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Preface

Among the many materials investigated in the infrared (IR) field, narrow-gap
semiconductors are the most important in the IR photon detector family.
Although the first widely used narrow-gap materials were lead salts (during
the 1950s, IR detectors were built using single-element-cooled PbS and PbSe
photoconductive detectors, primarily for anti-missile seekers), this semiconduc-
tor family was not well distinguished. This situation seems to have resulted from
two reasons: the preparation process of lead salt photoconductive polycrystal-
line detectors was not well understood and could only be reproduced with
well-tried recipes; and the theory of narrow-gap semiconductor bandgap
structure was not well known for correct interpretation of the measured
transport and photoelectrical properties of these materials.

The discovery of the transistor stimulated a considerable improvement
in the growth and material purification techniques. At the same time, rapid
advances were being made in the newly discovered III-V compound
semiconductor family. One such material was InSb from which the first
practical photovoltaic detector was fabricated in 1955 [G. R. Mitchell,
A. E. Goldberg, and S. W. Kurnick, Phys. Rev. 97, 239 (1955)]. In 1957,
P. W. Kane [J. Phys. Chem. Solids 1, 249 (1957)] using a method of quantum
perturbation theory (the so-called k·p method), correctly described the
band structure of InSb. Since that time, the Kane band model has been of
considerable importance for narrow-gap semiconductor materials.

The end of the 1950s saw the introduction of narrow-gap semiconductor
alloys in III-V (InAsSb), IV-VI (PbSnTe, PbSnSe), and II-VI (HgCdTe)
material systems. These alloys allowed the bandgap of the semiconductor
and hence the spectral response of the detector to be custom tailored for
specific applications. Discovery of variable bandgap Hg1 xCdxTe (HgCdTe)
ternary alloy in 1959 by Lawson and co-workers [J. Phys. Chem. Solids 9,
325 (1959)] triggered an unprecedented degree of freedom in infrared
detector design. Over the next five decades, this material system successfully
fought off major challenges from different material systems, but despite that,
it has more competitors today than ever before. It is interesting, however,
that none of these competitors can compete in terms of fundamental
properties. They may promise to be more manufacturable, but never to
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provide higher performance or, with the exception of thermal detectors, to
operate at higher temperature.

Recently, there has been considerable progress towards III-V antimonide-
based, low-dimensional solids development, and device design innovations.
Their development results from two primary motivations: the perceived chal-
lenges of reproducibly fabricating high-operability HgCdTe focal plane arrays
(FPAs) at reasonable cost and theoretical predictions of lower Auger recom-
bination for type-II superlattice (T2SL) detectors compared to HgCdTe. Lower
Auger recombination translates into a fundamental advantage for T2SL over
HgCdTe in terms of lower dark current and/or higher operating temperature
provided other parameters such as Shockley–Read–Hall lifetimes are equal.

In fact, investigations of antimonide-based materials began at about the
same time as HgCdTe––in the 1950s, and the apparent rapid success of
their technology, especially low-dimensional solids, depends on the previous
five decades of III-V materials and device research. However, the sophis-
ticated physics associated with the antimonide-based bandgap engineering
concept started at the beginning of the 1990s gave a new impact and interest
in development of infrared detector structures within academic and national
laboratories. In addition, implementation of barriers in photoconductor
structures, in so-called barrier detectors, prevents current flow in the major-
ity carrier band of a detector’s absorber but allows unimpeded flow in the
minority carrier band. As a result, this concept resurrects the performance
of antimonide-based focal plane arrays and gives a new perspective in their
applications. A new emerging strategy includes antimonide-based T2SLs,
barrier structures such as the nBn detector with lower generation-recombination
leakage mechanisms, photon trapping detectors, and multi-stage/cascade infra-
red devices.

This book describes the present status of new concepts of antimonide-
based infrared detectors. The intent is to focus on designs having the largest
impact on the mainstream of infrared detector technologies today. A
secondary aim is to outline the evolution of detector technologies showing
why certain device designs and architectures have emerged recently as
alternative technologies to the HgCdTe ternary alloy. The third goal is to
emphasize the applicability of detectors in the design of FPAs. This is
especially addressed to the InAsSb ternary alloys system and T2SL materials.
It seems to be clear that some of these solutions have emerged as real
competitors of HgCdTe photodetectors. Special efforts are directed on the
physical limits of detector performance and the performance comparison of
antimonide-based detectors with the current stage of HgCdTe photodiodes.
The reader should gain a good understanding of the similarities and
contrasts and the strengths and weaknesses of a multitude of approaches
that have been developed over two last decades as an effort to improve our
ability to sense infrared radiation.

x Preface
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The level of this book is suitable for graduate students in physics and
engineering who have received preparation in modern solid-state physics
and electronic circuits. This book will be of interest to individuals working
with aerospace sensors and systems, remote sensing, thermal imaging, military
imaging, optical telecommunications, infrared spectroscopy, and lidar, as
well. To satisfy all these needs, each chapter first discusses the principles
needed to understand the chapter topic as well as some historical background
before presenting the reader with the most recent information available. For
those currently in the field, this book can be used as a collection of useful data,
as a guide to literature in the field, and as an overview of topics in the field.
The book also could be used as a reference for participants of educational
short courses, such as those organized by SPIE.

The book is divided into ten chapters. The introduction (Chapter 1) gives
a short historical overview of the development of IR detectors with antimonide-
based materials and describes the detector classification and figures of merit of
infrared detectors. The main topics in crystal growth technology, both bulk
materials and epitaxial layers, as well their physical properties are given in
Chapter 2. Special emphasis is paid to the modern epitaxy technologies such
as molecular beam epitaxy and metalorganic chemical vapor deposition.
Chapter 3 provides similar information about type-II superlattices. The next
two chapters concern technology and performance of both bulk as well as
superlattice antimonide-based infrared detectors. New classes of infrared
detectors called barrier detectors, trapping detectors, and cascade detectors
are covered in three succeeding chapters: Chapters 6, 7, and 8. An overview
of antimonide-based FPA architectures is given in Chapter 9. Finally,
remarks are included in the last chapter.

Antoni Rogalski
Małgorzata Kopytko

Piotr Martyniuk
March 2018
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Chapter 1

Infrared Detector
Characterization

Over the past several hundreds of years, optical systems (telescopes, microscopes,
eyeglasses, cameras, etc.) have formed their optical image on the human
retina, photographic plate, or film. The birth of photodetectors dates back to
1873 when Smith discovered photoconductivity in selenium. Progress was
slow until 1905, when Einstein explained the newly observed photoelectric
effect in metals, and Planck solved the blackbody emission puzzle by
introducing the quantum hypothesis. Applications and new devices soon
flourished, pushed by the dawning technology of vacuum tube sensors
developed in the 1920s and 1930s, culminating in the advent of television.
Zworykin and Morton, the celebrated fathers of videonics, on the last page of
their legendary book Television (1939) concluded that: “when rockets will fly
to the moon and to other celestial bodies, the first images we will see of them will
be those taken by camera tubes, which will open to mankind new horizons.”
Their foresight became a reality with the Apollo and Explorer missions.
Photolithography enabled the fabrication of silicon monolithic imaging focal
planes for the visible spectrum beginning in the early 1960s. Some of these
early developments were intended for a videophone, and other efforts were
for television cameras, satellite surveillance, and digital imaging. Infrared
imaging has been vigorously pursued in parallel with visible imaging because
of its utility in military applications. More recently (1997), the charged-
coupled device (CCD) camera aboard the Hubble Space Telescope delivered a
deep-space picture, a result of 10 day’s integration, featuring galaxies of
the 30th magnitude—an unimaginable figure, even for astronomers of our
generation. Thus, photodetectors continue to open to humanity the most
amazing new horizons.

1.1 Introduction

Many materials have been investigated in the infrared (IR) field. Figure 1.1
gives approximate dates of significant developmental efforts for infrared

1
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materials. During the 1950s, IR detectors were built using single-element-
cooled lead salt photodetectors, primarily for anti-air-missile seekers. Usually
lead salt detectors were polycrystalline and were produced by vacuum
evaporation and chemical deposition from a solution, followed by a post-
growth sensitization process.1 The first extrinsic photoconductive detectors
were reported in the early 1950s2 after the discovery of the transistor, which
stimulated a considerable improvement and growth of material purification
techniques. Since the techniques for controlled impurity introduction became
available for germanium at an earlier date, the first high-performance extrin-
sic detectors were based on Ge:Hg with activation energy for the Hg acceptor
of 0.089 eV. Extrinsic photoconductive response from copper, zinc, and gold
impurity levels in germanium gave rise to devices using the 8- to 14-mm long
wavelength IR (LWIR) spectral window and beyond to the 14- to 30-mm very
long wavelength IR (VLWIR) region.

In 1967 the first comprehensive extrinsic Si detector-oriented paper was
published by Soref.4 However, the state of extrinsic Si was not changed signi-
ficantly. Although Si has several advantages over Ge (namely, a lower dielectric
constant giving shorter dielectric relaxation time and lower capacitance, higher
dopant solubility and larger photoionization cross section for higher quantum

Figure 1.1 History of the development of infrared detectors and systems. New concepts of
detectors developed in last two decades are marked in blue. Four generations of systems
can be considered for principal military and civilian applications: first generation (scanning
systems), second generation (staring systems with electronic scanning), third generation
(staring systems with a large number of pixels and two-color functionality), and fourth
generation (staring systems with a very large number of pixels, multi-color functionality, and
other on-chip functions; e.g., better radiation/pixel coupling, avalanche multiplication in
pixels, and polarization/phase sensitivity) (adapted from Ref. 3).

2 Chapter 1
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efficiency, and lower refractive index for lower reflectance), these were not
sufficient to warrant the necessary development efforts needed to bring it to the
level of the, by then, highly developed Ge detectors. After being dormant for
about ten years, extrinsic Si was reconsidered after the invention of CCDs by
Boyle and Smith.5 In 1973, Shepherd and Yang6 proposed the metal-silicide/
silicon Schottky barrier detectors. For the first time it became possible to have
much more sophisticated readout schemes—both detection and readout could
be implemented in one common silicon chip.

At the same time, rapid advances were being made in narrow bandgap
semiconductors that would later prove useful in extending wavelength capa-
bilities and improving sensitivity. The fundamental properties of narrow-gap
semiconductors (high optical absorption coefficient, high electron mobility
and low thermal generation rate), together with the capability for bandgap
engineering, make these alloy systems almost ideal for a wide range of IR
detectors. The first such material was InSb,7 a member of the newly
discovered III-V compound semiconductor family, but its operation is limited
to the mid-wavelength IR (MWIR) spectral range. The perceived requirement
for detection in LWIR band led to development of narrow-gap ternary alloy
systems such as InAsSb, PbSnTe, and HgCdTe.8 10

For 10 years during the late 1960s to the mid-1970s, HgCdTe alloy
detectors were in serious competition with IV-VI alloy devices (mainly PbSnTe)
for developing photodiodes because of the latter’s production and storage
problems.9 However, development of PbSnTe photodiodes was discontinued
because the chalcogenides suffered from two significant drawbacks: very high
thermal coefficient of expansion (a factor of 7 higher than Si) and short
Shockley–Read–Hall (SRH) carrier lifetime. A large thermal coefficient of
expansion lead to failure of the indium bonds in hybrid structure (between
silicon readout and the detector array) after repeated thermal cycling from
room temperature to the cryogenic temperature of operation. In addition, the
high dielectric constant of PbSnTe (�500) resulted in RC-response times that
were too slow for LWIR scanning systems under development at that time.
However, for two-dimensional (2D) staring imaging systems, which are
currently under development, this would not be such a significant issue.

HgCdTe has inspired the development of the four “generations” of detector
devices (see Fig. 1.1). In the late 1960s and early 1970s, first-generation linear
photoconductor arrays were developed. The first generation scanning system
does not include multiplexing functions in the infrared focal plane (IRFP). In
the mid-1970s attention turned to the photodiodes for passive IR imaging
applications. In contrast to photoconductors, photodiodes with their very low
power dissipation, inherently high impedance, negligible 1/f noise, and easy
multiplexing on a focal plane silicon chip, can be assembled in 2D arrays
containing more than megapixel elements, limited only by existing technologies.
After the invention of CCDs by Boyle and Smith,5 the idea of an all-solid-state
electronically scanned 2D IR detector array caused attention to be turned to

3Infrared Detector Characterization
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HgCdTe photodiodes. In the end of the 1970s the emphasis was directed toward
large photovoltaic HgCdTe arrays in the MWIR and LWIR spectral bands for
thermal imaging. Recent efforts have been extended to short wavelengths,
e.g., for starlight imaging in the short wavelength IR (SWIR) range, as well as
to VLWIR spaceborne remote sensing beyond 15 mm.

The third-generation HgCdTe and type-II superlattice (T2SL) systems
continue to be developed, and concept development towards the so-called
fourth generation systems was also recently initiated. The definition of fourth-
generation systems is not well established. These systems provide enhanced
capabilities in terms of greater number of pixels, higher frame rates, and better
thermal resolution, as well as multicolor functionality and other on-chip
functions. Multicolor capabilities are highly desirable for advanced IR sys-
tems. Collection of data in distinct IR spectral bands can discriminate for both
the absolute temperature and the unique signature of objects within the scene.
By providing this new dimension of contrast, multiband detection also offers
advanced color processing algorithms to further improve sensitivity compared
to that of single-color devices. It is expected that the functionalities of fourth-
generation systems could manifest themselves as spectral, polarization, phase,
or dynamic range signatures that could extract more information from a given
scene.11

At the beginning of the 1990s, several national agencies (e.g., in U.S.,
Germany, and France) switched their research emphasis to III-V low-
dimensional solid materials (quantum wells and superlattices), as an alternative
technology option to HgCdTe, to attain their stated goal of inexpensive large-
area IR focal plane arrays (FPAs) amenable to fabrication by the horizontal
integration of material foundries and processing centers of excellence. There has
been considerable progress towards the materials development and device design
innovations. Several new concepts for improvement of the performance of pho-
todetectors have been proposed (see bottom part of Fig. 1.1), where approximate
data of significant development efforts are marked in blue. In particular,
significant advances have been made in the bandgap engineering of various
compound III-V semiconductors that has led to new detector architectures.
New emerging strategies include T2SLs, barrier structures such as nBn detectors
with lower generation–recombination leakage mechanisms, photon trapping
detectors, and multi-stage/cascade infrared devices. The barrier-structure detec-
tor concept has recently been applied to resurrect the performance of III-V
FPAs, allowing them to operate at considerably higher temperatures than their
photodiode counterparts simply by the elimination of depletion regions in the
absorber volume. At present, the trade-offs between both competing III-V
and II-VI IR materials technologies is observed. It is expected that these two
significant schools of thought with regard to the ultimate in photon detection,
namely, operation at room temperature, might play a crucial role in the future
developments.

4 Chapter 1
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1.2 Classification of Infrared Detectors

Optical radiation is considered to be radiation ranging from vacuum ultraviolet
to submillimeter wavelengths (25 nm to 3000 mm). The terahertz (THz) region
of electromagnetic spectrum (see Fig. 1.2) is often described as the final
unexplored area of the spectrum and still presents a challenge for both elec-
tronic and photonic technologies. It is frequently treated as the spectral
region within the frequency range of n� 0.1–10 THz (l� 3 mm – 30 mm)
and is partly overlapping with the loosely treated submillimeter (sub-mm)
wavelength band n� 0.1–3 THz (l� 3 mm – 100 mm).

The majority of optical detectors can be classified in two broad categories:
photon detectors (also called quantum detectors) and thermal detectors.

1.2.1 Photon detectors

In photon detectors the radiation is absorbed within the material by interaction
with electrons either bound to lattice atoms or to impurity atoms or with free
electrons. The observed electrical output signal results from the changed
electronic energy distribution. The fundamental optical excitation processes in
semiconductors are illustrated in Fig. 1.3. In quantum wells [Fig. 1.3(b)] the
intersubband absorption takes place between the energy levels of a quantum well
associated with the conduction band (n-doped) or valence band (p-doped). In the
case of type-II InAs/GaSb superlattice [Fig. 1.3(c)] the superlattice bandgap is
determined by the energy difference between the electron miniband E1 and
the first heavy-hole state HH1 at the Brillouin zone center. A consequence of the
type-II band alignment is spatial separation of electrons and holes.

Relative response of infrared detectors is plotted as a function of wave-
length with either a vertical scale of W 1 or photon 1 (see Fig. 1.4). The

Figure 1.2 The electromagnetic spectrum (adapted from Ref. 12).

5Infrared Detector Characterization
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photon detectors show a selective wavelength dependence of response per
unit incident radiation power. Their response is proportional to the rate of
arrival photons as the energy per photon is inversely proportional to wave-
length. In consequence, the spectral response increases linearly with increasing
wavelength [see Fig. 1.4(a)], until the cutoff wavelength is reached, which is
determined by the detector material. The cutoff wavelength is usually
specified as the long wavelength point at which the detector responsivity falls
to 50% of the peak responsivity.

Thermal detectors tend to be spectrally flat in the first case (their response is
proportional to the energy absorbed), thus they exhibit a flat spectral response
[see Fig 1.4(a)], while photon detectors are generally flat in the second case
[see Fig. 1.4(b)].

Photon detectors exhibit both good signal-to-noise performance and a
very fast response. But to achieve this, the photon IR detectors may require
cryogenic cooling. This is necessary to prevent the thermal generation of
charge carriers. The thermal transitions compete with the optical ones,
making non-cooled devices very noisy.

Figure 1.3 Optical excitation processes in: (a) bulk semiconductors, (b) quantum wells,
and (c) type-II InAs/GaSb superlattices.

Figure 1.4 Relative spectral response for a photon and thermal detector for (a) constant
incident radiant power and (b) photon flux, respectively.

6 Chapter 1
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Depending on the nature of the interaction, the class of photon detectors
is further sub-divided into different types. The most important are: intrinsic
detectors, extrinsic detectors, and photoemissive detectors (Schottky bar-
riers).3 Different types of detectors are briefly characterized in Table 1.1.

A key difference between intrinsic and extrinsic detectors is that extrinsic
detectors require much cooling to achieve high sensitivity at a given spectral
response cutoff in comparison with intrinsic detectors. Low-temperature
operation is associated with longer-wavelength sensitivity in order to suppress
noise due to thermally induced transitions between close-lying energy levels.

There is a fundamental relationship between the temperature of the
background viewed by the detector and the lower temperature at which the
detector must operate to achieve background-limited performance (BLIP).
HgCdTe photodetectors with a cutoff wavelength of 12.4 mm operate at
77 K. One can scale the results of this example to other temperatures and
cutoff wavelengths by noting that for a given level of detector performance,
Tlc� constant;13 i.e., the longer lc, the lower is T while their product remains
roughly constant. This relation holds because quantities that determine
detector performance vary mainly as an exponential of Eexc/kT ¼ hc/kTlc,
where Eexc is the excitation energy, k is Boltzmann’s constant, h is Planck’s
constant, and c is the velocity of light.

