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Recently, new strategies to achieve high-operating-temperature (HOT)
detectors have been proposed, including barrier structures such as nBn
devices, unipolar barrier photodiodes, alternative materials such as super-
lattices, and multistage (cascade) infrared devices. In the case of nBn detec-
tors, the barriers must be correctly engineered and correctly located in the
device structure to achieve optimal performance. This paper presents the
limitations of barrier unipolar devices and the progress in their development
for HOT operation in the mid-wavelength infrared range. Their performance
is compared with state-of-the-art HgCdTe photodiodes.
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INTRODUCTION

A number of concepts to improve mid-wavelength
infrared (MWIR) detector performance and reach
high-operating-temperature (HOT) conditions have
been effectively implemented. Initial efforts were
concentrated on photoconductors and photoelectro-
magnetic detectors.1,2 Subsequently, several ways
to achieve HOT detector operation have been elab-
orated, including nonequilibrium detector design
with Auger suppression and optical immersion.2

Recently, new strategies used to achieve HOT
detectors include barrier structures such as nBn,
unipolar barrier photodiodes, alternative materials
such as superlattices (SLs), and multistage (cas-
cade) infrared devices.3,4 Auger generation–recom-
bination (GR) can be limited by designing detectors
with materials inherently exhibiting lower Auger
GR rates, amongst which InAs/GaSb type II super-
lattices (T2SLs) should be listed.3 Another method
to reduce the detector’s dark current is to reduce the
volume of detector material using the photon-trap-
ping detector concept.4

In the case of large infrared (IR) focal-plane
arrays (FPAs), raising the detector’s operating
temperature has benefits in terms of reduced cool-
ing power and increased lifetime, and enables an

overall reduction in size, weight, and power (SWaP)
for handheld applications. Low-power, large-format,
small-pixel IR FPAs with large, dynamic, on-chip
digital image processing and high-speed readout are
now possible. At present, extraordinary HOT
detector technologies that can perform at signifi-
cantly elevated temperatures to minimize these
trade-offs are being developed.

In 2006, a new type of heterostructure nBn device
was proposed, in which no depletion layer exists in
any active narrow-bandgap region.5 Here ‘‘n’’ stands
for the doping in identical narrow-gap semiconduc-
tors and ‘‘B’’ stands for an undoped central barrier
layer. This device is similar to that proposed by White
in 1983, in which two narrow-gap semiconductors
surround a p-type wide-bandgap semiconductor and
a barrier only exists in the conduction band.6

This paper presents the progress in the develop-
ment of barrier infrared HOT detectors, presenting
potential materials and barrier structures that
eliminate the cooling requirements of photodetec-
tors operating in the MWIR range.

BENEFITS AND LIMITATIONS OF
UNIPOLAR BARRIER PHOTODETECTORS

Unipolar barrier photodetectors can be imple-
mented in different semiconductor materials. Prac-
tical application has been demonstrated in InAs,5,7

InAsSb,8,9 and InAs/GaSb T2SLs,10 and recently
also in HgCdTe ternary alloy.11,12
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The introduction of unipolar barriers in various
designs based on T2SLs drastically changed the
architecture of infrared detectors. The term ‘‘uni-
polar barrier’’ was coined to describe a barrier that
can block one carrier type (electron or hole) but
allows unimpeded flow of the other (Fig. 1).

The nBn bandgap diagram is shown in Fig. 1d.
The n-type semiconductor on one side of the barrier
constitutes a contact layer for biasing the device,
while the n-type narrow-bandgap semiconductor on
the other side of the barrier is a photon-absorbing
layer whose thickness should be comparable to the
absorption length of light in the device, typically
several microns. The barrier should be located near
the minority-carrier collector and away from the
region of optical absorption. Such a barrier
arrangement allows photogenerated holes to flow to
the contact (cathode) while the majority-carrier
dark current, reinjected photocurrent, and surface
current are blocked (Fig. 1e). So, the nBn detector is
designed to reduce the dark current associated
with Shockley–Read–Hall (SRH) processes without
impeding the photocurrent (signal). In particular,

the barrier serves to reduce the surface leakage
current.

The nBn device somewhat resembles a typical p–n
photodiode, except that the junction (space-charge
region) is replaced by an electron-blocking unipolar
barrier (B), and that the p-contact is replaced by an
n-contact. It can be stated that the nBn design is a
hybrid between a photoconductor and a photodiode.

