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We recently reported mid-wavelength infrared (MWIR) InAs/InAsSb type II
strained-layer superlattice (T2SLS) unipolar barrier detectors and focal-plane
arrays with significantly higher operating temperature than InSb. Herein, we
document the development leading to the MWIR InAs/InAsSb T2SLS detec-
tors at the NASA Jet Propulsion Laboratory. We also briefly compare the InAs/
InAsSb T2SLS with some other approaches.
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INTRODUCTION

Traditionally, the two main mid-wavelength
infrared (MWIR) focal-plane array (FPA) technolo-
gies are based on InSb and HgCdTe (MCT) infrared
absorbers, each with its own distinct advantages.
InSb dominates the MWIR FPA market in volume
because of the superior manufacturability afforded
by the robustness of III-V semiconductors. On the
other hand, the II-VI semiconductor-based MCT
can achieve much lower dark current and/or higher
operating temperature, and is the detector of choice
for more demanding applications. Recently, we
reported device and FPA results on a mid-wave-
length InAs/InAsSb type II strained-layer superlat-
tice (T2SLS) high-operating-temperature (HOT)
unipolar barrier infrared detector (BIRD).! At
160 K, the 50% cutoff wavelength is 5.42 ym, and
the FPA exhibits a 300-K background, /72 aperture
mean noise-equivalent differential temperature
(NEDT) of 18.7 mK (¢ =9.2 mK), with NEDT
operability of 99.7% and D" = 1 x 10! cm Hz"*/W.2
The InAs/InAsSb T2SLS HOT-BIRD FPA retains
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the same III-V semiconductor manufacturability
benefits of InSb, but operates at significantly higher
temperatures. This result demonstrates that type II
superlattices can be highly competitive with respect
to a major incumbent infrared detector technology
(InSb). We document herein the development lead-
ing to the InAs/InAsSb T2SLS detector at the NASA
Jet Propulsion Laboratory (JPL).

DEVELOPMENT OF InAs/InAsSb/InSb-
BASED MID-WAVELENGTH INFRARED
DETECTORS

The performance of III-V semiconductor-based
infrared detectors has been hampered by relatively
short minority-carrier lifetime and the lack of
effective surface passivation, leading to genera-
tion-recombination (G-R) and surface leakage dark
currents, respectively. The 2006 nBn paper by
Maimon and Wicks® showed that an electron unipo-
lar barrier can be used in many instances to
suppress these undesired dark currents. The initial
nBn devices used either InAs absorber grown on an
InAs substrate or lattice-matched InAsSb alloy
grown on a GaSb substrate, with cutoff wavelength
of ~ 3.2 um and ~ 4 um, respectively. While these
detectors could operate at much higher tempera-
tures than InSb-based MWIR detectors, their
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spectral responses do not cover the full (3 um to
5 ym) MWIR atmospheric transmission window.
This motivated us to develop nBr-architecture-
compatible detectors with cutoff wavelength longer
than 5 yum. We started out in 2008 by reproducing
the standard 4-um-cutoff nBn based on the design
by Maimon and Wicks,? using InAs 9;Sbg g9 absor-
ber lattice matched to GaSb substrate and an
AlAsSb electron unipolar barrier. Our work with
the bulk InAsSb nBn continued with follow-on
studies of their high-temperature behavior,* as well
as microlens-enhanced devices.” After demonstrat-
ing good material quality and device performance
with the standard design, we started work on
extending the cutoff wavelength to longer than
4 um, with the goal of reaching beyond 5 ym. In
designing an extended-cutoff absorber for lattice-
matched or pseudomorphic growth on GaSb sub-
strate, we have at our disposal GaAsSb, GalnSb,
InGaAs, and InAsSb, all of which can have lattice
constants relatively close to that of the GaSb
substrate. For simplicity, however, we use only
InAsSb. More specifically, we use combinations of
InAs, InAsSb, and InSb (Fig. la). Since this
approach does not use gallium (i.e., is “Ga free”), it
simplifies material growth. Between 2008 and 2010,
we examined a variety of absorbers based on the
combination of InAs, InAsSb, and InSb, including

bulk InAsSb, InSb quantum dot layers embedded in
InAsSb matrix, InSb/InAsSb superlattice, InSb/
InAs superlattice, and finally InAs/InAsSb super-
lattice (see illustrations in Fig. 1). Below we briefly
describe these developments.