The long wavelength cutoff can be approximated as

Tmax ¼
300K
lc½mm� : (1.1)

The general trend is illustrated in Fig. 1.5 for six high-performance
detector materials suitable for low-background applications: Si, InGaAs,
InSb, HgCdTe photodiodes, and Si:As blocked impurity band (BIB)
detectors; and extrinsic Ge:Ga unstressed and stressed detectors. Terahertz
photoconductors are operated in extrinsic mode.

The most widely used photovoltaic detector is the p–n junction, where a
strong internal electric field exists across the junction even in the absence of
radiation. Photons incident on the junction produce free hole–electron pairs
that are separated by the internal electric field across the junction, causing a
change in voltage across the open-circuit cell or a current to flow in the short-
circuited case. Due to the absence of recombination noise, the limiting p–n
junction’s noise level can ideally be

p
2 times lower than that of the

photoconductor.
Photoconductors that utilize excitation of an electron from the valence

to conduction band are called intrinsic detectors. Instead those that operate by
exciting electrons into the conduction band or holes into the valence band
from impurity states within the band (impurity-bound states in energy gap,
quantum wells, or quantum dots), are called extrinsic detectors. A key
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difference between intrinsic and extrinsic detectors is that extrinsic detectors
require much cooling to achieve high sensitivity at a given spectral response
cutoff in comparison with intrinsic detectors. Low-temperature operation is
associated with longer-wavelength sensitivity in order to suppress noise due to
thermally induced transitions between close-lying energy levels. Intrinsic
detectors are most common at the short wavelengths, below 20 mm. In the
longer-wavelength region the photoconductors are operated in extrinsic mode.
One advantage of photoconductors is their current gain, which is equal to the
recombination time divided by the majority-carrier transit time. This current
gain leads to higher responsivity than is possible with nonavalanching pho-
tovoltaic detectors. However, serious problem of photoconductors operated at
low temperature is nonuniformity of detector element due to recombination
mechanisms at the electrical contacts and its dependence on electrical bias.

Recently, interfacial workfunction internal photoemission detectors, quan-
tum well and quantum dot detectors, which can be included to extrinsic photo-
conductors, have been proposed especially for IR and THz spectral bands.3 The
very fast time response of quantum well and quantum dot semiconductor
detectors make them attractive for heterodyne detection.

1.2.2 Thermal detectors

The second class of detectors is composed of thermal detectors. In a thermal
detector shown schematically in Fig. 1.6, the incident radiation is absorbed to

Figure 1.5 Operating temperatures for low-background material systems with their
spectral band of greatest sensitivity. The dashed line indicates the trend toward lower
operating temperature for longer-wavelength detection (adapted from Ref. 3).
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change the material temperature, and the resultant change in some physical
property is used to generate an electrical output. The detector is suspended on
lags, which are connected to the heat sink. The signal does not depend upon
the photonic nature of the incident radiation. Thus, thermal effects are
generally wavelength independent [see Fig. 1.4(a)]; the signal depends upon
the radiant power (or its rate of change) but not upon its spectral content.
Since the radiation can be absorbed in a black surface coating, the spectral
response can be very broad. Attention is directed toward three approaches
that have found the greatest utility in infrared technology, namely, bolo-
meters, pyroelectric, and thermoelectric effects. The thermopile is one of the
oldest IR detectors, and is a collection of thermocouples connected in series in
order to achieve better temperature sensitivity. In pyroelectric detectors a
change in the internal electrical polarization is measured, whereas in the case
of thermistor bolometers a change in the electrical resistance is measured. For
a long time, thermopiles were slow, insensitive, bulky, and costly devices. But
with developments in semiconductor technology, thermopiles can be opti-
mized for specific applications. Recently, thanks to conventional complemen-
tary metal-oxide semiconductor (CMOS) processes, the thermopile’s on-chip
circuitry technology has opened the door to mass production.

Usually a bolometer is a thin, blackened flake or slab, whose impedance is
highly temperature dependent. Bolometers may be divided into several types.
The most commonly used are the metal, the thermistor, and the semiconduc-
tor bolometers. A fourth type is the superconducting bolometer. This bolo-
meter operates on a conductivity transition in which the resistance changes

Figure 1.6 Schematic diagram of thermal detector (adapted from Ref. 3).
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dramatically over the transition temperature range. Figure 1.7 shows
schematically the temperature dependence of resistance of different types of
bolometers.

Many types of thermal detectors are operated in wide spectral range of
electromagnetic radiation. The operation principles of thermal detectors are
briefly described in Table 1.2.

Microbolometer detectors are now produced in larger volumes than all
other IR array technologies together. At present, VOx microbolometer arrays
are clearly the most used technology for uncooled detectors. VOx wins the
battle between the amorphous silicon bolometers and barium strontium
titanate (BST) ferroelectric detectors.

1.3 Detector Figures of Merit

It is difficult to measure the performance characteristics of infrared detectors
because of the large number of experimental variables involved. A variety of
environmental, electrical, and radiometric parameters must be taken into
account and carefully controlled. With the advent of large 2D detector arrays,
detector testing has become even more complex and demanding.

This section is intended to serve as an introductory reference for the
testing of infrared detectors. Numerous texts and journals cover this issue,
including: Infrared System Engineering14 by R. D. Hudson; The Infrared
Handbook,15 edited by W. L. Wolfe and G. J. Zissis; The Infrared and Electro-
Optical Systems Handbook,16 edited by W. D. Rogatto; and Fundamentals of
Infrared Detector Operation and Testing17 by J. D. Vincent, and second
edition of Vincent’s book.18 In this chapter we have restricted our consid-
eration to detectors whose output consists of an electrical signal that is
proportional to the radiant signal power.

Figure 1.7 Temperature dependence of resistance of three bolometer material types.
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1.3.1 Responsivity

The responsivity of an infrared detector is defined as the ratio of the root
mean square (rms) value of the fundamental component of the electrical
output signal of the detector to the rms value of the fundamental component
of the input radiation power. The units of responsivity are volts per watt
(V/W) or amperes per watt (amp/W).

The voltage (or analogous current) spectral responsivity is given by

Rvðl, f Þ ¼
Vs

FeðlÞ
, (1.2)

where Vs is the signal voltage due to Fe, and Fe(l) is the spectral radiant
incident power (in W).

An alternative to the above monochromatic quality, the blackbody
responsivity, is defined by the equation

RvðT , f Þ ¼ Vs

∫`0 FeðlÞdl
, (1.3)

where the incident radiant power is the integral over all wavelengths of the
spectral density of power distribution Fe(l) from a blackbody. The respon-
sivity is usually a function of the bias voltage, the operating electrical fre-
quency, and the wavelength.

1.3.2 Noise equivalent power

The noise equivalent power (NEP) is the incident power on the detector
generating a signal output equal to the rms noise output. Stated another way,
the NEP is the signal level that produces a signal-to-noise ratio (SNR) of 1. It
can be written in terms of responsivity:

NEP ¼ Vn

Rv
¼ In

Ri
: (1.4)

The unit of NEP is watts.
The NEP is also quoted for a fixed reference bandwidth, which is often

assumed to be 1 Hz. This “NEP per unit bandwidth” has a unit of watts per
square root hertz (W/Hz1/2).

1.3.3 Detectivity

The detectivity D is the reciprocal of NEP:

D ¼ 1
NEP

: (1.5)
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It was found by Jones19 that for many detectors the NEP is proportional
to the square root of the detector signal that is proportional to the detector
area Ad. This means that both NEP and detectivity are functions of electrical
bandwidth and detector area, so a normalized detectivity D� (or D-star)
suggested by Jones19,20 is defined as

D� ¼ DðAdDf Þ1∕2 ¼
ðAdDf Þ1∕2
NEP

: (1.6)

The importance of D� is that this figure of merit permits comparison of
detectors of the same type, but having different areas. Either a spectral or
blackbody D� can be defined in terms of the corresponding type of NEP.

Useful equivalent expressions to Eq. (1.6) include:

D� ¼ DðAdDf Þ1∕2
Vn

Rv ¼
DðAdDf Þ1∕2

In
Ri ¼

DðAdDf Þ1∕2
Fe

ðSNRÞ, (1.7)

where D� is defined as the rms SNR in a 1-Hz bandwidth per unit rms
incident radiant power per square root of detector area. D� is expressed in
units of cm Hz1/2W 1, which recently has been referred to as “Jones.”

Spectral detectivity curves for a number of commercially available IR
detectors are shown in Fig. 1.8. Interest has focused mainly on the two
atmospheric windows 3–5 mm (MWIR) and 8–14 mm (LWIR) (atmospheric
transmission is the highest in these bands and the emissivity maximum of the
objects at T� 300 K is at the wavelength l� 10 mm), although in recent years
there has been increasing interest in longer wavelengths stimulated by space
applications. The spectral character of the background is influenced by the
transmission of the atmosphere that controls the spectral ranges of the infrared
for which the detector may be used when operating in the atmosphere.

1.3.4 Quantum efficiency

A signal whose photon energy is sufficient to generate photocarriers will
continuously lose energy as the optical field propagates through the semi-
conductor. Inside the semiconductor, the field decays exponentially as energy
is transferred to the photocarriers. The material can be characterized by an
absorption length a and a penetration depth 1/a. Penetration depth is the
point at which 1/e of the optical signal power remains.

The power absorbed in the semiconductor as a function of position within
the material is then

Pa ¼ Pið1 rÞð1 e axÞ: (1.8)

The number of photons absorbed is the power (in watts) divided by the
photon energy (E ¼ hv). If each absorbed photon generates a photocarrier,
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the number of photocarriers generated per number of incident photons for a
specific semiconductor with reflectivity r is given by

hðxÞ ¼ ð1 rÞð1 e axÞ, (1.9)

where 0≤ h≤ 1 is a definition for the detector’s quantum efficiency as the
number of electron–hole pairs generated per incident photon.

Figure 1.9 shows the quantum efficiency of some of the detector materials
used to fabricate arrays of ultraviolet (UV), visible, and infrared detectors.
Photocathodes and AlGaN detectors are being developed in the UV region.
Silicon p-i-n diodes are shown with and without antireflection coating. Lead
salts (PbS and PbSe) have intermediate quantum efficiencies, while PtSi
Schottky barrier types and quantum well infrared photodetectors (QWIPs)
have low values. InSb can respond from the near UV out to 5.5 mm at 80 K. A
suitable detector material for the near-IR (1.0–1.7 mm) spectral range is
InGaAs lattice matched to the InP. Various HgCdTe alloys, in both
photovoltaic and photoconductive configurations, cover from 0.7 mm to over
20 mm. InAs/GaSb strained layer superlattices have emerged as an alternative

Figure 1.8 Comparison of the D of various commercially available infrared detectors when
operated at the indicated temperature. The chopping frequency is 1000 Hz for all detectors
except the thermopile (10 Hz), thermocouple (10 Hz), thermistor bolometer (10 Hz), Golay
cell (10 Hz), and pyroelectric detector (10 Hz). Each detector is assumed to view a
hemispherical surround at a temperature of 300 K. Theoretical curves for the background-
limited D for ideal photovoltaic and photoconductive detectors and thermal detectors are
also shown (adapted from Ref. 3).
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to the HgCdTe. Impurity-doped (Sb, As, and Ga) silicon BIB detectors
operating at 10 K have a spectral response cutoff in the range of 16– to 30– mm.
Impurity-doped Ge detectors can extend the response out to 100–200 mm.

1.4 Fundamental Detector Performance Limits

In general, the detector can be considered as a slab of homogeneous
semiconductor with actual “electrical” area Ae, thickness t, and volume Aet
(see Fig. 1.10). Usually, the optical and electrical areas of the device are the
same or similar. However, the use of some kind of optical concentrator can
increase the Ao/Ae ratio by a large factor.

Figure 1.9 Quantum efficiency of different detectors.

Figure 1.10 Model of a photodetector (adapted from Ref. 3).
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The detectivity D� of an infrared photodetector is limited by generation
and recombination rates G and R (in m 6s 1) in the active region of the
device.21 It can be expressed as

D� ¼ l

21=2hcðG þ RÞ1=2
�
Ao

Ae

�
h

t1=2
, (1.10)

where l is the wavelength, h is Planck’s constant, c is the velocity of light, and
h is the quantum efficiency.

For a given wavelength and operating temperature, the highest perfor-
mance can be obtained by maximizing the ratio of the quantum efficiency to
the square root of the sum of the sheet thermal generation and recombination
rates h/[(GþR)t]1/2. This means that high quantum efficiency must be
obtained with a thin device.

A possible way to improve the performance of IR detectors is to reduce
the physical volume of the semiconductor, thus reducing the amount of
thermal generation. However, this must be achieved without decrease in
quantum efficiency, optical area, and field of view (FOV) of the detector.

At equilibrium, the generation and recombination rates are equal. If we
further assume Ae ¼ Ao, the detectivity of an optimized infrared photodetec-
tor is limited by thermal processes in the active region of the device. It can be
expressed as

D� ¼ 0.31
l

hc
k
�
a

G

�
1=2
, (1.11)

where 1≤ k≤ 2 and is dependent on the contribution of recombination and
backside reflection. The k-coefficient can be modified by using more
sophisticated coupling of the detector with IR radiation, e.g., using photonic
crystals or surface plasmon-polaritons.

The ratio of the absorption coefficient to the thermal generation rate, a/G,
is the fundamental figure of merit of any material intended for infrared
photodetection. The a/G ratio versus temperature for various material systems
capable of bandgap tuning is shown in Fig. 1.11 for a hypothetical energy
gap equal to 0.25 eV (l¼ 5 mm) [Fig. 1.11(a)] and 0.124 eV (l ¼ 10 mm)
[Fig. 1.11(b)]. Procedures used in calculations of a/G for different material
systems are given in Ref. 22. Analysis shows that narrow-gap semiconductors
are more suitable for high-temperature photodetectors in comparison to
competing technologies such as extrinsic devices, QWIP (quantum well IR
photodetector) and QDIP (quantum dot IR photodetector) devices. The main
reason for the high performance of intrinsic photodetectors is the high density
of states in the valence and conduction bands, which results in strong absorp-
tion of infrared radiation. Figure 1.11(b) predicts that a recently emerging
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competing IR material, type-II superlattice, is the most efficient material
technology for IR detection in the long-wavelength region, theoretically
perhaps even better than HgCdTe if the influence of the Shockley–Read–Hall
lifetime is not considered. It is characterized by a high absorption coefficient
and relatively low fundamental (band-to-band) thermal generation rate.
However, this theoretical prediction has not been confirmed by experimental
data. It is also worth noting that theoretically AlGaAs/GaAs QWIP is also a
better material than extrinsic silicon.

The ultimate performance of infrared detectors is reached when the detector
and amplifier noise are low compared to the photon noise. The photon noise is
fundamental in the sense that it arises not from any imperfection in the detector
or its associated electronics but rather from the detection process itself, as a
result of the discrete nature of the radiation field. The radiation falling on the
detector is a composite of that from the target and that from the background.
The practical operating limit for most infrared detectors is not the signal
fluctuation limit but the background fluctuation limit, also known as the
background-limited infrared photodetector (BLIP) limit.

The expression for shot noise can be used to derive the BLIP detectivity,

D�
BLIPðl,TÞ ¼ l

hc
k
�

h

2FB

�
1=2
, (1.12)

where h is the quantum efficiency, and FB is the total background photon flux
density reaching the detector, denoted as

Figure 1.11 a/G ratio versus temperature for (a) MWIR (l¼5 mm) and (b) LWIR
(l¼ 10 mm) photodetectors based on HgCdTe, QWIP, Si extrinsic, and type-II superlattice
(for LWIR only) material technology (adapted from Ref. 3).
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FB ¼ sin2ðu=2Þ∫
lc

0
Fðl,TBÞdl, (1.13)

where u is the detector field of view angle.
Planck’s photon emittance (in units of photons cm 2s 1 mm 1) at

temperature TB is given by

Fðl,TBÞ ¼
2pc

l4½expðhc=lkTBÞ 1� ¼
1.885� 1023

l4½expð14.388=lkTBÞ 1� : (1.14)

Equation (1.12) holds for photovoltaic detectors, which are shot-noise
limited. Photoconductive detectors that are generation-recombination noise
limited have a lower D�

BLIP by a factor of 21/2:

D�
BLIPðl, f Þ ¼

l

2 hc
k
�

h

FB

�
1=2
: (1.15)

Once background-limited performance is reached, quantum efficiency h is
the only detector parameter that can influence detector’s performance.

Figure 1.12 shows the peak spectral detectivity of a background-limited
photodetector operating at 300, 230, and 200 K, versus the wavelength
calculated for 300 K background radiation and hemispherical FOV
(u ¼ 90 deg). The minimum D�

BLIP (300 K) occurs at 14 mm and equals
4.6 � 1010 cm Hz1/2/W. For some photodetectors that operate at near

Figure 1.12 Calculated spectral detectivities of a photodetector limited by the hemispheri-
cal FOV background radiation of 300 K as a function of the peak wavelength for detector
operating temperatures of 300, 230, and 200 K (reprinted from Ref. 23).
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equilibrium conditions, such as non-sweep-out photoconductors, the recom-
bination rate is equal to the generation rate. For these detectors the
contribution of recombination to the noise will reduce D�

BLIP by a factor of
21/2. Note that D�

BLIP does not depend on area and the Ao/Ae ratio. As a
consequence, the background-limited performance cannot be improved by
making Ao/Ae large.

The highest performance possible will be obtained by the ideal detector
with unity quantum efficiency and ideal spectral responsivity [R(l) increases
with wavelength to the cutoff wavelength lc at which the responsivity drops to
zero]. This limiting performance is of interest for comparison with actual
detectors.

The detectivity of BLIP detectors can be improved by reducing the back-
ground photon flux FB. Practically, there are two ways to do this: a cooled or
reflective spectral filter to limit the spectral band or a cooled shield to limit the
angular field of view of the detector (as described above). The former
eliminates background radiation from spectral regions in which the detector
need not respond. The best detectors yield background-limited detectivities in
quite narrow fields of view.

1.5 Performance of Focal Plane Arrays

This section discusses concepts associated with the performance of focal plane
arrays (FPAs). For arrays the relevant figure of merit for determining the
ultimate performance is not the detectivity D�, but the noise equivalent
difference temperature (NEDT) and the modulation transfer function (MTF).
NEDT and MTF are considered as the primary performance metrics to
thermal imaging systems: thermal sensitivity and spatial resolution. Thermal
sensitivity is concerned with the minimum temperature difference that can be
discerned above the noise level. The MTF concerns the spatial resolution and
answers the question of how small an object can be and still be imaged by the
system. The general approach of system performance is given by Lloyd in his
fundamental monograph.24

1.5.1 Modulation transfer function

The modulation transfer function (MTF) expresses the ability of an imaging
system to faithfully image a given object; it quantifies the ability of the system
to resolve or transfer spatial frequencies.25 Consider a bar pattern with a
cross-section of each bar being a sine wave. Since the image of a sine wave
light distribution is always a sine wave, the image is always a sine wave
independent of the other effects in the imaging system, such as aberrations.