The operating principles of nBn and related XBn
detectors (where X stands for either n- or p-type
contact layers) have been described in detail in the
literature.5,7,10,13–16 While the idea of the nBn
design originated with bulk materials,5,17 its dem-
onstration using T2SL-based materials facilitates
experimental realization of the nBn concept with
improved control of band-edge alignments.18 Uni-
polar barriers can also be inserted into the conven-
tional p–n photodiode architecture.7,13

Figure 2 shows a typical Arrhenius plot of the dark
current in a conventional diode and in a nBn detector.
Because in the nBn detector there is no depletion
region, the generation–recombination contribution
to the dark current from the photon-absorbing layer

Fig. 1. Schematic illustrations of (a) electron- and (b) hole-blocking unipolar barriers, and (c) detector and p–n photodiode. (d) Bandgap diagram
of nBn barrier. (e) Spatial makeup of the various current components and barrier blocking, adapted after Ref. 13.
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is totally suppressed. The lower portion of the
Arrhenius plot for the standard photodiode has a
slope that is roughly half that of the upper portion.
The solid line (nBn) is an extension of the high-tem-
perature diffusion-limited region to temperatures
below Tc. Tc is defined as the crossover temperature
at which the diffusion and generation–recombination
currents are equal. In a low-temperature region, the
nBn detector offers two important advantages. First,
it should exhibit a higher signal-to-noise ratio than a
conventional diode operating at the same tempera-
ture. Second, it will operate at a higher temperature
than a conventional diode with the same dark cur-
rent. This is depicted by a dashed horizontal green
line in Fig. 2.

Figure 3 shows an example of the photovoltaic
detector family: the double heterostructure photo-
diode, and pMp and pBn barrier detectors. The pMp
device consists of two p-doped superlattice active
regions and a thin M-structure with higher energy
barrier. The bandgap difference between the
superlattice and M-structure falls in the valence
band, creating a valence-band barrier for the
majority holes in a p-type semiconductor.19 In the
case of the nBp structure, the p–n junction can be
located at the interface between the heavily doped
p-type material and the lower-doped barrier, or
within the lower-doped barrier itself.20 However, a
key feature of the devices is the pair of comple-
mentary barriers, namely an electron barrier and a
hole barrier, formed at different depths in the
growth sequence. Such a structure is known as a
complementary barrier infrared device (CBIRD)
and was invented by Ting and others at the Jet
Propulsion Laboratory (JPL).21

MATERIAL CONSIDERATIONS FOR XBn
HOT DETECTORS

As mentioned above, a correct location of the
barrier layer within the detector structure is
essential to prevent blocking of photogenerated
carriers by the barrier. The barrier should be
located near the minority-carrier contact and far
from the region of optical absorption. For material
systems where a large conduction-band offset is not
realizable, the pBn architecture may be preferable.
The traditional nBn structure requires a bias to
operate. When zero-bias operation is crucial, again
the pBn architecture may be used.22 Having a large
band offset in one band and zero offset in the other
is not the only requirement to fabricate an XBn
detector; lattice matching between surrounding
materials is also significant.

Currently, among the materials used in fabrica-
tion of XBn detectors, the 6.1-Å AIIIBV family plays
a decisive role, offering high performance combined
with high design flexibility, direct energy gaps, and
strong optical absorption. The three semiconductors
InAs, GaSb, and AlSb form an approximately lat-
tice-matched set around 6.1 Å, with room-tempera-
ture energy gaps ranging from 0.36 eV (InAs) to
1.61 eV (AlSb).23 Like other semiconductor alloys,
they are of interest principally for their hetero-
structures, especially when combining InAs with
the two antimonides and their alloys. This combi-
nation offers band line-ups that are drastically dif-
ferent from those of the more widely studied AlGaAs
system, being one of the principal reasons for
interest in the 6.1-Å family. The most exotic line-up
is that of InAs/GaSb heterojunctions, as discovered
in 1977 by Sakaki et al.,24 which exhibit a broken-
gap line-up: at the interface, the bottom of the con-
duction band of InAs lines up below the top of the
valence band of GaSb with a break in the gap of
about 150 meV. In such a heterostructure, with
partial overlap of the InAs conduction band with the
GaSb-rich solid-solution valence band, electrons
and holes are spatially separated and localized in
self-consistent quantum wells formed on both sides
of the heterointerface. This leads to unusual tun-
neling-assisted radiative recombination transitions
and novel transport properties. As illustrated in
Fig. 4, with the availability of type I (nested, or
straddling), type II staggered, and type II broken-
gap (misaligned, or type III) band offsets between
the GaSb/AlSb, InAs/AlSb, and InAs/GaSb material
pairs, respectively, there is considerable flexibility
in forming a rich variety of alloys and superlattices.