In 2008, we started with standard Maimon and
Wicks nBn structures using InAsSb absorbers
approximately lattice-matched to the GaSb sub-
strate (i.e., InAsSb with ~ 8.5% Sb). Figure 2a
shows the spectral response of two such devices,
with cutoff length of 4.0 ym and 4.1 ym. Later, in
2008, we demonstrated our first extended-cutoff
device. We had been working on quantum dot
infrared photodetectors (QDIPs),%” so we turned to
quantum dots (QDs) for a possible solution. Our
structure contains a simple modification of the
standard 4-um-cutoff nBn design. We took this
structure and periodically inserted InSb QD layers
into the InAsSb absorber matrix. The QDs are
formed by a self-assembly process when an approx-
imately 8-A-thick layer (exceeding the critical thick-
ness) of InSb is deposited; the QD layers are
separated by spacing of 80 monolayers of
InAsg 9oSbg gs. The Sb fraction in the InAsSb matrix
is reduced slightly from the standard nBn design in
order to achieve better overall strain balancing
against the insertion of InSb QDs (InSb has a larger
lattice constant than the GaSb substrate). Figure 2b
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Fig. 1. (a) Direct bandgap versus lattice constant for INnAsSb and related 11I-V semiconductors. (b—f) Schematic illustrations of InAs-, InAsSb-,
and InSb-based infrared materials used in development of mid-wavelength nBn detectors.
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Fig. 2. Spectral responsivity for nBn devices with the following absorbers: (a) bulk InAsSb, (b) InSb quantum dots embedded in InAsSb matrix,
(c) InSb/InAsSb superlattice, and (d) InSb/InAs superlattice. See text for INnAsSb composition.

shows the spectral response of such a device, which
appears to have an extended response past 5.5 um.
However, a noticeable reduction in photoresponse is
found for wavelengths greater than the InAsSb
matrix cutoff wavelength (~ 4.1 um).>° Basically,
the response below 4.1 ym is due to the InAsSb
matrix, while the longer wavelength response is due
to the (type II) transition between the InSb QD
valence band and InAsSb conduction band.

To remove the bimodal behavior found in the
quantum dot barrier photodetectors, in 2008 to 2009
we reduced the InSb layer thickness from ~ 8 A to
~ 3 A to 5 A. The InSb layers periodically inserted
into the InAsSb matrix are kept thin enough so that
they form coherently strained planar layers rather
than quantum dot layers. In this way, we effectively
have a digital alloy, or an InSb/InAsSb type II
superlattice.'® The typical absorber superlattice
period contains 1 monolayer of InSb and 15 mono-
layers of InAsSb. The Sb fraction in InAsSb is kept
at lower than that in the lattice-matched InAsSb
alloy to balance the compressive strain from the
InSb layers. The advantage of this approach is that,
compared with a bulk InAsSb alloy having the same
net InSb content, the InAsSb/InSb digital alloy has
a smaller bandgap (hence longer cutoff wavelength).

Using this approach, we made a number of devices,
with cutoff wavelength ranging from 4.1 um to
4.5 ym. Figure 2¢ shows the spectral response from
two such samples. In sample Sb-1680, each period of
the superlattice contains 46 A of InAsg 93Sbg ¢7,and
3A of InSb, and in sample Sb-1701, 84 A of
InAsg 9355bg 065 and 3 A of InSb. Although we were
able to extend the cutoff wavelength to beyond the
4.2-um COg absorption line, we were not able to
incorporate enough InSb in the absorber to reach
5 um cutoff.'* A demonstration FPA showed 4.8 um
cutoff, yielding reasonable imagery at an operating
temperature of 140 K, although the detector mate-
rial appeared to be highly strained due to the higher
net InSb content. The difficulty in reaching > 5 ym
cutoff with this approach is the limited InSb layer
thickness. In general, the net InSb content in the
coherently strained InAsSb/InSb digital alloy is less
than the InSb/InAsSb embedded quantum dot
material.