Usually, imaging systems have no difficulty in reproducing the bar pattern
when the bar pattern is sparsely spaced. However, an imaging system reaches
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its limit when the features of the bar pattern get closer and closer together.
When the imaging system reaches this limit, the contrast or the modulation M
is defined as

M ¼ Emax Emin

Emax þ Emin
, (1.16)

where E is the irradiance. Once the modulation of an image is measured
experimentally, the MTF of the imaging system can be calculated for that
spatial frequency using

MTF ¼ M image

Mobject
: (1.17)

The system MTF is dominated by the optics, detector, and display MTFs
and can be cascaded by simply multiplying the MTF components to obtain
the MTF of the combination. In spatial frequency terms, the MTF of an
imaging system at a particular operating wavelength is dominated by limits set
by the size of the detector and the aperture of the optics. More details about
this issue is given in section 9.2.

1.5.2 Noise equivalent difference temperature

Noise equivalent difference temperature (NEDT) is a figure of merit for ther-
mal imagers that is commonly reported. In spite of its widespread use in infra-
red literature, it is applied to different systems, in different conditions, and
with different meanings.26

NEDT of a detector represents the temperature change, for incident radia-
tion, that gives an output signal equal to the rms noise level. While normally
thought of as a system parameter, detector NEDT and system NEDT are the
same except for system losses. NEDT is defined as

NEDT ¼ Vnð­T∕­FÞ
ð­Vs∕­FÞ ¼ Vn

DT
DVs

, (1.18)

where Vn is the rms noise, F is the spectral photon flux density (photons/cm2s)
incident on a focal plane, and DVs is the signal measured for the temperature
difference DT.

We follow Kinch27 further to obtain useful equations for noise equivalent
irradiance (NEI) and NEDT, used for estimation of detector performance
(see e.g., section 6.6).

In modern IR FPAs the current generated in a biased photon detector is
integrated onto a capacitive node with a carrier well capacity of Nw. For an
ideal system, in absence of excess noise, the detection limit of the node is
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achieved when a minimum detectable signal flux DF creates a signal equal
shot noise on the node:

DFhAdtint ¼ Nw

p
¼ ðJdark þ JFÞAdtint

q

s
, (1.19)

where h is the detector collection efficiency, Ad is the detector area, tint is the
integration time, Jdark is the detector dark current, and JF is the flux current.

Associated with NEDT is the other critical parameter, the so-called noise
equivalent flux (NEDF). This parameter is defined for spectral regions in
which the thermal background flux does not dominate. By equating the
minimum detectable signal to the integrated current noise, we have

hFsAdtint ¼
ðJdark þ JFÞAdtint

q

s
, (1.20)

giving

NEDF ¼ 1
h

Jdark þ JF

qAdtint

s
: (1.21)

This can be converted to a noise equivalent irradiance (NEI), which is
defined as the minimum observable flux power incident on the system
aperture, by renormalizing the incident flux density on the detector to the
system aperture area Aopt. The NEI is given by

NEI ¼ NEDF
Adhn
Aopt

, (1.22)

where monochromatic radiation of energy hn is assumed.
NEI [photons/(cm2sec)] is the signal flux level at which the signal produces

the same output as the noise present in the detector. This unit is useful because
it directly gives the photon flux above which the detector will be photon-noise
limited.

For high-background-flux conditions, the signal flux can be defined as
DF ¼ DT(dFB/dT). Thus, for shot noise, substituting in Eq. (1.19), we have

hDT
dFB

dT
¼ Jdark þ JF

qAdtint

s
: (1.23)

Finally, after some re-arrangement,
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NEDT ¼ 1þ ðJdark∕JFÞ
NwC

p , (1.24)

where C ¼ (dFB/dT)/FB is the scene contrast through the optics. In deriving
Eq. (1.24) it was assumed that the optics transmission is unity, and that the
cold shield of the detector is not contributing flux. This is reasonable at low
detector temperatures but not at higher operating temperatures. At higher
temperatures the scene contrast is defined in terms of the signal flux coming
through the optics, whereas the flux current is defined by the total flux
through the optics and the flux from the cold shield.

1.5.3 Other issues

Infrared photodetectors are typically operated at cryogenic temperatures to
decrease the noise of the detector arising from various mechanisms associated
with the narrow bandgap. There are considerable efforts to decrease system
cost, size, weight, and power consumption, to increase the operating tempera-
ture in so-called high-operating-temperature (HOT) detectors. Increasing the
operating temperature of the detector reduces the cooling load, allowing more
compact cooling systems with higher efficiency. Because the cost of the optics
made from Ge (the standard material for IR optics) rises approximately with
the square of the lens diameter, the reduction of the pixel size results in a
significantly reduced cost of the optics. In addition, the reduction in pixel size
allows for a larger number of FPAs to be fabricated on each wafer.

Pixel reduction is also needed to increase the detection and identification
range of infrared imaging systems. It appears that, e.g., the detection range of
many uncooled IR imaging systems is limited by pixel resolution rather than
sensitivity. Figure 1.13 presents a trade-off analysis of the detection range and

Figure 1.13 Calculated detection range as a function of sensor optics for increasing
detector pixel size and format using NVESD NVTherm IP modeling, assuming a 35-mK
NEDT (F/1, 30Hz) for all detectors (reprinted from Ref. 28).
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sensor optics for a thermal weapon sight using the NVESD NVTherm IP
model, assuming a detector sensitivity of 35-mK NETD (F/1, 30 Hz) for the
25-, 17-, and 12-mm pitch pixel of uncooled FPAs. The advantages of small
pixel pitch and large-format FPAs are obvious. By switching to smaller pitch
and larger format detectors, the detection range of a weapon sight increases
significantly with a fixed optical entrance aperture.

Key challenges in realizing ultimate pixel dimensions in FPA design includ-
ing dark current, pixel hybridization, pixel delineation, and unit cell readout
capacity are considered in Refs. 27 and 29, and Section 9.2 of this book.

It is interesting to consider the performance requirements of near-room-
temperature photodetectors for thermal cameras. It can be shown3 that the
thermal resolution of infrared thermal systems is characterized by the
equation

NEDT ¼ 4ðF=#Þ2Df 1=2
A1=2

d topt

2
4 ∫lb

la

dM
dT

D�ðlÞdl
3
5, (1.25)

where F/# is the optics f-number, Df is the frequency band, Ad is the detector
area, topt is the optics transmission, and M is the spectral emittance of the
blackbody described by Planck’s law.

As Eq. (1.25) shows, the thermal resolution improves with an increase in
detector area. However, increasing detector area results in reduced spatial
resolution. Hence, a reasonable compromise between the requirement of high
thermal resolution and spatial resolution is necessary. Improvement of
thermal resolution without detrimental effects on spatial resolution may be
achieved by:

• an decrease of detector area combined with a corresponding decrease of
the optics f-number,

• improved detector performance, and
• an increase in the number of detectors.

As was mentioned before, increasing the aperture is undesirable because it
increases the size, mass, and price of an IR system. It is more appropriate to
use a detector with higher detectivity. This can be achieved by better coupling
of the detector with the incident radiation. Another possibility is the
application of a multi-elemental sensor, which reduces each element
bandwidth proportionally to the number of elements for the same frame rate
and other parameters.

Figure 1.14 shows the dependence of detectivity on the cutoff wavelength
for a photodetector thermal imager with a resolution of 0.1 K. Detectivities of
1.9 � 108 cm Hz1/2/W, 2.3 � 108 cm Hz1/2/W, and 2 � 109 cm Hz1/2/W are
necessary to obtain NEDT ¼ 0.1 K for 10-mm, 9-mm, and 5-mm cutoff
wavelengths, respectively. The above estimations indicate that the ultimate
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performance of the uncooled photodetectors is not sufficient to achieve a
thermal resolution of 0.1 K. Thermal resolution below 0.1 K is achieved for
staring thermal imagers containing thermal FPAs.

The previous considerations are valid assuming that the temporal noise
of the detector is the main source of noise. However, this assertion is not true
for staring arrays, where the nonuniformity of the detector response is a signi-
ficant source of noise. This nonuniformity appears as a fixed-pattern noise
(spatial noise) and is defined in various ways in the literature. The most
common definition is that it is the dark signal nonuniformity arising from an
electronic source (i.e., other than thermal generation of the dark current);
e.g., clock breakthrough or from offset variations in row, column, or pixel
amplifiers/switches. So, estimation of IR sensor performance must include a
treatment of spatial noise that occurs when FPA nonuniformities cannot be
compensated correctly.

Mooney et al.30 have given a comprehensive discussion of the origin of
spatial noise. The total noise of a staring array is the composite of the temporal
noise and the spatial noise. The spatial noise is the residual nonuniformity u
after application of nonuniformity compensation, multiplied by the signal
electrons N. Photon noise, which equals N1/2, is the dominant temporal noise
for the high IR background signals for which spatial noise is significant. Then,
the total NEDT is

NEDTtotal ¼
ðN þ u2N2Þ1=2

­N=­T
¼ ð1=N þ u2Þ1=2

ð1=NÞð­N=­TÞ , (1.26)

Figure 1.14 Detectivity needed to obtain NEDT ¼ 0.1 K in a photon-counter detector
thermal imager as a function of cutoff wavelength (reprinted from Ref. 23).
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where ­N=­T is the signal change for a 1-K source temperature change. The
denominator, ð­N=­TÞ∕N, is the fractional signal change for a 1-K source
temperature change. This is the relative scene contrast.

The dependence of the total NEDT on detectivity for different residual
nonuniformity is plotted in Fig. 1.15 for 300 K scene temperature and the set
of parameters shown in the figure insert. When detectivity approaches a value
above 1010 cm Hz1/2/W, the FPA performance is uniformity-limited prior to
correction and thus essentially independent of the detectivity. An improve-
ment in nonuniformity from 0.1% to 0.01% after correction could lower the
NEDT from 63 to 6.3 mK.
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Chapter 2

Antimonide-based Materials

The wide body of information that is now available concerning different
methods of antimonide-based crystal growth and physical properties of
materials used for IR photodetectors makes it difficult to review all aspects in
detail. As a result, only general topics are reviewed in this chapter to give the
basic information about crystal growth and physical properties. More
information can be found in many comprehensive reviews and monographs
(see, for example, Refs. 1–5).

Here we describe crystal growth methods and some of the physical
properties of III-V semiconductors of interest to the preparation of infrared
detectors. More attention is placed on the development of large InSb and
GaSb single crystals. InSb is a well-established sensor material in the
manufacture of FPAs and is suitable for detection in the MWIR region.
Instead, rapid development of GaSb epi-ready wafers are designed to meet the
needs of the upcoming type-II superlattice market.

InSb semiconductor properties were first reported in the early 1950s,6,7 and
it was soon discovered that InSb had the smallest energy gap among any
semiconductors known at that time, and naturally its application as an infrared
detector became obvious. The bandgap energy of 0.18 eV at room temperature
indicated that it would have a long wavelength limit of approximately 7 mm,
and when cooled with liquid nitrogen the gap increased to 0.23 eV, enabling it
to cover the entire MWIR region up to 5.5 mm (see Fig. 2.1).

GaSb is an intermediate-gap semiconductor, since its gap of 0.8 eV is
neither as wide as that of GaAs and InP nor as narrow as that of InAs and
InSb. GaSb is particularly interesting as a substrate material because it is lattice
matched to solid solutions of various ternary and quaternary III-V compounds
whose bandgaps cover a wide spectral range from 0.3 to 1.6 eV (i.e., 0.8–
4.3 mm), as shown in Fig. 2.1. GaSb (lattice constant ao¼ 6.0954 Å), AlSb
(ao¼ 6.1355 Å), and InAs (ao¼ 6.0584 Å), and their related compounds with
small x-composition (InxGa1 xSb, AlAsxSbl x, and GaAsxSbl x) form a nearly
lattice-matched family of semiconductors known as the 6.1 Å family because
the lattice constants of these materials are about 6.1 Å.
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2.1 Bulk Materials

In order to grow homogeneous and stoichiometric bulk and epitaxial single
crystals of binaries and ternaries, it is essential to understand the phase
diagrams of these materials. Phase diagrams of InSb and GaSb are
reproduced in Fig. 2.2. A minor deviation from a 1:1 In(Ga) to Sb ratio in
the melt still produces very nearly stoichiometric single crystals. When trying
to grow single crystals too far from a stoichiometric melt, several
complications can arise, including increased occurrence of twins, increased
defect density, and second phase precipitations.

The phase diagram of InSb is characterized by the presence of two
eutectics occurring at 0.8% and 68.2 at. % Sb. At the extreme left there exists a
phase consisting of pure In (a-phase) with a melting point of 154 °C. At the
extreme right is elemental Sb (g-phase) with a melting point of 630 °C.

Figure 2.1 Composition and wavelength diagram of semiconductor material systems
(adapted from Ref. 8).

Figure 2.2 Equilibrium phase diagrams of (a) InSb and (b) GaSb.
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As early as 1926, Goldschmidt synthesized GaSb and determined its
lattice constant.9 The phase diagram of this compound was determined
simultaneously by Koster and Thoma10 and Greenfield and Smith.11

Development of crystal growth techniques in the early 1950s led to bulk
single-crystal detectors.11 Since then, the quality of single-crystal growth has
improved immensely.5,12 Several methods have been developed, among which
the Czochralski, Bridgman, and vertical gradient freeze (VGF) methods are
the most popularly used.13 Every crystal growth method has advantages and
disadvantages. For commercial production, trade-offs need to be made to
maintain balance between crystal quality, desirable electrical and optical
properties, infrastructure investments and operational costs, etc. While the
quantity of III-V compound semiconductor materials produced by the
Czochralski method remains low when compared with more volume-oriented
crystal growth methods such as VGF, the substrate industry has met the
challenge to develop more volume-production-oriented approaches to crystal
growth and expanded the road map of advanced III-V device technologies
that are reliant on Czochralski-grown materials. For small-scale fundamental
research, much wider crystal growth methods can be suitably adopted based
on available infrastructure.

Currently, a modified Czochralski method is commercially used for InSb
and GaSb growth.14,15 Due to the low vapor pressure of Sb, there is no need
for a high-pressure vessel. Growth is carried out under dry, pure, inert gas that
helps in reducing the oxide scum formed on the top of the melt.

InSb single crystals are grown with relatively high purity and low dis-
location density; their ingot sizes have increased from small 2-inch ingots
pulled in the early 1980s through to today’s 4- to 5-inch boules that support
routine InSb substrate production, suitable for convenient handling and
photolithography. Recently, larger format (≥6 inch) InSb boule growth has
been successfully demonstrated.16

While smaller crystals that are low in weight (below 10 kg) can be grown
with relative ease, more-sophisticated and automated growth systems are
required to deliver large ingots. By precisely controlling the temperature
gradients, the rate of pulling, and the speed of rotation, it is possible to extract
a large, single-crystal, cylindrical boule from the melt.

Currently, IQE Infrared is a global market leader in the supply of
antimonide materials to the IR detector industry, with IQE’s US (Galaxy
Compound Semiconductors) and UK (Wafer Technology) operations. IQE
has the World’s largest antimonide wafer production capacity in the industry,
using multiple production tools (pullers), volume double-side polishing
platforms, and state-of-the-art product metrology.

Galaxy elaborated on the modified version of the Czochralski technique.
The growth starts with the highest-purity metals (Ga, In, and Sb), which are
placed in the growth crucible of the puller system. A surrounding inert
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atmosphere (H2 or N2) is typically implemented. At the beginning, the quartz
crucible is heated until melting and compound synthesis of the raw elements
occurs. To support the stoichiometric melt, fume-off of the more volatile Sb
element from the melt requires a steady addition of Sb to the melt as the boule is
pulled. If desired, tiny amounts of Te are added to the melt for n-type or
p-type extrinsic crystal doping. In the Czochralski method, the seed crystal of
either GaSb or InSb is rotated and slowly withdrawn from the melt, forming the
initial boule growth. To reduce boule dislocations, a crystal necking is
implemented. The final boule diameter and length are a function of the starting
crucible size, melt weight, and total time of the pulling process. Finally, the
boule must be slowly cooled in order to prevent slip or crystal cracking.

For commercial production of InSb, the majority of ingots are grown in
the (211) direction. Production of (100) InSb is possible, but difficulties are
encountered in the growth of this orientation type, and applications of (100)
InSb remain limited. Grown wafers are processed into epi-ready substrates
and characterized for bulk crystal quality, electrical properties, and
uniformity. The key surface quality characteristics of roughness (<0.5 nm rms),
oxide thickness (<100 Å), and flatness (total thickness variation <7 mm)
have been maintained across the production process that scale 4- to 6-inch
wafer formats.16 At present the ultrahigh-purity InSb bulk crystal’s carrier
concentration can be less than 1013 cm 3. Typical etch pit densities below
102 cm 2 are found for InSb, which is considered one of the lowest-defect-type
compound semiconductor materials available commercially.

Also, in the case of growth of GaSb single crystals from a melt, several
challenges must be overcome that require modifications of conventional
Czochralski equipment. Problems include controlling oxide scum on the melt
surface and evaporation of Sb from the melt surface. Initially, researchers
used liquid-encapsulated Czochralski growth, using molten B2O3 to prevent
water from reaching the surface as oxidation scum, and preventing Sb vapor
from escaping.17 This method is still in use today but presents its own set of
complications (the molten B2O3 causes melt contamination, changes in
surface tension and viscosity, significant alterations in the growth process, and
modification of the heat and energy flow at the melt meniscus). In addition,
since B2O3 is hygroscopic, extra care must be taken to keep it dry by vacuum
baking or bubbling with dry N2. Growth without encapsulant has been
revisited a number of times. GaSb crystals grown without encapsulant in a
hydrogen environment had reduced oxide formation, higher crystal quality,
and less twinning probability than encapsulated runs. Historical challenges
with Czochralski GaSb crystal growth are described in more detail in Ref. 18.

The majority of GaSb detector production relies on epitaxial growth using
3-inch-diameter substrates, with a small volume of 4-inch material consumed,
too. However, to bring GaSb substrate production technologies to the
same level of maturity as InSb, interests in 6-inch GaSb substrates for very
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large-area detector applications has recently emerged. Figure 2.3 shows the
evolution in GaSb boule size from 2- to 3-inch ingot up to the 4- to 7-inch
crystal that exceed 30 kg in charge size. From the largest size of ingot grown,
an average of 4� 7 inch and 10� 6 inch GaSb substrates can be cut from each
boule.

GaSb is intrinsically p-type, with hole carrier concentrations of �1017 cm 3

at room temperature. The residual hole concentration of GaSb bulk crystals is
about 2� 1016 cm 3. The intrinsic defect is mostly Ga antisite defects or
complexes of VGaGaSb providing acceptor sites. High resistivity or n-type
GaSb can be obtained by compensation doping with group VI elements such as
Te—the resulting crystal is characterized by a lower absorption coefficient in
comparison with undoped crystal.

