16-stage device yielded a polar pattern that was
nearly Lambertian as seen in Fig. 4. Calculation of the total

Fig. 4. Output distribution of a 16-stage 120 �m LED (solid curve) compared
to a perfect Lambertian source (dashed curve). Minor deviations from the ������
distribution are attributed to slight positioning inaccuracy of the measurement.

Fig. 5. I–V characteristics of the SL LEDs taken at 77 K. Turn-on voltage is
observed to scale with number of stages in a nearly linear manner as expected.
Device resistance in the linear region of the I�V curve is observed to be com-
parable for all LEDs, indicating that tunnel junction resistance is not signi�cant
for devices with the numbers of stages considered here.

upper hemisphere output power was performed by converting
the axial emission to total emission using

(1)

where is the total upper hemisphere power, is the power
on the detector, and is the collection half angle.

IV. RESULTS AND DISCUSSION

In order to study the bene�ts of active region cascading, sam-
ples with one, four, eight, and sixteen stages were grown and
tested. Current�voltage (I–V) characteristics of the devices op-
erating at 77 K are shown in Fig. 5. Axial power and total upper
hemisphere emission as a function of peak drive current are
shown in Fig. 6(a). For a given current, output power increases
approximately linearly with increasing number of stages. Devi-
ations in scaling are partially attributed to a degree of variability
in the �ip-chip bonding and packaging process of such small test
devices. Variability may also be caused by random surface de-
fects due to strain in the thick cascaded devices. Bias voltage
dependence of the emission should also be considered, as LED
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