From the viewpoint of producibility, AIIIBV

materials offer much stronger chemical bonds and
thus greater chemical stability compared with
HgCdTe. The 6.1-Å materials can be epitaxially
grown on GaSb and GaAs substrates. In particular,
4-inch-diameter GaSb substrates became commer-
cially available in 2009, offering improved economy
of scale for fabrication of large-format FPAs.

Fig. 2. Schematic Arrhenius plot of the dark current in a standard
diode and in a nBn device (adapted after Ref. 14).
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Among the binary compounds of the 6.1-Å AIIIBV

family, the most popular nBn detectors are fabri-
cated using InAs epilayers with AlAsySb1�y barriers.
Theoretical predictions suggest that the valence-
band offset (VBO) should be less than kBT for barrier
compositions in the range 0.14< y< 0.18. The sec-
ond ternary alloy, with band edges near 4.2 lm, is
InAs1�xSbx with barrier AlAsySb1�y grown on GaAs
and GaSb substrates.10

The InAsSb ternary alloy is more stable in com-
parison with HgCdTe and has a fairly weak
dependence of the band edge on composition. The

stability of this material is conditioned by the
stronger chemical bonds available in the lower-
atomic-number AIIIBV family and the larger cova-
lent bonding contribution compared with the ionic
bonding in HgCdTe.

Potential interest in InAs/GaSb T2SLs for use in
the MWIR range is combined not only with
advanced AIIIBV molecular beam epitaxy (MBE)
growth of these structures but also with the physi-
cal properties of this new artificial material that is
completely different from the constituent layers.
The electronic properties of SLs may be superior to
those of InAsSb and HgCdTe alloys. The effective
masses are not directly dependent on the bandgap
energy, reducing tunneling currents in the SL in
comparison with the ternary HgCdTe and InAsSb
alloys. The spatial separation of electrons and holes
should result in suppression of the Auger recombi-
nation rates in T2SLs. Theoretical analysis of band-
to-band Auger and radiative recombination lifetimes
for InAs/GaSb SLs showed that Auger recombination
rates are suppressed by several orders, compared
with those of bulk HgCdTe with a similar bandgap.
However, the promise of Auger suppression has yet to
be observed in practical device material. At the
present time, the measured carrier lifetime is below
100 ns and is limited by the SRH mechanism in
both MWIR and long-wavelength infrared (LWIR)
compositions. It is interesting to note that InSb has
had a similar SRH lifetime issue since its inspection
in the 1950s.

Fig. 3. Bandgap diagrams of photovoltaic detectors: (a) double heterostructure photodiode, and (b) pMp and (c) nBp barrier detectors.

Fig. 4. Schematic of the energy band alignment in the nearly lattice-
matched InAs/GaSb/AlSb material system, with three types of band
alignment: type I (nested) band alignment between GaSb and AlSb,
type II staggered alignment between InAs and AlSb, and type II
broken-gap (or type III) alignment between InAs and GaSb (after
Ref. 15).
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Electron mobility approaching 104 cm2/Vs has
been observed in InAs/GaSb T2SLs with <40-Å
sublayers. In the case of InAs/GaSb SL structures,
the absorption is strong for normal incidence. Con-
sequently, the SL structures provide responsivity
without any need for gratings [unlike quantum-well
infrared photodetectors (QWIPs)]. There is a nearly
zero VBO between InAs/GaSb T2SLs (e.g., 10 ML
InAs/10 ML GaSb) and Al0.2Ga0.8Sb, favoring these
two materials for XBn structures. InAsPSb/B-
AlAsSb devices, with longer minority-carrier life-
times in comparison with InAs/GaSb T2SLs, are
suggested for applications requiring wavelengths
shorter than 4.2 lm.25