The growth of type-II superlattice structures demands the flattest possible
substrates, especially where high strain contribution from the epitaxy
adversely affects flatness. A low level of bow and total thickness variation
must be maintained to secure effective photolithography processes, yielding
well-defined pixel features. In addition, array hybridization steps require flat
substrate, too, so that the connections between the pixels and readout
integrated circuits (ROICs) are effective with several numbers of outputs.
Typically, bow and total thickness variation parameters for bare 6-inch GaSb
substrate diameters are <10 mm. Additional wafer polishing is required to
deliver sub-5-mm specification. Common GaSb substrates show threading
dislocation densities of �103 to 104 cm 2.

Figure 2.3 Standard 2- to 3-inch (left) and large-format 4- to 7-inch (right) GaSb boules
manufactured by IQE Infrared (reprinted from Ref. 18).
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Recently, a research group of 5N Plus Semiconductors has achieved a
rapid-development cycle in fabrication of epi-ready 6-inch GaSb wafers,
leveraging their learning from the development of InSb and Ge crystal growth
projects.19 Figure 2.4 demonstrates a timeline for GaSb crystal growth using
an encapsulant-free Czochralski method and a modified puller, starting from
initial growth attempt, across images of several crystals, to the manufactured
wafers.

InAs single crystals of up to 100-mm diameter are being commercially
grown using a high-pressure, liquid-encapsulated Czochralski technique. pBN
crucibles and ultralow-water-content B2O3 encapsulation are being used. For
research purposes, InAs single crystals can be grown in vacuum-sealed
crucibles using a vertical Bridgman/vertical gradient freeze method. In the
latter case, an appropriately placed As reservoir inside the crucible and a
pressure vessel for providing counteracting pressure outside the crucible are
required during crystal growth.

Compared with other antimonide-based III-V compounds, little work has
been done on the investigation of AlSb. The large, high-quality AlSb single
crystals are rarely fabricated, and their surfaces react rapidly with air. AlSb
single crystals are not commercially available.

Due to the immiscible gap of multi-element antimonides, their growth
process is very immature and the ternary and quaternary antimonide bulk
crystal materials are rarely used.

Figure 2.4 Development timeline for GaSb crystal growth by 5N Plus Semiconductors
(reprinted from Ref. 19).
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The substitution of a fraction of antimony sites in InSb with isovalent
arsenic reduces the energy gap of InSb-InAs (InAs1 xSbx) to a value lower
than the energy gap of either of the parent binary compounds. Consequently,
InAs1 xSbx ternary alloy has the lowest energy gap among the III-V
semiconductors. A room-temperature energy gap in both 3- to 5-mm and
8- to 14-mm atmospheric wavelength windows can be achieved. However,
progress in this ternary system has been limited by crystal synthesis problems.
The large separation between the solidus and liquidus [see Fig. 2.5(a)] and the
lattice mismatch (6.9% between InAs and InSb) place stringent demands on
the method of crystal growth. These difficulties are being overcome
systematically using molecular beam epitaxy (MBE) and metal organic
chemical vapor deposition (MOCVD) growth methods.

Considering the Ga1 xInxSb (GaInSb) pseudobinary phase diagram
shown in Fig. 2.5(b), the separation between the solidus and liquidus curves
leads to alloy segregation. The vertical Bridgman or vertical gradient freezing
process is the most suitable method for growing large-diameter GaInSb bulk
crystals. The established process has been successfully demonstrated in
laboratory-scale experiments for growing GaInSb crystals (up to 50-mm
diameter) with a wide range of alloy compositions.

A wide spectrum of topics in materials that today’s engineers, material
scientists, and physicists need is included in a comprehensive treatise on
electronic and photonic materials gathered in the Springer Handbook of
Electronic and Photonic Materials.4

2.2 Epitaxial Layers

Until the early 1990s, difficulties in the preparation of single crystals and high-
quality epitaxial layers were the main obstacle in the rapid development of

Figure 2.5 Pseudobinary phase diagram for the (a) InAs-InSb and (b) GaSb-InSb systems.
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antimonide-based devices. The commonly used methods for preparation of
antimonide-based epitaxial layers are liquid phase epitaxy (LPE), MBE, and
MOCVD.

LPE is a relatively simple, high-quality technique, with less-expensive
epitaxial equipment (in comparison with MOCVD and MBE), and a high
utilization rate of the source material. It is particularly suitable for the
preparation of thick-film layers. Since the LPE technique is a near-
thermodynamic equilibrium growth method, it cannot be used for the growth
of metastable ternary and quaternary antimonide compounds with miscibility
gaps. The growth rate of LPE is generally higher than that of MOCVD and
MBE, and it changes from different substrate crystalline phases with the
typical growth rate of 100 nm/min to a few mm/min. The disadvantage of LPE
is that it cannot be used for precision-controlled growth of very thin epilayers,
especially superlattices, quantum-well devices, and other complex micro-
structure materials. Moreover, the morphology of LPE layers is usually worse
than that grown by MOCVD or MBE.

The era of MBE and MOCVD growth of III-V semiconductor materials
began in the early 1970s. It is not a simple matter to discern which epitaxial
growth technique is better, MBE or MOCVD. Each has specific merits in
specific device applications. Some generalizations about different classes of
techniques for III-V compounds are given in Table 2.1.20

MBE epilayer structures are grown on a heated substrate in an ultrahigh
vacuum (UHV) environment (base pressure �10 10 Torr), typically using
elemental sources. Materials are vaporized from high-temperature sources
(effusion cells) and subsequently transported toward the substrate in the form
of vapor without any chemical change. The temperature of the substrate is
independently controlled to facilitate layer-by-layer material incorporation to

Table 2.1 Comparison of MOCVD and MBE techniques (from Ref. 20).

Category Characteristics of MOCVD Characteristics of MBE

Technical High growth rate for bulk layers Fast switching for superior interfaces
Growth near thermodynamic equilib
rium; excellent quality/crystallinity

Able to grow thermodynamically forbidden
materials

Ability to explicitly control back
ground doping

No hydrogen passivation; no burn in inherent to
MOCVD
Uniformity easier to tune, largely set by reactor
geometry

Commercial Shorter maintenance periods Longer individual campaigns, less setup variability
More flexibility for source and reactor
configuration changes

Lower material cost/wafer

Higher safety risk, increasing scrutiny
of legislative bodies worldwide
Economic to idle; overhead cost scales
with run rate.

Overhead does not scale with run rate. Contri
bution per wafer increases with wafer volume.
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the substrate. The UHV environment ensures high material purity; in
addition, the inherently long mean-free paths result in directional elemental
beams—no carrier gas is required. More sophisticated layer structures
(quantum wells and superlattices) are deposited by shuttering. Due to
relatively high vapor pressures for group V materials, the valved sources are
typically used. Also, decomposition sources (e.g., GaTe for Te doping), gas
sources (e.g., CBr4 for C doping), and plasma sources (e.g., nitrogen plasma
for nitride applications) are used.

The growth rate in MBE is �1.0 monolayer per second; this slow rate
coupled with shutters placed in front of the crucibles allows one to switch the
composition of the growing crystal with monolayer control. The low
background pressure in MBE allows one to use electron beams to monitor
and calibrate the growing crystal. The reflection high-energy electron
diffraction (RHEED) technique relies on electron diffraction to monitor
both the quality of the growing substrate, the layer-by-layer growth mode,
and the III/V flux ratio determination. Because the growth occurs far from
thermodynamic equilibrium, MBE allows the ability to physically control the
interfaces by shutter sequence actuation with a precision of 0.1 s. However,
since the growth involves high vacuum, leaks can be a major problem. The
growth chamber walls are usually cooled by liquid N2 to ensure high vacuum
and to prevent atoms/molecules from dislodging from the chamber walls.

The MBE system is divided into three different temperature zones [see
Fig. 2.6(b)]: the effusion cells (where the species material is evaporated), the
gaseous region (close to the sample surface where molecular beams overlap
and stabilize), and the sample surface (where the epitaxial growth occurs). As
a result, the MBE system allows a low growth temperature since the substrate
temperature has influence only on the diffusion of atoms on the growth
surface, not on cracking the molecules.

MOCVD is another important growth technique widely used for
heteroepitaxy, quantum well structures, and superlattices. Like MBE, it is

Figure 2.6 MBE system: (a) a photograph of a Riber III-V system and (b) a schematic of
MBE growth.
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also capable of producing monolayer abrupt interfaces between semiconduc-
tors. The MOCVD epitaxial layer also grows on a heated substrate but in a
much different pressure regime than MBE (typically 15 to 750 Torr). A typical
MOCVD system is shown in Fig. 2.7.

There are several varieties of MOCVD reactors. In atmospheric
MOCVD, the growth chamber is essentially at atmospheric pressure. One
needs a large amount of gas for growth in this case. In low-pressure MOCVD,
the growth chamber pressure is kept low. The growth rate is then slowed
down, as in the MBE case.

The use of MOCVD equipment requires very serious safety precautions.
The gases used are highly toxic and a great many safety features have to be
incorporated to avoid any deadly accidents. Safety and environmental
concerns are important issues in almost all semiconductor manufacturing
since quite often one has to deal with toxic and hazardous materials.

Usually, the MOCVD technique uses more-complex compound sources,
namely metal-organic sources (e.g., tri-methyl or tri-ethyl Ga, In, Al, etc.),
hydrides (e.g., AsH3, etc.), and other gas sources (e.g., disilane). In contrast to
MBE, the growth of crystals is by chemical reaction and not physical
deposition. Mass flow controllers control the species deposited. In MOCVD,
the reactants are flowed across the substrate where they react, resulting in
epitaxial growth. In contrast to MBE, MOCVD requires the use of a carrier
gas (typically H) to transport reagent materials across the substrate surface.
Layered structures are achieved by valve actuation for differing injection ports
of a gas manifold. Both techniques (MBE and MOCVD) are preferred for the
formation of devices incorporating thermodynamically metastable alloys and
have become important processes in the manufacture of optoelectronics.

Figure 2.7 MOCVD system: (a) Aixtron III-V system and (b) a schematic of the MOCVD
growth employing alkyds—trimethyl gallium (TMGa) and trimethyl aluminium (TMAl)—and
metal hydride (arsine) material sources with hydrogen as a carrier gas. Chemical reactions
at the heated substrate deposits GaAs or AlAs.
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From the commercial side of consideration (see Table 2.1 and Ref. 20),

• the cost profiles for each technique are very different due to the specific
utility/overhead requirements for each:
– MOCVD overhead costs tend to scale with production volume, while
– MBE overhead is relatively fixed and does not scale with volume;
therefore,

• MOCVD wins in a situation of significant overcapacity (significant idle
time), and the opposite is true for MBE, which excels on a cost basis
when fully loaded;

• in terms of manufacturing uptime, the two techniques are very similar;
however,
– MBE downtime is concentrated in multiple-month periods when the
reactor is down, while

– MOCVD maintenance is a much more frequent but less time-
consuming occurrence; therefore,

• for MBE, long bake times are required each time the growth chamber
must be brought to atmospheric pressure for repairs;

• in contrast, MOCVD does not require such significant bake times
(MOCVD is able to recover more quickly from equipment failures).

The first epitaxial growth of antimonide thin film materials using
MOCVD was done in 1969 by Manasevit and Simpson, who used TMGa
and SbH3 (stibine) sources for growing GaSb films.21 At present, the
commonly used III-group metal-organic sources for antimonide-based
compounds are 3-methyl compound and 3-ethyl compound, such as TMGa,
TMIn, TMAl, TEGa, TEIn, etc.22,23 The commonly used V-group sources are
TMSb, AsH3, PH3, TMBi, RF-N2, etc.

Generally, antimonides are low-melting-point materials, and their growth
temperature is about 500 °C. It appears that the majority of III-group metal-
organic sources cannot be completely decomposed below 500 °C. Therefore,
new organic source materials with lower decomposition temperatures are
introduced, including TDMASb (trisdimethylaminoantimony), TASb (trial-
lyantimony), TMAA (trimethylamine alane), TTBAl (tritertiarybutylalumi-
num), EDMAA (ethyldimethylaminealane), etc. In the case of Al-containing
antimonide materials, carbon and oxygen contamination problems exist. It is
expected that this phenomenon is related to the lack of active hydrogen atoms
on the surface of epitaxial layers. Carbon is typically doped with p-type
impurities, which causes certain difficulties in the growing of n-type-doping,
Al-containing antimonide epitaxial layers.

The growth of semiconductor antimonides by MBE was first reported in
the late 1970s.24,25 In comparison with GaAs and other arsenides, the growth
of GaSb-based compounds is characterized by relatively low vapor pressures
of Sb, or, equivalently, by its high sublimation energy. Much of the published
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papers focus on GaSb and AlSb because they are nearly lattice matched to
each other and to InAs. The substrate temperature during the growth of GaSb
and AlSb is usually between 550 and 600 °C. MBE avoids the C-pollution
problem in Al-containing materials grown by MOCVD and greatly reduces
the concentration of O-doping. Most devices having complex fine structures
and low-dimensional structures (quantum wells, quantum wires, and quantum
dots) were first achieved using materials grown by MBE. It appears that
substrates whose surface orientation have a small angle offset (i.e., low-density
atomic step on the surface of the substrate) result in accessible high-quality
epitaxial layers.26

The growth of antimonide-based III-V epitaxial layers is usually
performed on InSb, InAs, and GaSb low-defect substrates. To overcome
the challenge of antimonides including on semi-insulating substrate materials,
the use of GaAs, and GaAs-coated Si substrates and other heterogeneous
substrate materials for epitaxy have attracted great attention. A variety of
substrate structures can be realized either by effecting gradual, continuous
compositional grading of thick epilayers, or by growing multilayers with
abrupt but incremental compositional changes between adjacent layers. In
infrared detector fabrications, both approaches can be combined with
selective removal of the seeding substrate and wafer-bonding techniques.
Low-defect-alloy substrates—with increased functionality and lattice con-
stants, and bandgaps significantly different from those available with binary
compound wafers (e.g., InAs or GaSb)—appear to be feasible.27

2.3 Physical Properties

Table 2.2 presents some physical properties of semiconducting families,
including narrow-gap semiconductors, used in fabrication of infrared
photodetectors. All compounds have diamond (D) or zincblende (ZB) crystal
structure. Moving across the table from the left to the right, there is a trend in
change of chemical bond from the covalent group IV-semiconductors to
more ionic II-VI semiconductors with increasing of the lattice constant. The
chemical bonds become weaker and the materials become softer as reflected
by the values of the bulk. The materials with larger contribution of covalent
bonds are more mechanically robust, which leads to better manufacturabi-
lity. This is evidenced in the dominant position of silicon in electronic
materials and GaAs in optoelectronics ones. On the other hand, the band
gap energy of semiconductors on the right side of the table tends to have
smaller values. Due to their direct band gap structure, strong band-to-band
absorption leading to high quantum efficiency is observed (e.g, in InSb and
HgCdTe).

The properties of narrow-gap semiconductors that are used as the material
systems for IR detectors result from the direct energy bandgap structure: a high
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density of states in the valence and conduction bands, which results in strong
absorption of IR radiation and a relatively low rate of thermal generation.
From the viewpoint of producibility, III-V materials offer much stronger
chemical bonds and thus higher chemical stability compared to HgCdTe.

The shape of the electron band and the light-mass hole band at the
Brillouin zone center is determined by the k·p perturbation theory. The
momentum matrix element varies only slightly for different materials and has
an approximate value of 9.0� 10 8 eVcm. Then, the electron effective masses
and conduction band densities of states are similar for materials with the same
energy gap.

These materials have a conventional negative temperature coefficient of
the energy gap, which is well described by the Varshni relation,28

EgðTÞ ¼ E0 þ
aT2

T þ b
, (2.1)

where a and b are fitting parameter characteristics of a given material.
Figure 2.8 shows the composition dependence of the energy gap and the

electron effective mass at the G-conduction bands of GaxIn1 xAs, InAsxSb1 x,
and GaxIn1 xSb ternaries.

Table 2.3 contains some physical parameters of the InAs, InSb, GaSb, and
InAs0.35Sb0.65 semiconductors.12,29 Among these, InSb has been investigated
most broadly. The temperature-independent portions of the Hall curves
indicate that most of the electrically active impurity atoms in InSb have
shallow activation energies and above 77 K are thermally ionized. The Hall
coefficient for p-type samples is positive in the low-temperature extrinsic

Figure 2.8 Variation of the bandgap energy and electron effective mass at the
G-conduction bands of GaxIn1–xAs, InAsxSb1–x, and GaxIn1–xSb ternary alloys at room
temperature.
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range and reverses sign to become negative in the intrinsic range because of
the higher mobility of the electrons (the mobility ratio b¼me/mh on the order
of 102 is observed). The transition temperature for the p-type samples, at
which RH changes sign, depends on the purity. The samples become intrinsic
above certain temperature (above 150 K for pure n-type samples); below these
temperatures (below 100 K for pure n-type samples), there is little variation of
Hall coefficients.

There are various carrier-scattering mechanisms in semiconductors, as
shown in Fig. 2.9 for InSb.30 Reasonably pure n-type and p-type InSb samples
exhibit an increase in mobility up to approximately 20–60 K, after which the
mobility decreases due to polar and electron–hole scattering. Carrier mobility
systematically increases with a decrease in impurity concentration both in
temperature 77 K as well as in 300 K.

In alloy semiconductors, the charged carriers see potential fluctuations
as a result of the composition disorder. This kind of scattering mechanism,

Table 2.3 Physical properties of narrow-gap III-V alloys.

T(K) InAs InSb GaSb InAs0.35Sb0.65

Lattice structure cub. (ZnS) cub. (ZnS) cub. (ZnS) cub. (ZnS)
Lattice constant a (nm) 300 0.60584 0.647877 0.6094 0.636
Thermal expansion coefficient a (10 6K 1) 300

80
5.02 5.04

6.50
6.02

Density r (g/cm3) 300 5.68 5.7751 5.61
Melting point Tm (K) 1210 803 985
Energy gap Eg (eV) 4.2

80
300

0.42
0.414
0.359

0.2357
0.228
0.180

0.822
0.725

0.138
0.136
0.100

Thermal coefficient of Eg 100 300 2.8� 10 4 2.8� 10 4

Effective masses:
m�

e∕m 4.2
300

0.023
0.022

0.0145
0.0116

0.042
0.0101

m�
lh∕m

m�
hh∕m

4.2
4.2

0.026
0.43

0.0149
0.41 0.28 0.41

Momentum matrix element P (eVcm) 9.2� 10 8 9.4� 10 8

Mobilities:
me (cm

2/Vs) 77
300

8� 104

3� 104
106

8� 104 5� 103
5� 105

5� 104

mh (cm
2/Vs) 77

300 500
1� 104

800
2.4� 103

880
Intrinsic carrier concentration ni (cm

3) 77
200
300

6.5� 103

7.8� 1012

9.3� 1014

2.6� 109

9.1� 1014

1.9� 1016

2.0� 1012

8.6� 1015

4.1� 1016

Refractive index nr 3.44 3.96 3.8
Static dielectric constant εs 14.5 17.9 15.7
High frequency dielectric constant ε` 11.6 16.8 14.4
Optical phonons:
Longitudinal optical (LO) (cm 1)
Transverse optical (TO) (cm 1)

242
220

193
185

�210
�200
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so-called alloy scattering, is important in some III-V ternaries and quaternaries.
Let us simply express the total carrier mobility mtot in alloy AxB1 xC as4

1
mtotðxÞ

¼ 1
xmtotðACÞ þ ð1 xÞmtotðBCÞ þ

1
mal,0∕½x∕ð1 xÞ� : (2.2)

The first term on the right side of Eq. (2.2) comes from the linear
interpolation scheme, and the second term accounts for the effects of alloying.