Early in 2010, we replaced the InAsSb layers with
InAs to form InSb/InAs superlattices. This is to take
advantage of the fact that (when grown on GaSb
substrate) the InAs layers are more tensile than
InAsSb, and offer more leverage in strain balancing
the highly compressive InSb layers. The typical
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absorber superlattice period contains 1.5 monolay-
ers of InSb and 13 monolayers of InAs. Using this
approach, we made a number of devices, with cutoff
wavelength ranging from 4.1 ym to 4.8 ym. Fig-
ure 2d shows the spectral response from two of the
samples. We found that, although we are able to use
thicker InSb layers than in the InSb/InAsSb super-
lattices, we still could not reach > 5 um cutoff.
The challenge for the InSb/InAs superlattice is
basically the same as in the case of the InSb/InAsSb
superlattice. The difficulty in both cases is that the
InSb layer thickness needs to be kept below the
critical thickness (~ 2 monolayers). From strain-
balancing considerations, this in turn keeps the
InAs or InAsSb layer thicknesses relatively thin. In
superlattices where both the InSb and the InAs (or
InAsSb) layers are thin, the valence- and conduc-
tion-band quantization energies are high, thus the
superlattice bandgap cannot be made sufficiently
small. To achieve longer than 5 ym cutoff, we need
to use superlattices that allow for longer periods.
Later in 2010, we replaced the InSb layers in the
InAs/InSb superlattice by InAsSb. This is the
remaining choice out of the three possible bilayer
superlattices that can be made from InAs, InAsSb,
and InSb (i.e., InAsSb/InSb, InAs/InSb, and InAs/
InAsSb superlattices). The InAs/InAsSb superlat-
tices are also grown on GaSb substrates, and use
compressive InAsSb layers (with > 8% InSb content;
typically ranging from 20% to 50%) to strain balance
against the tensile InAs layers. This is in contrast to
the InAsSb/InSb structure, where the InAsSb layers
have < 8% InSb content, and have tensile strain. In
the cases of InAsSb/InSb and InAs/InSb superlat-
tices, the InSb layers are very highly strained, with
critical thickness of less than two monolayers. In the
InAs/InAsSb superlattices, the InAsSb layers are
much less strained, and can be much thicker. With
the InAs/InAsSb absorber, we were finally able to
achieve > 5 um cutoff wavelength in July 2010.
Among the first InAs/InAsSb nBn samples grown
was Sb-2082. The n-type top contact and the n-type
absorber are made from the same superlattice,
where each period consists nominally of 48 A of
InAs and 13 A of InAsg4sSboss. The absorber
consists of a 400-period superlattice with n ~ 1.5 x
10'% cm 2 doping, and the top contact consists of 12
periods with n ~ 1.5 x 10'® ¢cm 3 doging capped by
another 6 periods with n ~ 1 x 10*" ecm ™3 doping.
The electron unipolar barrier consists of 1000 A of
Al 55Gag12Sb doped at p ~ 1.5 x 10'® em 3. Sb-
2082 has a 77-K minority-carrier lifetime of 282 ns,
which is relatively short compared with more recent
samples; a subsequent not-intentionally doped
MWIR sample demonstrated a much longer minor-
ity-carrier lifetime of 1.8 us, with Shockley—Read—
Hall (SRH) lifetime of 10 us.'? Figure 3 shows the
150-K photoluminescence spectrum with a peak at
5.25 um; it also shows the 77-K, 150-K, and 200-K
spectral response with approximate cutoff at
5.1 ym, 5.3 ym, and 5.6 um, respectively. Figure 4
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Fig. 3. Spectral responsivity and photoluminescence spectrum for
nBn device with InAs/InAsSb type Il strained-layer superlattice
absorbers from sample Sb-2082. Inset shows a schematic energy
band diagram of the device.
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Fig. 6. FPA images (320 x 256) at 150 K from two different MWIR InAs/InAsSb superlattice nBn samples.

shows the dark current density—voltage curves at
various temperatures. The estimated dark current
density at 150 K is ~ 8 x 107° A/em?, which is
approximately 14 times that given by Rule 072 for
a 5.3-um-cutoff devices. The Arrhenius analysis in
Fig. 5 shows that, at above 140 K, the activation
energy is ~ 210 meV, which is fairly close to the
bandgap derived from the cutoff wavelength, indi-
cating near-diffusion-limited behavior. From 140 K
down to 77 K, the activation energy is ~ 120 meV,
indicating G-R dark current dominance. The diffu-
sion/G—R dark current crossover of 140 K in this
early sample is high compared with more recent
MWIR samples.’!*

Figure 6 shows 150-K images taken with proof-of-
concept FPAs made from InAs/InAsSb superlattice
nBn samples in 2011. Detector arrays were hybri-
dized to the 30-um pitch, 320 x 256 format ISC-
9705 readout integrated circuit (ROIC). With these
prototype FPAs, there was no epoxy underfill and
the substrate was not removed. FPAs 11NRAO1 and
11NRAO4 were fabricated from samples Sb-2083
and Sb-2157, respectively, with 150-K cutoff wave-
length of 5.1 ym and 5.4 ym. These preliminary
FPA results were encouraging in that we were able
to reach > 5 um cutoff wavelength while operating
at significantly higher temperature than InSb.
Continued improvement led to much better FPA
performance by 2012.%2