The main requirement which must be met to con-
struct the XBn structure is a ‘‘zero’’ band offset in a
proper band depending on the carrier type to be
blocked. The most promising materials for nBn
structures are InAs/GaSb T2SLs and InAs(InAsSb)/B-
AlAsSb due to the nearly zero VBO with respect to
AlAsSb barriers. Although the physical properties
underline a potential superiority of T2SLs over bulk
materials, there are many indicators stressing the
technological problems with growth of uniform, thick
SLs, resulting in low quantum efficiencies and short
minority-carrier lifetimes.26,27 Theoretical predictions
place T2SLs at the forefront of IR systems develop-
ment, but the greater stability over a large area,
higher electron and hole mobilities, and fully devel-
oped technology favor XBn AIIIBV bulk structures for
HOT conditions in the MWIR range.14 It must be
stressed that the XBn architecture has also been
implemented in HgCdTe, where technologically suc-
cessful attempts show the prospect for circumventing
the p-type doping requirements in MBE technology.28

HgCdTe/B-HgCdTe XBn devices operating in the
MWIR range were presented by Itsuno et al.29 The
HgCdTe ternary alloy is a close-to-ideal infrared
material system, conditioned by three key features:
the composition-dependent tailorable energy band-
gap, large optical coefficients that enable high
quantum efficiency, and favorable inherent recom-
bination mechanisms leading to long carrier lifetime
and high operating temperature. These properties
are a direct consequence of the energy band struc-
ture of the zincblende semiconductor. In addition,
the extremely small change of lattice constant with
composition makes it possible to grow high-quality
layered heterostructures.

XBn DETECTOR SIMULATION PROCEDURE

Theoretical modeling of XBn detectors has been
performed by numerical solution of the Poisson
equation and the electron/hole current continuity
equations. The commercially available APSYS plat-
form (Crosslight Inc., Vancouver, Canada) was used
in our simulation procedure. APSYS uses the New-
ton–Richardson method of nonlinear iteration. The
applied model incorporates both electrical and optical
properties to estimate device performance taking

into consideration radiative (RAD), Auger, SRH GR,
and band-to-band (BTB) as well as trap-assisted
tunneling (TAT) mechanisms. In the TAT simula-
tion, the Hurkx et al.30 model was implemented.
Computations were performed using Fermi–Dirac
statistics for a nondegenerate semiconductor model
with parabolic energy bands.31

The electron affinity of both the barrier layer and
absorber layer seem to be the most decisive parame-
ters to choose in XBn structure modeling. Several
authors assume zero VBO between the barrier layer
and active layer, while according to Vurgaftman and
Klispstein, the VBO varies from 80 meV to 270 meV
for the unbiased InAs1�xSbx/AlAsySb1�y structure
(y � x � 0.09 for GaSb substrate) at T = 300 K.32

The AlSbAs electron affinity was calculated using the
following dependence on the As composition:
c = 3.65 – 0.15y eV, where c = 3.65 eV for AlSb and
c = 3.5 eV for AlAs. The InAsSb electron affinity was
assumed to be dependent on the Sb composition:
c = 5.72 – 0.31x eV, similarly to the relation given by
the IOFFE Physical Technical Institute.33 The
InAsSb/AlAsSb VBO was found to vary within the
range from 4 meV to 275 meV depending on
the voltage applied (calculations carried out for ac-
tive-layer and barrier-layer compositions of x = 0.09
and y = 0.08, respectively). Since the AlAsSb barrier
height was estimated to be�2 eV, the GR mechanism
in the barrier region was found to be negligible when
assessing the unipolar detector’s performance. For
the Hg1�xCdxTe ternary alloy, the electron affinity
was calculated using the composition dependence
c = 4.23 – 0.813[Eg(x,T) � 0.083].34 For InAs/GaSb
T2SLs and AlGaSb, the VBO was assumed to be zero.

The dependence of the energy gap and cutoff
wavelength on temperature was estimated using
the well-known Varshni equation.35 The fitting
parameters in the linear–quadratic Varshni rela-
tion were assumed to be equal: Eg(0) = 0.255 eV,
b = 270 K, and a = 2.41 9 10�4 eV/K, correspond-
ing to literature values.35,36

The noise current was calculated using the fol-
lowing expression including thermal Johnson–Ny-
quist noise and electrical and background-induced
shot noise:

in Vð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4kBT=Rþ 2qIDARK þ 2qIB

p

; (1)

where R is the dynamic resistance, IDARK and IB are
the dark current and background-induced current,
respectively, while kB is the Boltzmann constant.

The quantum efficiency is a function of the inci-
dent radiation wavelength and current respon-
sivity, Ri, according to the relation (without
electrooptical gain):

Ri ¼ g
kq

hc
: (2)

The detector’s detectivity is defined by the
expression:
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D� ¼ Ri

in Vð Þ
ffiffiffiffi

A
p

: (3)

PERFORMANCE COMPARISON OF XBn IR
DETECTORS

Figure 5 shows the performance of an optically
immersed MWIR HgCdTe photodiode and InAsSb,
InAs/GaSb T2SLs, HgCdTe XBn, and CBIRD HOT
detectors. The structural parameters of the men-
tioned IR detectors are presented in Table I.