Because of the very small effective mass of electrons, the conduction
band density of states is small, and it is possible to fill the available
band states by doping, thereby appreciably shifting the absorption edge to
shorter wavelengths. This is referred to as the Burstein–Moss effect, which is
shown, for example, in Fig. 2.10 for n-type InSb with different electron
concentrations.31

The development of InAs1 xSbx ternary alloys has a long history. InAsSb
ternary alloy as an alternative to HgCdTe for IR applications was
demonstrated in the mid-1970s.32 A III-V detector technology would benefit
from superior bond strengths and material stability (compared to HgCdTe),
well-behaved dopants, and high-quality III-V substrates.

The properties of InAsSb were first investigated in the 1960s by Woolley
and co-workers, who established the InAs-InSb miscibility,33 the pseudobin-
ary phase diagram,34 scattering mechanisms,35 and the dependence of
fundamental properties such as bandgap36 and effective mass on composi-
tion.36,37 All of the above measurements were performed on polycrystalline

Figure 2.9 Electron mobility in n-type InSb at 300 K and 77 K versus free electron
concentration. The dashed lines denote the theoretical mobilities at 300 K for charged-
center, polar-optical, and acoustic-scattering modes. The experimental data are taken at
300 K (adapted from Ref. 30).
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samples prepared by various freezing and annealing techniques. A review of
the early-stage development of InAsSb crystal growth techniques, physical
properties, and detector fabrication procedures is presented in Rogalski’s
papers.38,39

Recently, the rapid development of InAs1 xSbx crystal growth techniques
and detector fabrication procedure has been observed due to a new
development in infrared detector design, called a barrier detector. The
electronic properties of this ternary alloy have been reconsidered in a wide
range of alloy compositions.40 44

The electronic properties of ternary alloys are commonly described with
the virtual crystal approximation (VCA) approach.45 In this model, the
disordered alloy is considered as an ideal crystal with an average potential
modelled by linear interpolation of the potentials of corresponding binary
compounds. The alloy bandgap depends nonlinearly on the composition and
is lower than the bandgap of binary compounds.

The nonlinearity of the composition dependence of the InAs1 xSbx ternary
alloy bandgap is described by the bowing parameter C as

EgðxÞ ¼ EgInSbxþ EgInAsð1 xÞ Cxð1 xÞ: (2.3)

Figure 2.10 Dependence of the optical absorption coefficient of InSb on photon energy
at 300 K. Carrier concentration: 1.9� 1016 cm–3 (1), 7.5�1017 cm–3 (2), 2.6� 1018 cm–3 (3),
and 6.0� 1018 cm–3 (4) (adapted from Ref. 31).
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Initial reports based on experimental data at temperatures above or near
100 K put the direct-gap bowing parameter in InAsSb at 0.58–0.6 eV.46

Theoretical considerations led to a higher projected bowing parameter of
0.7 eV, which was recommended by Rogalski and Jóźwikowski.47 More-
recent photoluminescence studies on unrelaxed MBE-grown InAs1 xSbx in a
wide range of compositions gave bowing parameters of 0.83 to 0.87.42,43

Figure 2.11 summarizes the experimental data and theoretical predictions of
the energy gap in the temperature range 4–77 K as was published in different
papers. Discrepancies in the Eg(x,T)-dependence can be caused by several
reasons, including structural quality of samples and CuPt-type ordering effect.
It is possible that the low-energy-gap data in earlier reports were masked by
electron filling of the conduction band, which would be due to background
doping as these samples were grown with various degrees of residual strain
and relaxation. High-quality unstrained, unrelaxed InAsSb epilayers have
been developed by using specially graded buffer layers, which accommodate
the large difference between the lattice constant of the substrate and alloy.
Electron diffraction patterns of unstrained InAsSb alloys, described in
Refs. 43 and 44, showed an ordering-free distribution of group V elements,
indicating that the observed energy gaps of ternary alloys are inherent (both
ordering and residual strain effects were eliminated). The described Eg(x,T)-
dependence indicates that conventional InAsSb has a sufficiently small gap at
77 K for operation in the 8- to 14-mm wavelength range and differs from that
previously described by Wieder and Clawson:48

Figure 2.11 Bandgap energy of InAs1–xSbx as a function of the Sb composition. The
experimental data are taken with different papers as indicated in the key.
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Egðx,TÞ ¼ 0.411
3.4� 10 4T2

210þ T
0.876xþ 0.70x2 þ 3.4� 10 4xTð1 xÞ:

(2.4)

It was found that the bandgap energy of the InAsSb ternary compound is
generally a square function of the composition and indicates a weak
dependence of the band edge on composition in comparison with HgCdTe
(see Fig. 2.1).

To obtain a good agreement between experimental room-temperature
effective masses and calculations, Rogalski and Jóźwikowski47 have taken
into account the conduction-valence-band mixing theory49 (see Fig. 2.12).
More recently, published low-temperature data, especially for the mid-
composition range, indicate lower electron effective masses. The estimated
negative bowing parameter for the electron effective mass is Cm¼ 0.038 and is
slightly less than expected from the Kane model (Cm¼ 0.045), reaching the
lowest effective mass (0.0082m0 at x¼ 0.63 and 4 K) ever reported for III-V
semiconductors. A possible reason for the effective mass value discrepancy,
shown in Fig. 2.12, is mixing of the conduction and valence band states caused
by the random potential due to alloy disorder.

Figure 2.13 summarizes the composition dependence of the spin–orbit
splitting energy D of InAs1 xSbx ternary alloy at 10 K. More-recently-
measured results of D(x) dependence by Cripps et al.50 are in strong
disagreement with the paper of Van Vechten et al. published in 1972.51

Figure 2.12 Dependence of electron effective mass on composition for the InAs1–xSbx
alloy system (data from Refs. 44 and 47).
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Almost no bowing for the D parameter as a function of x (Sb fraction) was
observed. A good approximation gives

DðxÞ ¼ 0.81xþ 0.373ð1 xÞ þ 0.165xð1 xÞ in eV: (2.5)

This spin–orbit splitting bandgap energy much more satisfactorily agrees
with measurements and is independent of temperature. However, the recently
measured composition and temperature dependence of the energy gap is
consistent with that predicted from the literature.

The intrinsic carrier concentration in InAsSb as a function of composition
x for various temperatures can be approximated by the following relation:47

ni ¼ ð1.35þ 8.50xþ 4.22� 10 3T 1.53� 10 3xT

6.73x2Þ� 1014T3∕2E3∕4
g exp

�
Eg

2kT

�
: (2.6)

For a given temperature, the maximum of ni appears at x� 0.63, which
corresponds to the minimum energy gap.

The first measurements of transport properties of n-type InAsSb alloys
were performed on samples prepared in the late 1960s by various freezing and
annealing techniques.35,52 The properties of high-quality InAsSb epitaxial
layers with x<0.35 manufactured by LPE are similar to those of pure InAs
(when n¼ 2� 1016 cm 3, typical mobilities are 30,000 cm2/Vs at 300 K and
50,000 cm2/Vs at 77 K). For InSb-rich alloys with x ≥ 0.90, typical mobilities
are 60,000 cm2/Vs at 300. When As is added to InAs1 xSbx alloys, the
background carrier concentration increases to a low 1017cm 3; instead, the
mobility first increases and then decreases by a factor of 1.5 to 2 for
temperatures decreasing from 300 to 77 K. At the current stage of

Figure 2.13 The composition dependence of the spin–orbit splitting energy of InAs1–xSbx
ternary alloy at T ¼ 10 K (data from Refs. 50 and 51). The dotted line indicates the zero
bowing behavior, which is consistent with the virtual crystal approximation.
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MBE-growth development, the background electron concentration in
InAs1 xSbx alloys with 40% Sb at 77 K is as low as 1.5� 1015cm 3.43

Chin et al. have calculated the electron mobility of InAsSb by considering
all of the possible scattering mechanisms: impurities, acoustic phonons,
optical phonons, alloy scattering, and dislocations.53,54 Comparison with
experimental results confirms that dislocation scattering has a strong effect on
transport, while alloy scattering limits mobility in ternary samples grown with
a minimum of defects (see Fig. 2.14).

The ternary alloy GaxIn1 xSb is an important material for the fabrication
of detectors designed for MWIR applications. The long-wavelength limit of
GaxIn1 xSb detectors has been tuned compositionally from 1.52 mm (x¼ 1.0)
at 77 K to 6.8 mm (x¼ 0.0) at room temperature. The bandgap energy of
InxGa1 xAsySb1 y at room temperature can be fitted by the relationship55

EgðxÞ ¼ 0.726 0.961x 0.501yþ 0.08xyþ 0.451x2

1.2y2 þ 0.021x2yþ 0.62xy2: (2.7)

The lattice-matching condition for GaSb imposes the additional constraint
that x and y are related as y¼ 0.867/(1–0.048x).

Figure 2.14 Compositional dependence of room-temperature electron mobility for a
carrier concentration of 1017 cm–3 with a compensation ratio of 0.2 and the effects of a
dislocation density of 3.8�108 cm–3 (reprinted from Ref. 54 with permission from AIP).
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2.4 Thermal Generation–Recombination Processes

The generation processes that compete against the recombination processes
directly affect the performance of photodetectors, setting up a steady-state
concentration of carriers in semiconductors subjected to thermal and optical
excitation and, frequently, determining the kinetics of photogenerated signals.
Generation–recombination (GR) processes in semiconductors are widely
discussed in the literature (see, for example, Refs. 56–58). We present here
only some carrier lifetime data directly related to the performance of
photodetectors. Assuming bulk processes only, there are three main thermal
generation–recombination processes to be considered with narrow-bandgap
semiconductors, namely, Shockley–Read, radiative, and Auger.

The statistical theory for the GR processes via intermediate centers was
developed first by Shockley and Read,59 and Hall.60 This type of
recombination is often called Shockley–Read–Hall (SRH) recombination. It
can be reduced by lowering concentrations of native defects and foreign
impurities, which can be achieved by low-temperature growth and by progress
in the purification of materials. Though a considerable research effort is still
necessary, the SRH process does not represent a fundamental limit to
photodetector performance; it can be reduced with progress toward purer
and higher-quality material, which is viable in the case of narrow-gap
semiconductors.

In the SRH mechanism, generation and recombination occur via energy
levels introduced into the forbidden energy gap by impurities or lattice defects.
As recombination centers they trap electrons and holes; as generation centers
they successively emit them. The rates of generation and recombination
depend on (1) the individual nature of the center and on its predominant
occupation state of charge carriers, and (2) the local densities of those carriers
in the bands of the semiconductor. In general, the transition rates via energy
levels for electrons and holes are quite different, thus causing different
lifetimes.

Radiative generation of charge carriers is a result of absorption of
internally generated photons. The radiative recombination is an inverse
process of annihilation of electron–hole pairs with emission of photons. For a
long time, internal radiative processes have been considered to be the main
fundamental limit to detector performance, and the performance of practical
devices has been compared to that limit. The role of the radiative mechanism
in the detection of IR radiation has been critically re-examined.61 63

Humpreys61 indicated that most of the photons emitted in photodetectors
as a result of radiative decay are immediately reabsorbed so that the observed
radiative lifetime is only a measure of how well photons can escape from
the body of the detector. Due to reabsorption, the radiative lifetime is
highly extended and dependent on the semiconductor geometry. Therefore,
internal combined recombination–generation processes in one detector are
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essentially noiseless. In contrast, the recombination act with cognate escape of a
photon from the detector, or generation of photons by thermal radiation from
outside the active body of the detector, are noise-producing processes. This may
readily occur for a case of a detector array, where an element may absorb
photons emitted by another detector or by a passive part of the structure.64

Deposition of the reflective layers (mirrors) on the back and side of the detector
may significantly improve optical insulation, preventing noisy emission and
absorption of thermal photons. It should be noted that internal radiative genera-
tion can be suppressed in detectors operating under reverse bias, where the
electron density in the active layer is reduced to well below its equilibrium level.65

As follows from the above considerations, the internal radiative processes,
although of fundamental nature, do not essentially limit the ultimate perfor-
mance of infrared detectors, especially LWIR devices.66

Auger mechanisms dominate generation and recombination processes in
high-quality narrow-gap semiconductors such as Hg1 xCdxTe and InSb at near-
room temperatures. The Auger generation is essentially the impact ionization
by electrons of holes in the high-energy tail of Fermi–Dirac distribution.

The band-to-band Auger effects are classified in several processes
according to related bands. In Fig. 2.15 we show the three most important
mechanisms in the case of this type of band structure. The three mechanisms
have the smallest threshold (ET�Eg) and the largest combined density of
states. The CHCC recombination mechanism (also labeled Auger 1) involves
two electrons and a heavy hole and is dominant in n-type material. The
CHLH process (labeled Auger 7) is dominant in p-type material if the
spin split-off band can be ignored. For materials such as InSb and
HgCdTe where the spin split-off energy D is much larger than the bandgap
energy Eg, the probability of the Auger transition through the conduction

Figure 2.15 The three band-to-band Auger recombination processes. Arrows indicate
electron transitions; solid circle – occupied state; and circle – unoccupied state.
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band/heavy-hole band/spin split-off band mechanism (called CHSH or
Auger S hereafter) may be negligibly small in comparison with that of the
CHLH Auger transition. The spin split-off band plays a far more important
role than the light-hole band for direct-bandgap materials, especially when
the bandgap energy Eg approaches the spin–orbit splitting D (as in the case
of InAs and InAsSb).

By the late 1950s and early 1960s several papers had been published on
the photoconductive lifetime of InSb and InAs. Since then, the quality of
single-crystal growth and fabrication technology has improved immensely.
Pines and Stafsudd67 have presented the photoconductive lifetime of a high-
quality state-of-the-art n-type InSb ingot. The measured photoconductive
lifetime is the parallel combination of the SRH photoconductive lifetime
t0pc¼ (meteþmhth)/(meþmh) (when the lifetimes of the electron and hole
are not equal), the Auger lifetime tA1, and the radiative lifetime tR, and is
given by tpc¼ (1/tA1þ 1/tR þ 1/t0pc)

1.
Figure 2.16(a) shows the photoconductive lifetime as a function of inverse

temperature for various impurity electron concentrations and for the density
of the recombination centers: 8� 1013 cm 3. The SRH photoconductive
lifetime is predominant in extrinsic temperatures up to 250 K, but above that
temperature, the Auger 1 lifetime becomes the limiting lifetime. At higher
temperatures (T > 200 K), the parallel combination of the SRH photocon-
ductive lifetime and the Auger lifetime is presented by a broken line.
Measured photoconductive lifetime data from work by Hollis et al.68 are also
presented in Fig. 2.16(a). At temperatures below 130 K the electron and hole
lifetimes obey the expression for the SRH recombination process:

Figure 2.16 Carrier lifetime in InSb: (a) photoconductive and Auger lifetime in n-type
material for various impurity concentration (adapted from Ref. 67) and dependence of the
carrier lifetime on doping concentration for (b) n-type and (c) p-type materials (reprinted from
Ref. 69).
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th ¼
4.4� 108

Nd
, (2.8)

where Nd is the doping concentration. This lifetime dependence on doping has
been observed in a number of different samples fabricated at different
laboratories.67 74 The electron and hole lifetimes are equal because in n-type
material there is a single set of recombination centers. To explain the
recombination process in the extrinsic temperature range, Pines and Stafsudd65

have presented a two-step recombination model in which a dipole moment
interaction potential and a Coulomb interaction potential are involved.

Figures 2.16(a) and 2.16(b) give additional insights into carrier lifetime
recombination mechanisms in InSb. As seen from Fig. 2.16(b), the Auger 1
process is dominant at the electron concentration n>4� 1015 cm 3, whereas
at n<1� 1015 cm 3 the carrier lifetime is determined by the radiative
mechanism. In p-type InSb material the radiative recombination is dominant
at the concentration p<5� 1015 cm 3 [see Fig. 2.16(c)]. The observed scatter
of experimental data in samples with approximately the same concentration of
carriers can be attributed to SRH recombination, as is especially observed for
p-type material.70 In p-type InSb at 77 K, hole and electron lifetimes are far
different, te being less than 10 9 s, and th being equal to about 109/po, where po
is the equilibrium hole concentration. This behavior is attributed to the
presence of donor-like recombination centers situated at about 0.05 eV above
the valence band and possibly a second deeper level.70,71 The values of the
carrier lifetimes in samples investigated earlier (see, e.g., closed triangle
according to Ref. 70) were lower than those obtained today. Thus, the relation
between the improvement in technology of InSb and the increase in the carrier
lifetime is clearly seen from experimental data shown in Figs. 2.16(b,c).

InSb detectors have usually been restricted to operating temperatures
ranging from 77 K to 90 K. This limitation is mainly due to the small
generation lifetimes that result from impurities and defects in the crystal
lattice of available bulk material. It has been found that these impurities and
defects can be greatly reduced by growing epitaxial layers of InSb on InSb
wafers by LPE72 and MBE.73 Despite the fact that a significant reduction in
impurities and defects in InSb has been achieved by the use of epitaxial growth
techniques, the SRH lifetime of InSb has remained at �1 ms for 50 years.

Figure 2.17 shows the experimental and calculated dependences of the
carrier lifetime on doping concentration in n-type and p-type InAs binary
compound. The contribution of the radiative mechanism increases with an
energy gap increase and a temperature decrease. As a result, at a low
temperature (T¼ 77 K) the experimental data for n-type InAs are well
described by the radiative recombination mechanism. As the temperature
increases, the Auger recombination comes to the fore [see Figs. 2.17(b) and
2.17(c)].
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In the calculations of the influence of the Auger S process, the spin–orbit
splitting energy D(x) (after Van Vechten et al. published in 1972) has been
assumed. A recently published paper indicates, however,50 that the influence
of spin-off bandgap energy D(x) on carrier lifetime in p-type InAs1 xSbx
ternary alloy should be re-examined due to new insights into the composition
dependence of D(x). Assuming new experimental data for D(x), the predicted
influence of the Auger S process is important in InAs1 xSbx alloys close to
InAs—in the composition range 0 ≤ x ≤ 0.15. This means that InAsSb devices
have lower Auger S nonradiative losses than were predicted previously.76 This
correction has important implications for interpretation of the performance of
p-type InAsSb-based photodiodes.
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Chapter 3

Type-II Superlattices

Since their initial proposal by Esaki and Tsu1 and the advent of MBE, the
interest in semiconductor superlattices (SLs) and quantum well (QW)
structures has continuously increased over the years, driven by technological
challenges, new physical concepts and phenomena, as well as promising
applications. A new class of materials and heterojunctions with unique
electronic and optical properties has been developed. Here we focus on
antimonide-based type-II superlattices, which involve infrared excitation of
carriers and can be realized in several material systems.