We were able to make fairly rapid progress
because, in general, the InAs/InAsSb superlattice
is easier to grow than the InAs/GaSb superlattice,
and appears to have better defect tolerance. Molec-
ular beam epitaxy (MBE) growth of the InAs/
InAsSb superlattice in principle involves only turn-
ing on and off the Sb shutter, in contrast to the use
of four shutters required to grow the InAs/GaSb
superlattice."'® The typical (nearly) strain-balanced
InAs/InAsSb superlattice is ~ 90% net InAs. The
conduction-band edge of InAs is low compared with
other III-V semiconductors, and many of the defect
energy levels in InAs tend to be in resonance with
the conduction band, rather than in the bandgap

where they are detrimental. The InAs/InAsSb
superlattices also have very low conduction edges,
which are similarly beneficial for defect tolerance.
Anecdotally, Sb-2083 was grown on a vintage
~ 2011 experimental 4-inch-diameter GaSb sub-
strate. At that time, the 4-inch substrate surface
polishing was not nearly as mature as it is today.
The fact that we were nevertheless able to obtain
reasonable FPA results can be attributed in part to
the defect tolerance of the InAs/InAsSb superlattice
(the nBn device architecture being another major
contributing factor).

Some of our initial results on the InAs/InAsSb
T2SLS detector and FPA were briefly mentioned in
a patent disclosure'® that describes the concept of
building unipolar barrier infrared detectors using
superlattice absorbers constructed from InAs,
InGaAs, and InAsSb. Meanwhile, the report of
significantly longer minority-carrier lifetimes in
long-wavelength infrared (LWIR) InAs/InAsSb
SLS than InAs/GaSb SL'6 generated growing inter-
est in the InAs/InAsSb SLS as an infrared detector
absorber. Soon after, the Zhang group demonstrated
an InAs/InAsSb SLS LWIR photodetector'” based
on the nBn device design. The Razeghi group
provided further impetus by showing the versatility
of the InAs/InAsSb SLS, having reported MWIR,*®
LWIR," 2!  very long-wavelength infrared
(VLWIR),”* and bias-selectable dual-band MWIR/
LWIR infrared photodetectors.?® Results on InAs/
InAsSb SLS detectors have also been reported by
many other research groups worldwide.?*27

DISCUSSION AND CONCLUSIONS

We have described the development at NASA JPL
leading to MWIR InAs/InAsSb T2SLS unipolar
barrier detectors and FPAs that have demonstrated
much higher operating temperatures than InSb, a
major incumbent MWIR FPA technology. The InAs/
InAsSb T2SLS has a much longer SRH lifetime
compared with InSb. The standard ion-implanted
planar InSb detector is limited by the relatively
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short SRH lifetime (~ 300 ns), and is depletion
current dominated at below 125 K.?® The MWIR
InAs/InAsSb T2SLS absorber, typically not inten-
tionally dozped, has demonstrated SRH lifetime of
~ 10 us,'®*® and the detector also benefits from
depletion dark current reduction afforded by the
nBn architecture. Use of a unipolar barrier archi-
tecture such as nBn is crucial for the InAs/InAsSb
T2SLS, which, like InAs, always has a degenerate
n-type surface regardless of doping type. Without
adequate surface passivation, an InAs/InAsSb
T2SLS p—n homojunction would be dominated by
surface leakage dark current due to the surface
shunt. The nBn device structure also serves to
reduce the depletion dark current found in a p-n
homojunction.

Compared with MCT, the InAs/InAsSb T2SLS
has the benefit of III-V robustness advantages for
manufacturing like InSb. However, MCT has two
notable advantages. MCT has very long SRH life-
time that enables the fully depleted device archi-
tecture for high-operating-temperature (HOT)
operation.®**! MCT also benefits from wide-band-
gap diffused CdTe surface passivation. For n-type
InAs/InAsSb T2SLS, the degenerate n-type surface
is benign, since it repels minority carriers. However,
for p-type InAs/InAsSb T2SLS, the degenerate n-
type surface is problematic; the challenge of devel-
oping effective passivation schemes needs to be met.

It is also interesting to compare the InAs/InAsSb
T2SLS with the more established InAs/GaSb type 11
superlattice (T2SL). The InAs/InAsSb T2SLS is
easier to grow,'® is more defect tolerant, and has
longer minority-carrier lifetime.’® On the other
hand, it covers a somewhat smaller adjustable cutoff
wavelength range (~ 4 um to beyond 14 um), and
has weaker optical absorption®*®? and more chal-
lenging vertical hole transport,®* especially in the
long-wavelength infrared (LWIR). Good detector
and FPA results have been demonstrated with both
InAs/GaSb T2SL and InAs/InAsSb T2SLS; the InAs/
InAsSb T2SLS can be highly effective when imple-
mented in the MWIR.
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