Properly designed, optically immersed HgCdTe
devices (green solid line) approach the background-
limited infrared performance (BLIP) limit [for 2p
field of view (FOV)] when thermoelectrically (TE)
cooled with two-stage Peltier coolers. In this case,
the detectivity is proportional to n2, where n is the
refractive index (equal to 3.4 for GaAs substrates/

lenses). Without optical immersion, MWIR HgCdTe
photovoltaic detectors are sub-BLIP devices at
T = 300 K, as nBn HgCdTe/B-HgCdTe and comple-
mentary barrier HgCdTe detectors operating at
T = 200 K.

The detectivity for nBn InAs/GaSb T2SLs
(10 ML/10 ML) and B-Al0.2Ga0.8Sb is presented for
T = 300 K. Maximum D* value of 4 9 108 cm Hz1/2/
W and quantum efficiency of 15% were estimated.36

The improvement of T2SL uniformity in the size of
the constituent layers should lead to higher per-
formance. D* = 2 9 109 cm Hz1/2/W was reported
for nBn InAsSb/AlAsSb detectors.38 nBn and com-
plementary barrier HgCdTe detectors operating in
the MWIR range at T = 200 K reach detectivity of
6 9 109 cm Hz1/2/W and 2 9 1010 cm Hz1/2/W,
respectively.39

CONCLUSIONS

Uncooled IR photodetectors are less well devel-
oped compared with competing thermal detectors,
especially microbolometers. In the case of infrared
HOT photodetectors, several new strategies have
been used, including XBn detectors. The superior
performance of the XBn detector in comparison with
the conventional p–n junction photodiode is due to
the fact that the XBn structure is not limited by
generation–recombination and tunneling currents.

At the present stage, theoretical predictions place
InAs/GaSb T2SLs at the forefront of IR systems
development. In addition, the fully developed
material technology and better stability over large
areas of AIIIBV favor bulk materials (e.g., InAsSb
ternary alloy) for HOT conditions in the MWIR
range.

The 6.1-Å family materials, such as InAsSb and
InAs/GaSb T2SLs, have demonstrated the capabil-
ity to provide uncooled performance comparable to
that of MWIR HgCdTe photodetectors. Being grown
on GaAs/GaSb substrates, these AIIIBV material
systems are promising for future integration with Si
technology.

Further strategies for the development of XBn
detectors should concentrate on decreasing or even
removing the valence-band offset in the barrier

Fig. 5. Comparison of spectral detectivity of an optically immersed
MWIR photovoltaic HgCdTe detector (green line after Ref. 37) ver-
sus different types of XBn detector: nBn InAs/GaSb T2SLs and nBn
InAsSb/B-AlAsSb operated at T = 300 K; and nBn HgCdTe/B-
HgCdTe and complementary barrier HgCdTe detectors operated at
T = 200 K.

Table I. Structural parameters used in modeling of IR technologies presented in Fig. 5

Detector
HgCdTe

PVI, two-stage TE
nBn HgCdTe/

B-HgCdTe
CBIRD

HgCdTe/B-HgCdTe
nBn InAsSb/

B-AlAsSb
nBn InAs/

GaSb T2SLs

T (K) 200 200 200 300 300
Absorber, t (lm) 4 5 10 3 1.94
Absorber, NA; ND 6 9 1015 1014 1014 6 9 1015 6 9 1016

Barrier, t (lm) 2 0.15 0.15 0.3 0.1
Barrier, NA; ND (cm�3) 3 9 1017 5 9 1015 2 9 1015 1016 5 9 1017

Contact 1, t (lm) 10 0.16 0.16 0.25 0.15
Contact 1, ND (cm�3) 1018 7 9 1014 7 9 1014 1015 1018

Contact 2, t (lm) 1 – 0.4 0.1 0.15
Contact 2, ND (cm�3) 1018 – 1016 5 9 1017 1018
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layer (especially in HgCdTe nBn detectors), which
will result in lower operating bias, lower dark cur-
rent, and the ability to operate at higher tempera-
tures. Ways to eliminate the valence-band offset
have been proposed40,41 and implemented for
HgCdTe barrier detectors by appropriate bandgap
engineering.42
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