The physical properties of the respective quantum well structures are
strongly determined by the band discontinuities at the interface, i.e., the band
alignment. An abrupt discontinuity in the local band structure is usually
associated with a gradual band bending in its neighborhood, which reflects
space-charge effects. The conduction- and valence-band discontinuities
determine the character of carrier transport across the interfaces; therefore,
they are the most important quantities that determine the suitability of present
SLs or QWs for IR detector purposes. The presence of an additional SL
periodic potential changes the electronic spectrum of a semiconductor in such
a manner that the Brillouin zone is divided into a series of mini-zones, giving
rise to narrow subbands separated by minigaps. Thus, SLs possess new
properties not exhibited by homogeneous semiconductors. Surprisingly, the
corresponding values for the band discontinuities of the conduction band DEc

and the valence band DEv cannot be obtained by simple considerations. Band
lineups based on electron affinity do not work in most cases when two
semiconductors form a heterostructure. This is because of subtle charge-
sharing effects that occur across atoms on the interface. There have been a
number of theoretical studies that predict general trends in how bands line
up.2 4 However, the techniques are quite complex and heterostructure designs
usually depend on experiments to provide line-up information.5 7 It must be
taken into account that electrical and optical methods do not measure the
band offsets themselves but instead measure the quantities associated with the
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electronic structure of the heterostructure. The band offset determination
from such experiments requires an appropriate theoretical model.

In dependence on the values for the band discontinuities, known
heterointerfaces can be classified into four groups: type I, type II-staggered,
type II-misaligned, and type III, as shown in Fig. 3.1.

Type I occurs for systems such as GaAs/AlAs, GaSb/AlSb, strained-layer
structure GaAs/GaP, and most II-VI and IV-VI semiconductor structures
with a nonzero bandgap. The sum of DEc and DEv is seen equal the bandgap
difference Eg2 – Eg1 of the two semiconductors. The electrons and holes are
confined in one of the semiconductors that are in contact. Such types of SLs
and multiple quantum wells (MQWs) are preferentially used as effective

Figure 3.1 Various types of semiconductor SL and multiple-quantum-well structures:
(a) type-I structure; (b) type-II-staggered structure; (c) type-II-misaligned structure; and
(d) type-III structure (adapted from Ref. 8).
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injection lasers, in which the threshold currents can be made much lower than
those of heterolasers.

Type-II structures can be divided into two groups: staggered [Fig. 3.1(b)]
and misaligned, also called broken-gap [Fig. 3.1(c)] structures. Here it is seen
that DEc – DEv equals the bandgap difference Eg2 – Eg1. The type-II-staggered
structure is found in certain superlattices of ternary and quaternary III-Vs,
where the bottom of the conduction band and the top of the valence band of
one of the semiconductors are below the corresponding values of the other
(e.g., as in the case of InAsxSb1 x/InSb, In1 xGaxAs/GaSb1 yAsy structures).
As a consequence, the bottom of the conduction bands and the top of the
valence bands are located in opposite layers of SLs and MQWs, so the spatial
separation of confined electrons and holes takes place.

The type-II-misaligned structure is an extension of this, in which the
conduction band states of semiconductor 1 overlap the valence band states of
semiconductor 2. This has been established as occurring, for example, in InAs/
GaSb, PbTe/PbS, and PbTe/SnTe systems. Electrons from the GaSb valence
band enter the InAs conduction band and produce a dipole layer of electron
and hole gas, as shown in Fig. 3.1(c). With smaller periods of SLs or MQWs it
is possible to observe the semimetalic-to-semiconductor transition and to use
such systems as photosensitive structures, in which the spectral responsivity
range can be changed by the thickness of the components.

Type-III structures are formed from one semiconductor with a positive
band gap, e.g., Eg¼EG6 EG8 > 0 (such as CdTe or ZnTe), and one
semiconductor with a negative bandgap, e.g., Eg¼EG6 EG8 < 0 (such as
HgTe-type semiconductors). At all temperatures the HgTe-type semiconduc-
tors behave like semimetals since there are no activation energies between the
light- and heavy-hole states in the G8 band [see Fig. 3.1(d)]. This type of
superlattice can not be formed with III-V compounds.

3.1 Bandgap-Engineered Infrared Detectors

Figure 3.2 shows the bandgap diagrams of three basic types of superlattices
used in infrared detector fabrications: type I, type II, and type III.

Type-I superlattices consist of alternating thin wider-bandgap layers of
AlGaAs and GaAs. Their bandgaps are approximately aligned—the valence
band (with symmetry of G8) of one does not overlap the conduction band (with
symmetry of G6) of the other. Various forms exist, but generally the device is a
majority photoconductor with infrared absorption achieved by transitions
between the energy levels induced in the conduction band by dimensional
quantization. The AlGaAs layers are very thick barriers that inhibit excess
current, such as tunneling through the superlattice. Absorption coefficients of
quantum well infrared photodetectors (QWIPs) are typically very small, and
ingenious tricks must be employed to efficiently couple incident normal
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radiation into the structure due to selection rules for the optical transitions. The
advantages of AlGaAs/GaAs QWIP architecture are: foundry materials
technology, design complexity capability, and low 1/f noise. The disadvantages
are: high dark current, low quantum efficiency, and low operating temperatures.

Type-II superlattices, a representative of which is the InAs/GaSb
superlattice, are similar to type I with the exception of overlapping conduction
and valence bands in adjacent bands. A type-II superlattice utilizes the
quantized levels associated with the conduction band of one layer and the
valence band of the adjacent layer. The electron and hole levels are separated
in real space, and transitions only occur in spatial regions in which the wave
functions of the carriers overlap. To provide suitable absorption, the
extremely thin layers are used. The enhancement of absorption can be
achieved by the additional introduction of lattice misfit and strain between
alternating layers.

In a type-III superlattice the alternating layers are of different conduction
and valence band symmetry. The architecture is essentially that of the type I
except for the use of a semimetal instead of a semiconductor alternated with a
semiconductor barrier layer. However, in this case the thickness of the
semimetal layer determines a system of 2D quantized levels in both the
conduction and valence bands. Conduction of electrons and holes occurs via
tunneling through the thin barrier layers of the superlattice.

Type-II and type-III superlattices are essentially minority-carrier intrinsic
semiconductor materials. Their absorption coefficients of IR radiation are
similar to direct-bandgap alloys, and their effective masses are larger than
those associated with a direct-bandgap alloy of the same bandgap.

Summarizing, the advantages of type-II and type-III superlattices are
direct-bandgap absorption, large effective masses, and reduced Auger
generation (this is especially the case for type-II InAs/GaSb superlattices
due to space-charge separation). The disadvantages of type-III superlattices

Figure 3.2 Bandgap diagrams of three basic types of superlattices designated for infrared
detector applications (adapted from Ref. 9).
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are surface passivation and layer interdiffusion at typical processing
temperatures. Also, surface passivation is a serious issue for type II
superlattices. However, the main drawback of type-II superlattices is short
SRH lifetimes.

3.2 Growth of Type-II Superlattices

When the constituent materials are rather closely lattice matched, it is possible
to design an electronic type-II SL or MQW band structure by controlling only
the layer thickness and the height of the barriers. But it is also possible to grow
high-quality III-V type-II SL (T2SL) devices with reduced conduction–
valence bandgap for IR detector applications, in which a QW layer can be
controlled on the atomic scale, too, but with a significantly different lattice
constant of the well material compared to the barrier material, which gives
additional opportunities to design the electronic band structure by deforma-
tion potential effects.10 12 A schematic of the typical strained-layer super-
lattice (SLS) structure is given in Fig. 3.3. The thin SLS layers are
alternatively in compression and tension so that the in-plane lattice constants
of the individual strained layers are equal. The entire lattice mismatch is
accommodated by layer strains without the generation of misfit dislocations if
the individual layers are below the critical thickness for dislocation
generation. Since misfit defects are not generated in SLS structures, the SLS
layer can be of sufficiently high crystalline quality for a variety of scientific
and device applications. Strain can change the bandgaps of the constituents

Figure 3.3 Strained-layer superlattice: (a) schematic of the fabrication and (b) the biaxial
strain-induced shifts of the out-of-growth-plane energies of the valence and conduction
bands.
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and split the degeneracy of heavy- and light-hole bands in such a way that
these changes and band splitting can lead not only to energy level reversals in
the SL electronic band structure but also to appreciable suppression of
recombination rates of photoexcited carriers.13 In such systems the
conduction–valence bandgap can be made much smaller than that in any
III-V alloy bulk crystals.14 For example, Fig. 3.3(b) shows the effect of biaxial
strain in a tetrahedrally coordinated, direct-bandgap semiconductor. The out-
of-plane conduction, light-hole, heavy-hole, and split-off band energies are
shown for different biaxial strain components. As a result, e.g., in a InAsSb/
InSb SLS system, the bandgap of small bandgap component (InAsSb) is
decreased, and the bandgap of the InSb layers is increased. Therefore, from
the effects of strain alone, InAsSb can potentially absorb at longer
wavelengths than InAsSb alloys.

Type-II band alignment and some of its interesting physical behavior were
originally suggested by Sai-Halasz, Tsu, and Esaki in 1977.15 Soon after that,
they reported the optical absorption of type-II superlattices16 and their
semimetal behavior,17 and the potential use of this system in IR optoelectronics
was recognized.

Progress in the growth of InAs/InAsSb SLSs by both MBE and MOCVD
has been observed since 1984, when Osbourn showed in theoretical work that
strain effects were sufficient to achieve wavelength cutoffs above 12 mm at
77 K.10 The first decade’s worth of efforts in development of epitaxial layers are
presented in Rogalski’s monograph.18 Difficulties have been encountered in
finding the proper growth conditions, especially for SLSs in the middle region of
composition.19 21 This ternary alloy tends to be unstable at low temperatures,
exhibiting miscibility gaps, and this can generate phase separation or clustering.
Control of alloy composition has been problematic, especially for MBE. Due to
the spontaneous nature of CuPt orderings, which result in substantial bandgap
shrinkage, it is difficult to accurately and reproducibly control the desired
bandgap for optoelectronic device applications.22

Although InAsSb T2SL structures were successfully demonstrated in the
1990s,23 they were set aside as potential infrared detector materials in favor of
the InAs/InGaSb SL. Recently, new impact on their development have been
observed24 due to limits of InAs/InGaSb detector performance (short carrier
lifetime and reduced quantum efficiency).

MBE is the best technique for the growth of antimonide-based
superlattices due to its unique advantages. These advantages are described
in Section 2.2. In the case of the InAs/GaSb superlattice, these structures
contain InSb interfaces, which have weak bonds and a low melting point.
For these reasons, growth is restricted to a temperature range between 390
and 450 °C. This growth condition is not possible in MOCVD since the
substrate susceptor requires much higher temperatures to crack metalor-
ganic sources.
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Antimonide-based superlattices are grown by MBE using standard metal
effusion cells for Ga and In, and valved cracker cells for As and Sb. According
to Ref. 24, in order to minimize cross contamination of the anion fluxes, the
V/III flux ratio is set at a minimum of three for both the InAs and GaSb
depositions. Growths are performed primarily on 2-inch GaSb (100) epiready
wafers (both n-type and p-type) with rates typically about 1 Å/s for GaSb and
InGaSb and lower for InAs. To strain balance the lattice-mismatched InAs,
controlled InSb-like interfaces are used. The SL stack has a thickness of several
microns, and the GaSb buffer layer is on the order of one micron thick.

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 FPA arrays. Recently, interest in 6-inch GaSb substrates for very
large-area detector applications has emerged.

The structural parameters of the samples, such as SL period, residual
strain, and individual layer thickness, can be confirmed by high-resolution
transmission electron microscopy (HRTEM) and high-resolution x-ray
diffraction (HRXRD) measurements. For example, Fig. 3.4 shows a HRTEM
image of the individual layers in the SL near the substrate region, where
the In0.25Ga0.75Sb and InAs layers appear dark and bright, respectively. From
these images the average SL period was determined to be 67.6 ± 0.3 Å, with an
average layer thickness of 24.1 ± 1.6 Å for InAs and 44.1 ± 1.2 Å for
In0.25Ga0.75Sb.

The residual background carrier concentration of SL structures has
influence on the photodiode performance (the depletion width and the

Figure 3.4 A HRTEM image of the first few layers in the InGaSb/InAs SL near the GaSb
substrate (reprinted from Ref. 24).
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minority-carrier response). Therefore, reduction of the background carrier
concentration is a major task in the optimization of the growth conditions.

InAs/InAsSb SLs have been grown both by MBE and MOCVD on GaSb
substrates. MOCVD growth of these SLs are more suitable than growth of
InAs/GaSb SLs. It appears that InAsSb-based SLs are strain balanced simply
by the layer thicknesses without any interfacial control.25 The substrate
growth temperature is similar to that used in fabrication of InAs/GaSb SLs.

3.3 Physical Properties

The 6.1-Å III-V semiconductor family plays a decisive role in offering new
concepts for high-performance IR detectors connected with high design
flexibility, direct energy gaps, and strong optical absorption. This family is
formed by three semiconductors of an approximately matched lattice constant
of around 6.1 Å—InAs, GaSb, and AlSb—with the low-temperature energy
gaps ranging from 0.417 eV (InAs) to 1.696 eV (AlSb).26 Like other
semiconductor alloys, they are of interest principally for their heterostructures,
especially combining InAs with the two antimonides (GaSb and AlSb) and
their alloys. This combination offers a band alignment that is drastically
different from that of the more widely studied AlGaAs system; in fact, the
flexibility in the band alignment that forms is one of the principal reasons for
the interest in the 6.1-Å family. The most exotic band alignment is that of
InAs/GaSb heterojunctions, which is identified as broken-gap alignment. At
the interface, the bottom of the conduction band of InAs is located below the
top of the valence band of GaSb by about 150 meV. In such a heterostructure,
with partial overlapping 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 tunneling-assisted radiative recombination transitions
and transport properties. As illustrated in Fig. 3.5, with the availability of
type-I (nested, or straddling), type-II-staggered, and type-II-broken-gap
(misaligned) 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.

The band alignment of the T2SL shown in Fig. 3.6(a) creates a situation in
which the energy bandgap of the superlattice can be adjusted to form either a
semimetal (for wide InAs and GaInSb layers) or a narrow-bandgap (for
narrow layers) semiconductor material. The resulting energy gaps depend on
the layer thicknesses and interface compositions. In reciprocal k-space, the
superlattice is a direct-bandgap material that enables optical coupling, as
shown in Fig. 3.6(b). Unlike an AlGaAs/GaAs superlattice, the electrons in an
InAs/GaSb T2SL are confined in InAs, while holes are confined in GaSb.
Since the layers are thin, the overlap of electron and hole wave functions in
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InAs and GaSb, respectively, forms electron and hole minibands. The
bandgap of the SL is determined by the energy difference between the electron
miniband C1 and the first heavy-hole state HH1 at the Brillouin zone center,
and can be varied continuously in a range between 0 and about 400 meV. One
advantage of using a T2SL is the ability to fix one component of the material
and vary the other to tune the wavelength. An example of the wide tunability
of SLs is shown in Figs. 3.6(c) and (d).

Remarkable theoretical modeling efforts have also been reported in
calculating the T2SL band structure.29 Several methods such as the k·p
method,30 33 effective bond-orbital method,34 the empirical tight-binding
method,27 and the empirical pseudopotential method (EPM),25 40 have
been considered, and a reasonable agreement between the predictions from
each method has been achieved. From theoretical modeling results it can
be concluded that:

• the bandgap is defined as the gap between the bottom of the lowest
electron miniband (C1) and the top of the highest hole miniband (HH1),
as is shown in Fig. 3.6(a);

• depending on the layer thickness, C1 can be located anywhere between
conduction bands of InAs and GaSb, while HH1 can be anywhere
between the valence bands of GaSb and InAs;

• theoretically, the bandgap can be varied continuously in a range from 0
to about 400 meV;

Figure 3.5 Schematic illustration of the low-temperature energy band alignment in the
nearly 6.1-Å lattice-matched InAs/GaSb/AlSb material system. Three types of band
alignment are available in this material system: type-I (nested) band alignment between
GaSb and AlSb, type-II-staggered alignment between InAs and AlSb, and type-II-misaligned
(or broken-gap) alignment between InAs and GaSb. The approximate values of band offsets
are marked.
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• transitions between electron and hole bands are indirect;
• the hole effective mass is extremely high in the growth direction, while
the electron effective mass is slightly heavier than that of InAs and
weakly dependent on the T2SL design; and

• the hole mobility in the growth direction is extremely low.

Figure 3.7 shows the EPM-calculated variation of the C1 and HH1 band
positions of (InAs)NGaSbN T2SLs, where N is the layer thickness in
monolayers (MLs). The InAs conduction band set at 0 meV as the reference
level. It is clearly shown that the C1 band is more sensitive to layer thickness
than the HH1 band. The thickness of the GaSb layers has a minimal effect on
the T2SL bandgap because of the large value of the GaSb heavy-hole mass
(�0.41 mo); however, the thickness of the GaSb has a significant effect on the
conduction band dispersion due to tunneling of the InAs electron wave

Figure 3.6 InAs/InGaSb strained-layer superlattice: (a) band edge diagram illustrating the
confined electron and hole minibands that form the energy bandgap; (b) band structure with
direct bandgap and absorption process in k-space; (c) experimental data of type-II InAs/
GaSb SLS-cutoff-wavelength change with InAs thickness while GaSb is fixed at 40 Å
(reprinted from Ref. 27); and (d) change in cutoff wavelength with change of InAs and GaSb
monolayers for InAs/GaSb SLSs (reprinted from Ref. 28).
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functions through the GaSb barriers. Similar GaSb layer thickness creates
similar values for the conduction band effective mass in the superlattice
direction. It should be noted that changing the layer thickness requires a good
understanding of the effects of strain on the material quality since InAs is not
lattice matched to GaSb.

An additional important observation on the InAs/GaSb T2SL is the
blue-shift of the bandgap,30,37,38 which can be explained by much higher
broadening of the C1 band compared to the HH1 band. The HH1 band shifts
very slowly when the layer thickness is changed. The calculation also indicates
that the T2SLs designated for long-wavelength absorption exhibit a higher
HH1–LH1 gap compared to their bangaps.

The basic properties of artificial InAs/GaSb T2SL material supported by
simple theoretical considerations are given by Ting et al.41 These properties
may be superior to those of the HgCdTe alloys and are completely different
from those of constituent layers.

The SL band structure reveals important information about carrier
transport properties. The C1 band shows strong dispersion along both the
growth z and in-plane direction x, whereas the HH1 band is highly anisotropic
and appears nearly dispersionless along the growth (transport) direction. The
electron effective mass along the growth direction is quite small and even
slightly smaller than the in-plain electron effective mass. The values estimated
by Ting et al.41 for LWIR SL material (22 ML InAs/6 ML GaSb) are as
follows: mx�

e ¼ 0.023m0, mz�
e ¼ 0.022m0, mx�

HH1 ¼ 0.04m0, and mz�
HH1 ¼

1055m0. The SL conduction band structure near the zone center is
approximately isotropic, as opposed to the highly anisotropic valence band
structure. For this reason we would expect very low hole mobility along
the growth direction, which is unfavorable in detector design for LWIR
FPAs.41 The estimation of effective masses for MWIR SL material

Figure 3.7 (a) Calculated HH1 and C1 band positions for InAs/GaSb SLs with equally thick
InAs and GaSb layers (VB – valence band). (b) Variation of the bandgap with layer thickness
(adapted from Ref. 40).
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(6 ML InAs/34 ML GaSb) is:40 mx�
e ¼ 0.173m0, mz�

e ¼ 0.179m0, mx�
HH1 ¼

0.0462m0, and mz�
HH1 ¼ 6.8m0.

The effective masses are not directly dependent on the bandgap energy, as
is the case in a bulk semiconductor. The electron effective mass of InAs/GaSb
SL is larger compared to m�

e ¼ 0.009m0 in HgCdTe alloy with the same
bandgap (Eg� 0.1 eV). Thus, diode tunneling currents in the SL can be
reduced compared to the HgCdTe alloy.

Electronic transport properties of T2SLs are anisotropic. Although in-
plane mobilities drop precipitously for thin wells, electron mobilities
approaching 104 cm2/Vs have been observed in InAs/GaSb SLs with layers
less than 40-Å thick. Among the possible low-temperature scattering
mechanisms, two are particularly important for superlattices: interface
roughness scattering and alloy scattering. Alloy scattering of carriers is
shown not to be a factor in electronic transport—it can be concluded that
there are no disadvantages to incorporating indium into the GaSb layers.
Theoretical modeling indicates that the electron mobility perpendicular to the
SL layer is nearly equal to the in-plane mobility in the low-temperature range
and decreases to a greater degree with temperature increase (see Fig. 3.8).24 It
should be mentioned that vertical transport in the photodiode structure has an
important influence on IR detector performance.42

Since the hole mobility is much lower than the electron mobility, by
keeping electrons as minority carriers, higher photodetector performance can
be expected compared to the performance when holes are minority carriers.

InAs/InAs1 xSbx SLs are a viable alternative to the well-studied
InAs/Ga1 xInxSb SLSs; however, InAs/InAs1 xSbx SLs have been less studied.
Steenbergen et al.43 have reviewed the band-edge alignment models for

Figure 3.8 Comparison of the calculated horizontal and vertical electron mobilities with the
measured horizontal mobility as a function of temperature for the 48.1-Å InAs/20.4-Å GaSb
SL (reprinted from Ref. 24).
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InAs-InAs1 xSbx systems and considered different types of heterojunctions.
Figure 3.9 shows three possible band alignments between InAs and InAs1 xSbx,
including two type-II band alignments—one with the InAs conduction band
higher in energy than the InAsSb conduction band, and the other with the
InAsSb conduction band higher in energy than the InAs conduction band.

Klipstein et al. have demonstrated accurate simulation of experimental
absorption spectra for both InAs/GaSb and InAs/InAsSb T2SLs.31 33 Results
are gathered in Fig. 3.10 for both mid-wavelength and long-wavelength

Figure 3.9 Three possible band alignments between InAs and InAs1–xSbx.

Figure 3.10 Measured and calculated absorption spectra for (a) MWIR InAs/GaSb and
InAs/InAsSb T2SLs and (b) LWIR InAs/GaSb T2SL (reprinted from Ref. 33).
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material systems. The strong peak below 3 mm is due to the zone boundary
HH2→C1 transitions. Note that this peak is much stronger than the longer-
wavelength zone center LH1→C1 transition (at�3.4 mm). The main features
of the experimental spectrum of a 12.8 ML/12.8 ML InAs/InAsSb SL are
reproduced by theoretical calculations shown in Fig. 3.10(a). We can see that
the absorption coefficient of the InAs/InAsSb SL near the cutoff wavelength is
weaker than that of the InAs/GaSb SL.

Recently, Vurgaftman et al.44 have calculated the absorption spectra and
compared these data to the measured data for LWIR T2SLs and bulk
materials (HgCdTe and InAsSb) with the same energy gap (see Fig. 3.11).
Absorption coefficients for bulk HgCdTe and InAsSb are very similar,
reflecting that relatively minor differences between the optical matrix elements
and joint densities of states exist in bulk semiconductors with the same energy
gap. The SLs with an average lattice constant matched to GaSb have
significantly lower absorption. This behavior is explained by the electron–hole
overlap in the strain-balanced T2SLs, which occurs primarily in the hole well,
having a relatively small fraction of the total thickness. It has been shown,
however, that the absorption strength in small-period metamorphic
InAs1 xSbx/InAs1 ySy SLs is similar to that of bulk materials.

3.4 Carrier Lifetimes

The competition between generation processes and recombination processes
directly affects the performance of photodetectors. The decay of optically
generated carriers due to recombination reduces the quantum efficiency of the

Figure 3.11 Calculated interband absorption coefficients as a function of photon energy at
80 K for bulk InAs0.60Sb0.4 and Hg0.76Cd0.24Te, and T2SLs: 42-Å InAs/21-Å GaSb, 96-Å
InAs/29-Å InAs0.61Sb0.39, and 11-Å InAs0.66Sb0.34/12-Å InAs0.36Sb0.64 metamorphic.
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device and photoelectric gain. Worse, the statistical nature of the generation–
recombination processes results in fluctuation of the carrier concentration,
causing noise that limits the performance of photodetectors. Here, we
compare the influence of different generation–recombination mechanisms on
carrier lifetimes in HgCdTe and T2SL material systems.

There are three main thermal generation–recombination (GR) processes
to be considered in narrow-bandgap semiconductors, namely, SRH, radiative,
and Auger. In this section, the radiative process is ignored since its
contribution is small enough to be neglected due to the photon recycling
effect.45

Theoretical analysis of band-to-band Auger and radiative recombination
lifetimes for InAs/GaInSb SLSs shows that in these objects the p-type Auger
recombination rates are suppressed by several orders compared to those of
bulk HgCdTe with a similar bandgap;46,47 however, n-type materials are less
advantageous. In a p-type superlattice, Auger rates are suppressed due to
lattice-mismatch-induced strain that splits the highest two valence bands (the
highest light band lies significantly below the heavy-hole band and thus limits
available phase space for Auger transitions). In the n-type superlattice, Auger
rates are suppressed by increasing the InGaSb layer widths, thereby flattening
the lowest conduction band and thus limiting available phase space for Auger
transition.

The GR mechanisms have been generally well established in HgCdTe
ternary alloys.48 The carrier lifetime measurements of MWIR materials with a
cutoff wavelength of lc¼ 5 mm and LWIR materials (lc¼ 10 mm) for both
n-type and p-type HgCdTe at 77 K are summarized in Figs. 3.12 and 3.13,
respectively. The trend lines of carrier lifetimes are given according to Kinch
et al.49 The experimental data are taken from many sources.

The SRH mechanism is responsible for lifetimes in lightly doped n- and
p-type HgCdTe. The possible factors are SRH centers associated with native
defects and residual impurities. Measured values for n-type LWIR HgCdTe at
77 K lie in a broad range from 2–20 ms and are independent of doping
concentration for values below 1015 cm 3. The MWIR values are typically
somewhat longer, in the range of 2–60 ms.

Minority-carrier recombination in p-type material is associated with
Auger 7 at higher extrinsic doping levels. The highest lifetime was measured in
high-quality undoped and extrinsically doped materials grown by low-
temperature epitaxial techniques from Hg-rich LPE and MOCVD. It is
believed that the increase in lifetime of impurity-doped HgCdTe arises from a
reduction of SRH centers. One other very common recombination mechanism
in p-type material is of the SRH type associated with Hg-vacancy-doped
HgCdTe observed in both MWIR and LWIR materials. Vacancy-doped
material exhibits SRH-center densities roughly proportional to the vacancy
concentration.
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The well-established GR mechanism in n-type HgCdTe at higher doping
concentration is Auger 1 mechanisms.

In comparison with HgCdTe ternary alloys, III-V semiconductor bulk
materials exhibit more active SRH centers, resulting in lower lifetime. The
situation is more complex in the case of T2SLs.

In the type-II InAs/GaSb SL, separation of electrons (mainly located in
the InAs layers) and holes (confined in the GaSb layers) suppresses Auger
recombination mechanisms and thereby enhances carrier lifetime. Optical
transitions occur spatially indirectly; thus, the optical matrix element for such
transitions is relatively small. Theoretical analysis of band-to-band Auger
recombination lifetimes for InAs/GaSb SLs shows that Auger recombination
rates are suppressed by several orders of magnitude compared to those of bulk
HgCdTe with a similar bandgap.46

The agreement between theory and experiment for LWIR T2SLs is good
for carrier densities above 2 � 1017 cm 3. The discrepancy between both types
of results for lower carrier densities is due to SRH recombination processes
having t� 6 � 10 9 s, which has not been taken into account in the
calculations. For higher carrier densities, the SL carrier lifetime is longer than
in HgCdTe; however, in low-doping regions (below 1015 cm 3, as is necessary

Figure 3.12 Carrier lifetimes for MWIR HgCdTe and type-II superlattices at 77 K as a
function of doping concentration. Theoretical trend lines for n-type and p-type HgCdTe
ternary alloys are taken from Ref. 49. The dashed line for Ga-free T2SLs follows
experimental data.
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in the fabrication of high-performance p-on-n HgCdTe photodiodes) the
experimentally measured carrier lifetime in HgCdTe is more than two orders
of magnitude longer than in SL.

The promise of Auger suppression has not yet been observed in practical
device material. At the present time, the measured carrier lifetime is typically
below 100 ns and is limited by the SRH mechanism in both MWIR and
LWIR compositions. More recently, an increase in the minority-carrier
lifetime to 157 ns has been observed due to incorporation of an InSb
interfacial layer in the InAs/GaSb T2SL.50 There is no clear understanding of
why the minority-carrier lifetime varies within the device structure.51 It is
interesting to note that InSb, a member of III-V compound family, has had a
similar SRH lifetime issue since its inspection in the 1950s.

According to the statistical theory of the SRH process, the SRH rate
approaches a maximum as the energy level of the trap center approaches
midgap. Analysis of the defect formation energy of native defects is dependent
on the location of the Fermi level stabilization energy. In bulk GaSb the
stabilized Fermi level is located near either the valence band or the midgap,
whereas in bulk InAs the stabilized Fermi level is located above the
conduction-band edge. This observation results in the midgap trap levels in
GaSb being available for SRH recombination, whereas in InAs they are

Figure 3.13 Carrier lifetimes for LWIR HgCdTe and type-II superlattices at 77 K as a
function of doping concentration. Theoretical trend lines for n-type and p-type HgCdTe
ternary alloys are taken from Ref. 49. The dashed line for T2SLs follows experimental data.
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inactive for the SRH process, suggesting a longer carrier lifetime in bulk InAs
than in bulk GaSb material. It may then be hypothesized that native defects
associated with GaSb are responsible for the SRH-limited minority-carrier
lifetimes observed in InAs/GaSb T2SLs.

The origin of the abovementioned recombination centers has been
attributed to the presence of gallium, as the gallium-free InAs/InAsSb
superlattices possess much longer lifetimes, up to 10 ms for undoped material
in MWIR region,52 comparable to those obtained for HgCdTe alloys (see
Fig. 3.12). It has been observed that the minority-carrier lifetime increases
with increasing antimony content and decreasing layer thickness. In this
system, the electrons and holes are spatially separated in InAs and InAsSb
layers so that the recombination process is drastically reduced. However, it
appears that the carrier separation (due to electrons and holes being spatially
separated in InAs and InAsSb layers) reduces the optical absorption of the
material, leading to considerably weak quantum efficiency. As a result, the
performance of photodiodes manufactured from gallium-free InAs/InAsSb
superlattices is worse than that of InAs/GaSb T2SL competitors.

Generally, in comparison with HgCdTe ternary alloys, III-V semiconduc-
tor bulk materials exhibit more active SRH centers, resulting in lower lifetime.
In good-quality HgCdTe photodiodes fabricated on MBE and LPE materials,
the absence of a measurable depletion current component is observed. The
values of tSRH, gathered by Kinch53 and given in Table 3.1, are larger by
approximately three orders of magnitude than those reported for the III-V
alloy materials with similar bandgaps.

The longest tSRH value (�200 ms) for III-V materials was found for the
short-wavelength infrared (SWIR) lattice-matched epitaxial InGaAs ternary
alloy on an InP substrate with a cutoff wavelength of 1.7 mm.54 For the most-
investigated MWIR InSb alloy, the best tSRH value was estimated as�400 ns
for LPE-grown material.55 Throughout the last 50 years, the tSRH value has
not been improved. Similar values of�400 ns have been reported for MBE-
grown InAsSb bulk alloys and InAs/InAsSb superlattices.56 As was
mentioned above, the tSRH value for T2SLs containing Ga is typically an
order of magnitude lower.

It is expected that the SRH recombination mechanism is presumably
associated with some departure of the semiconductors from perfect crystallinity.

Table 3.1 Values of tSRH in Hg1–xCdxTe deduced from reported
I–V and FPA characteristics (data from Ref. 53).

x composition tSRH (ms)

LWIR 0.225 >100 at 60 K
MWIR 0.30 >1000 at 110 K
MWIR 0.30 �50,000 at 80 K
SWIR 0.455 >3000 at 180 K
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Since the ionic bond in II-VI alloys is stronger than in the corresponding III-V
materials, the electron wave function around the lattice sites is much more
strongly confined, rendering the II-VI lattice more immune to the formation of
bandgap states due to deviations from crystalline perfection.57

InAs/GaInSb SLSs and QWs are also employed as the active regions of
MWIR lasers operated in the 2.5- to 6-mm spectral region. Meyer et al.57,58

have experimentally determined Auger coefficients for InAs/GaInSb quantum
well W interband cascade laser structures with energy gaps corresponding to
2.5–6.5 mm and have compared their values with those for typical III-V and
II-VI type-I superlattices. The Auger coefficient is defined by the expression
g3≡ 1/tAn

2. Figure 3.14 summarizes the Auger coefficients at �300 K for
different material systems: a wide variety of type-I materials, including bulk
and quantum well III-V semiconductors as well as HgCdTe. We can see that
the room-temperature Auger coefficients for seven different InAs/GaInSb SLs
are found to be nearly an order of magnitude lower than typical type-I results
for the same wavelength, indicating a significant supression of Auger losses in
the antimonide T2SLs. Note that all of the more recently fabricated interband
cascade lasers with l>3 mm58 exhibit a significant further reduction in g3 in
comparison with those described earlier.57 The data imply that at this
temperature the Auger rate is relatively insensitive to details of the band
structure. In contrast to MWIR devices, the promise of Auger suppression has
not yet been observed in practical LWIR type-II device materials.

3.5. InAs/GaSb versus InAs/InAsSb Superlattice Systems

Infrared detectors made of InAs/InAsSb SLs on GaSb substrates are in the
early stage of development and are less studied than their InAs/GaSb SL

Figure 3.14 Experimental Auger coefficient versus gap wavelength for type-II W interband
cascade laser structures (solid circles—Ref. 58) and various T2SL QWs taken from Ref. 57
(solid squares), along with typical data for a variety of conventional III-V and HgCdTe type-I
materials (adapted from Ref. 57). The solid and dashed lines are guides to the eye.
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counterparts. Due to only two common elements (In and As) being used in
superlattice layers and a relatively simple interface structure with Sb-changing
elements, InAs/InAsSb superlattice growth follows with better controllability
and simpler manufacturability.

The interest in InAs/InAsSb SLs stemmed mainly from a need to
overcome the carrier lifetime limitations imposed by the GaSb layer in InAs/
GaSb SLs. A significant longer minority-carrier lifetime has been obtained in
an InAs/InAsSb SL system compared to an InAs/GaSb SL system operating
at the same wavelength range (for MWIR material at 77 K,�1 ms, and
�100 ns, respectively). An increase in minority-carrier lifetime suggests lower
dark currents for InAs/InAsSb SL photodiodes in comparison with InAs/
GaSb SL detectors. In practice, however, the dark currents are not as low as
expected and are higher than for InAs/GaSb SL photodiodes.

As was mentioned previously, the InAs/GaSb T2SL band alignment
results in an overlap energy (estimated as 140–170 meV) between the
conduction-band (CB) minimum and the valence-band (VB) maximum of the
two materials. For InAs/InAsSb T2SLs, the band offset is defined in terms of
the VB offset between InAs and InSb (considered to be about 0.620 meV). The
primary difference in the profiles of the CB and VB in the InAs/GaSb and
InAs/InAsSb T2SLs is illustrated in Fig. 3.15.

The band offsets in conduction DEc and valence DEv bands in the InAsSb
SL (DEc� 142 meV, DEv � 226 meV) are much smaller compared to those of
the InAs/GaSb SL (DEc� 930 meV, DEv � 510 meV).26 This situation
suggests a higher contribution of tunneling currents in the dark current of
InAs/InAsSb SL photodiodes operated at a higher temperature. Also,
experimental data and a theoretical estimation of absorption coefficients in
both superlattices given by Klipstein et al. indicate a lower absorption
coefficient of InAs/InAsSb SL in comparison with the InAs/GaSb SL.32

Table 3.2 compares the essential properties of both superlattice systems.

Figure 3.15 Bandgap diagram for (a) InAs/GaSb and (b) InAs/InAsSb T2SLs (reprinted
from Ref. 59).
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Chapter 4

Antimonide-based Infrared
Photodiodes

In the middle and late 1950s, it was discovered that InSb had the smallest
energy gap of any semiconductor known at that time, and its applications as a
mid-wavelength infrared detector became obvious.1 3 The energy gap of InSb
is less well matched to the 3- to 5-mm band at higher operating temperatures,
and better performance can be obtained from Hg1 xCdxTe. InAs is a similar
compound to InSb but has a larger energy gap such that the threshold
wavelength is 3–4 mm.

Indium antimonide detectors have been extensively used in high-quality
detection systems and have found numerous applications in the defense and
space industry for more than 50 years. One of the best known (and most
successful) of these systems is the Sidewinder™ air-to-air anti-aircraft missile.
The most significant recent advance in infrared technology has been the
development of large 2D FPAs for use in staring arrays. Array formats are
available with readouts suitable for both high-background F/2 operation and
low-background astronomy applications. L3 Cincinnati Electronics fabricates
InSb sensors of 16 Mp (4096� 4096 pixels) currently in use by U.S. assets in
overseas combat zones.

GaSb-related ternary and quaternary alloys are also established as
materials for developing MWIR photodiodes for near-room-temperature
operation and for the next generation of very low-loss fiber communication
systems. Their current status is presented in Krier’s monograph.4

The photoelectrical properties of narrow-gap photodiodes have been
studied extensively; more details can be found in Refs. 5 and 6, especially
Rogalski’s monograph,6 published in 2011, which covers the comprehensive
range of subjects necessary to understand infrared detector theory and
technology. Here we emphasize our consideration of achievements made in
the last two decades.
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4.1 Recent Progress in Binary III-V Photodiodes

4.1.1 InSb photodiodes

III-V photodiodes are generally fabricated by impurity diffusion, ion
implantation, LPE, MBE, and MOCVD. Initially, p–n junctions in InSb
were made by diffusing Zn or Cd into n-type substrates with a net donor
concentration in the range of 1014–1015 cm 3 at 77 K.7

At present in the InSb photodiode fabrication process, the standard
manufacturing technique begins with bulk n-type single-crystal wafers with a
donor concentration of about 1015 cm 3. Relatively large, bulk-grown crystals
with 6-inch diameters are available on the market. Fabrication of large array
hybrid size pixels is possible because the InSb detector material is thinned
(after surface passivation and hybridization to a readout chip), which allows it
to accommodate the InSb/silicon thermal mismatch. As shown in Fig. 4.1(a),
the backside-illuminated InSb p-on-n detector is a planar structure with an
ion-implanted junction. After hybridization, epoxy is wicked between the
detector and the Si ROIC, and the detector is thinned to 10 mm or less by
diamond point turning. One important advantage of a thinned InSb detector
is that no substrate is needed; these detectors also respond in the visible
portion of the spectrum.

The best-quality InSb photodiodes are generation–recombination (GR)
limited. In this limit, SRH traps created by imperfections in the

Figure 4.1 InSb photodiode: (a) architecture of an InSb sensor chip assembly (diagram
adapted from Ref. 8) and (b) the comparison of dependence of dark current on temperature
between the highest reported value for InSb arrays and MBE-grown HgCdTe MWIR FPAs
(with 18� 18 mm pixels) assembly (reprinted from Ref. 9).
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semiconductor crystal lattice provide energy states located in the semicon-
ductor bandgap. In standard planar technology, p-on-n junctions are created
by ion implantation into n-type substrates. A new approach involving MBE
growth has been adopted for reducing the dark current. With in situ MBE
epilayer growth of p–n structures, ion implantation damage is avoided, so
the diodes have a much lower concentration of GR centers than in standard
planar p–n junctions.10 The dark current is thus reduced according to the
ratio of concentrations of GR centers in the standard and MBE-grown
structures. After growth of high-quality epilayer homojunctions on an InSb
substrate, the diodes are isolated by etching mesa structures through the p–n
junctions.

An example of the improvement in dark current characteristics is shown
in Fig. 4.2, where the temperature dependence of the dark current in planar
ion-implanted InSb and epi-InSb FPAs with a 15-mm pitch is compared. The
dark current is normalized to that at the epi-InSb photodiode operating at
95 K. The solid lines are fitted assuming GR-limited behavior with activation
energy of 0.12 eV, which corresponds to approximately half the bandgap of
InSb at low temperatures. Note that the same dark current is achieved at 80 K
in planar InSb and 95 K in epi-InSb. The dark current has been decreased
about 17� by using the MBE-based technology.

Figure 4.2 Temperature dependence of the dark currents of 15-mm-pitch InSb diodes
fabricated using planar (circles) and MBE technology (solid circles). Fitting lines are
calculated assuming the GR formula (adapted from Ref. 10).
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4.1.2 InAs photodiodes

InAs have been mainly fabricated by ion implantation and the diffusion
method.6,7,11 Recently, high-performance InAs photodiodes have been
fabricated using epitaxial techniques: LPE, MBE, and MOCVD.12 14

Significant breakthroughs in growth and investigations of narrow-bandgap
AIIIBV heterostructures in the InAs-InSb-GaSb system were made at the Ioffe
Physical-Technical Institute, St. Petersburg, Russia.12,15 The performance of
these photodiodes can be compared with commercially available Hamamatsu
detectors (see Fig. 4.3).

The research group at the Ioffe Physical-Technical Institute has developed
InAs immersion-lens photodiodes operating at near room temperatures.12

InAs heterostructure photodiodes (see Fig. 4.4) were LPE grown onto
nþ-InAs transparent substrates (due to the Burstein–Moss effect) and
consisted of�3-mm-thick n-InAs layers and�3-mm-thick p-InAs1 x ySbxPy
cladding layers that were lattice matched with InAs substrate (y� 2.2x). Due
to an energy step at the nþ-InAs/n-InAs interface, a beneficial hole
confinement for the photodiode operation was expected. Flip-chip mesa
devices with a diameter of 280 mm were processed by a multistage wet
photolithography process. Cathode and anode contacts were formed by
sputtering of Cr, Ni, Au(Te), and Cr, Ni, and Au(Zn) metals followed by an

Figure 4.3 Spectral detectivity curves of commercially available infrared detectors
operating at different temperatures (PC – photoconductive detectors, PV – photovoltaic
detectors).
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electrochemical deposition of a 1- to 2-mm thick gold layer. Next, the sub-
strate was thinned down to 150-mm, and chips were soldered onto silicon
submounts with Pb-Sn contact pads. Finally, the 3.5-mm-wide silicon lens was
attached to the substrate side of a chip by a chalcogenide glass with a high
refractive index (n¼ 2.4); see Fig. 4.5(a). It is obvious that the FOV of
immersion photodiodes is considerably lower (decreased to 15 deg) than for
an uncoated device.

Figure 4.5(b) shows the detectivity spectra of an InAs heterostructure
immersion photodiode. Superior detectivity of this photodiode in compar-
ison to commercial Hamamatsu and Judson devices reflects improvements

Figure 4.4 Alloy composition in an InAs photodiode structure (composition profile) together
with the band diagram (reprinted from Ref. 12).

Figure 4.5 InAs heterostructure immersion photodiode: (a) construction of the immersion
photodiode and (b) detectivity spectra at near room temperatures (adapted from Ref. 12).
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associated with board mirror contact, asymmetric doping, immersion effect,
and radiation collection by inclined mesa walls. The narrow spectral responses
are a result of filtering in the substrate and intermediate layers. Peak
wavelengths shift to long wavelengths as temperature is increased due to
bandgap narrowing at higher temperatures. However, the short-wavelength
spectra are more sensitive to temperature than the long-wavelength spectra,
probably because of the progressively poor transparency of nþ-InAs near the
absorption edge at elevated temperatures due to elimination of the conduction
band electron degeneration.12

4.1.3 InAs avalanche photodiodes

For high-sensitivity applications, semiconductor avalanche photodiode
detectors (APD) are most useful because they provide internal gain on the
detectors. APDs are most commonly used for communication and active-
sensing applications. According to the local-field model,16 the noise power
spectral density for mean gain 〈M〉 and mean photocurrent 〈Iph〉 is given by
the expression

hI2ni ¼ 2qIphhMi2FðMÞ, (4.1)

where F(M) is the excess noise factor, which arises from the random nature of
impact ionization. Under the conditions of uniform electric fields and pure
electron injection, the excess noise factor can be expressed in terms of 〈M〉 and
the ratio of the hole ionization coefficients ah to the electron ionization
coefficients ae (k¼ah/ae) as

FeðMeÞ ¼ khMei þ ð1 kÞ
�
2

1
hMei

�
: (4.2)

The electron and hole ionization rates are defined as the number of
ionizing collisions per unit distance. The ionization rates depend strongly
(exponentially) on the threshold electric fields required to overcome different
carrier-scattering effects. Examples of the experimental ionization rates at
300 K for different material systems versus electric field are given in Fig. 4.6.
The ionization rates can be equal for electrons and holes, as in the case of
GaP, or they can significantly differ from each other, as in the cases of Si, Ge,
and most compound semiconductors.

Currently, the following materials have proved to be appropriate for the
fabrication of high-performance APDs:

• silicon (for wavelengths of 0.4 to 1.1 mm). The electron ionization rate is
much higher than the hole ionization rate (ae≫ ah);
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• germanium (for the wavelengths of up to 1.65 mm). Since the bandgap in
Ge is lower than in Si, and the ionization rates for electrons and holes
are approximately equal (ae� ah), the noise is considerably higher,
which limits the applications of Ge-based APDs;

• GaAs-based devices. Most compound materials have ae� ah, so designers
usually use heterostructures such as GaAs/Al0.45Ga0.55As, for which
ae(GaAs)≫ae(AlGaAs). The large increase in gain occurs due to the
avalanche effect that occurs in GaAs layers. GaAs/Al0.45Ga0.55As
heterostructures are in the spectral range below 0.9 mm. Applying InGaAs
layers allows the sensitivity to extend to �1.4 mm;

• InP-based devices used in the wavelength range of 1.2–1.6 mm. In the
lattice-matched double heterostructure nþ-InP/n-GaInAsP/p-GaInAsP/
pþ-InP, either of the carriers are injected into the high-field region—this
structure is essential for low-noise operation. The second structure, pþ-InP/
n-InP/n-InGaAsP/nþ-InP, is similar to a Si reach-through device. The
absorption occurs in the relatively wide InGaAsP layers, and avalanche
multiplication of the minority carriers proceeds in the n-InP layer;

• Hg1 xCdxTe APDs. These devices are electron-initiated, and their
operation has been demonstrated for a board range of compositions from
x¼ 0.7 to 0.21, corresponding to cutoff wavelengths from 1.3 mm to
11 mm. Thus, HgCdTe APD at gain¼ 100 provides 10 to 20 times less
noise than InGaAs or InAlAs APDs and 4 times less noise than Si APDs.

Beck et al. were the first to report APD characteristics consistent with
k¼ 0 in 2001,17 when they published results from Hg0.7Cd0.3Te APDs. They

Figure 4.6 Ionization coefficients of electrons ae and holes ah as a function of the electric
field for some semiconductors used in avalanche photodiodes.
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have since shown that for a number of compositions, the impact ionization for
holes remains essentially zero in Hg1 xCdxTe APDs detecting in the short-,
mid-, and longwave infrared.18 They coined the phrase electron-APD (e-APD)
to describe such APDs where only electrons undergo impact ionization. In this
case, the excess noise factor is <2 and independent of gain. However, low-
bandgap HgCdTe also results in relatively high dark current at room
temperature, which necessitates operation at low temperatures.

New breakthrough in the development of InAs APDs has been obtained
recently.19,20 Similarly to HgCdTe devices, InAs APDs have also demon-
strated k� 0 with moderately low dark current at room temperature. It has
been shown that in InAs p–i–n diodes, significant electron-initiated
multiplication can be achieved, while hole-initiated multiplication in InAs
n-i-p diodes remains negligible across the same electric field range.21

Figure 4.7(a) shows an InAs APD MBE-grown mesa structure with an
i-region as thick as 6 mm. Beryllium and silicon were used as acceptors and
donors, respectively. The n-type background doping concentration in the
i-region was below 1� 1015 cm 3. To suppress surface leakage current, devices
with diameters up to 500 mm were wet etched using 1:1:1 (phosphoric acid,
hydrogen peroxide, deionized water), followed by 30 s of etching in 1:8:80
(sulphuric acid, hydrogen peroxide, deionized water). The etched mesa
sidewalls were additionally covered with SU-8 passivation. Good ohmic
contact is easily formed by depositing Ti/Au (20/150 nm) without annealing.

Figure 4.7(b) shows that the measured gain in InAs APDs increases
exponentially with reverse bias, showing no sign of breakdown, which is a
signature of k� 0.22,23 Devices yielded room-temperature multiplication
gains >300.20 The bandwidth is transit-time limited in the range 2–3 GHz
independent of gain.

Figure 4.7 InAs avalanche photodiode: (a) mesa structure with unintentionally doped
i-region and (b) measured gain.
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Figure 4.8 shows the excess noise factor versus multiplication factor
reported in APDs of different materials. The Fe measured on InAs p-i-n diodes
falls slightly below the local-field model prediction for k¼ 0 as given by
Eq. (4.2). This is comparable to the Fe value reported for SWIR HgCdTe
e-ADPs, although it is somewhat higher than that reported for MWIR
HgCdTe e-APDs. To explain such excess noise below the lower limit case of
the local-field model, it is necessary to consider the influence of “dead space”—
the distance in which no impact ionization occurs for electrons—which is
neglected from the local-field model. If the multiplication region is thick, the
dead space can be neglected and the local field model provides an accurate
description of the APD characteristics. The excess noise in the InAlAs APD
rises with increasing multiplication, as occurs for all conventional APDs in
which both carriers undergo impact ionization.

The realization of InAs e-APDs has brought the ideal avalanche
multiplication and excess noise characteristics into the readily available
III-V material system for a more widespread application previously only
achievable in the less-readily available HgCdTe system. These properties
make InAs APDs attractive for a number of near- and mid-infrared sensing
applications, including remote gas sensing, light detection and ranging
(LIDAR), and both active and passive imaging.

4.2 InAsSb Bulk Photodiodes

Ternary and quaternary III-V compound materials are suitable for fabricating
optoelectronic devices in the near- and mid-infrared wavelength range. The

Figure 4.8 A comparison among the Fe values reported on APDs of different materials,
including InAs diodes with a 3.5-mm intrinsic width and radii of 50 mm and 100 mm, HgCdTe
photodiodes with cutoff wavelengths of 4.2 mm and 2.2 mm, and an InAlAs diode (reprinted
from Ref. 19).
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availability of binary substrates such as InAs and GaSb allows the growth of
multilayer homo- and heterostructures, where lattice-matched ternary and
quaternary layers can be tailored to detect wavelengths in the range of 0.8 to
5 mm. The bandgap of GaxIn1 xAsySb1 y can be continuously tuned from
about 475 to 730 meV while remaining lattice matched to a GaSb
substrate24,25 (as shown in Fig. 4.9), in contrast to leading ternary materials
in this range such as InGaAs on InP. Both ternary (InGaSb and InAsSb) and
quaternary (InGaAsSb and AlGaAsSb) materials indicate good performance
for a wavelength range≥2 mm; however, the research is still underway, and
they are yet commercially available. The availability of ternary InGaSb
virtual substrates has a promising potential for developing high-performance
detectors26 28 without the influence of the binary substrates generally used for
processing the ternary materials.

4.2.1 Technology and properties

A variety of InAsSb photodiode configurations have been proposed, including
mesa and planar, n-p, n-pþ, pþ-n, and p-i-n structures. The techniques used to
form p–n junctions include diffusion of Zn, Be ion implantation, and the
creation of p-type layers on n-type material by LPE, MBE, and MOCVD.
The photodiode technology essentially relies on n-type material with
concentrations generally about 1016 cm 3. A summary of the research on
the fabrication of InAsSb photodiodes in the period before 2010 is given in
Rogalski’s monograph.6

Figure 4.9 The bandgap of GaxIn1–xAsySb1–y with x and y concentrations chosen in the
ratio (GaSb)1–z(InAs0.91 Sb0.09)z can be continuously tuned from about 475 to 730 meV while
remaining lattice matched to a GaSb substrate.
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A significant development in InAsSb photodiode research was made
in 1980 when lattice-matched InAs1 xSbx/GaSb (0.09≤ x≤ 0.15) device
structures were used.11 Lattice mismatch up to 0.25% for the InAs0.86Sb0.14
epitaxial layer was accommodated in terms of low etch-pit density
(�104 cm 2). The structure of a backside-illuminated InAs1 xSbx/GaSb
photodiode is shown in Fig. 4.10(a). The photons enter through the GaSb
transparent substrate and reach the InAs1 xSbx active layer, where they are
absorbed. The GaSb substrate determines the short-wavelength cut-on value,
which is 1.7 mm at 77 K, whereas the active region establishes the long-
wavelength cutoff value [see Fig. 4.10(b)]. The p–n junctions were obtained as
homojunctions using the LPE technique. The carrier concentrations, both in
the undoped n-type layer and in the Zn-doped p-type layer, were
approximately 1016 cm 3. High-quality InAs0.86Sb0.14 photodiodes were
demonstrated by a high R0A product in excess of 109 Vcm2 at 77 K.

In order to improve device performance (lower dark current and higher
detectivity), several groups have developed P-i-N heterostructure devices
comprising an unintentionally doped InAsSb active layer sandwiched between
P and N layers of larger-bandgap materials. The lower minority-carrier
concentration in the high-bandgap layers results in a lower diffusion dark
current and higher R0A product and detectivity. Figure 4.11 shows a
schematic band diagram of the N-i-P double-heterostructure antimonide-
based III-V photodiodes together with the different combinations of active
and cladding layers in the device structure. Depending on contact configura-
tions and transparency of substrates, both backside and frontside illumination

Figure 4.10 Backside-illuminated InAs0.86Sb0.14/GaSb photodiode: (a) device structure
and energy-band diagram of the structure, and (b) spectral response at 77 K (reprinted from
Ref. 11 with permission from AIP Publishing).
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can be used. Usually p-type GaSb and n-type InAs are used. Despite the
relatively low absorption coefficients, substrates require thinning to small
thicknesses, even less than 10 mm. InAs is fragile, and many fabrication
processes are not possible. This obstacle can be overcome by using
heavily doped nþ-InAs substrates where strong degeneracy of the electrons
in the conduction band occurs at relatively low electron concentration
(>1017 cm 3). For example, the Burstein–Moss shift in heavily doped
nþ-InAs (n¼ 6� 1018 cm 3) makes the corresponding substrates trans-
parent to the 3.3 mm wavelength.12

Antimonide-based ternary and quaternary alloys are well established as
materials for development of MWIR photodiodes for near-room-temperature
operation. Many articles have discussed the properties of mid-IR photo-
diodes, and many of the investigations were made in the Ioffe Institute; see,
for example, Refs. 12, 15, and 29. These LPE-grown heterostructure devices
consist of n-type InAs(100) substrates with n¼ 2� 1016 cm 3 (for undoped) or
nþ¼ 2� 1018 cm 3 (for Sn-doped),�10-mm-thick undoped n-InAs1 xSbx
active layers; and, finally, p-InAs1 x ySbxPy(Zn) claddings (contact layer)
(see Fig. 4.12). The narrowgap InAsSb active layer is surrounded by
semiconductors with wider energy gaps.

In device processing, standard optical photolithography and wet chemical
etching processes were implemented to obtain 26-mm-high circular mesas
(Øm¼ 190 mm) and 55-mm-deep grooves for separation of the 580� 430 mm
rectangular chips. Next, circular Au- or Ag-based reflective anode
(Øa¼ 170 mm) and cathode contacts were formed on the same chip side by
sputtering and thermal evaporation in vacuum followed by 3-mm-thick
gold-plating deposition. Finally, a flip-chip bonding/packaging procedure
was implemented using the 1800� 900 mm submount made from a
semi-insulating Si wafer with Pb-Sn bonding pads. Photodiode chips were
mounted upside down, with the nþ-InAs side being an “entrance window”
for the incoming radiation, as shown in the insert in Fig. 4.12. Some chips were
equipped with aplanatic hyperhemispherical Si immersion lenses (Ø¼ 3.5 mm)

Figure 4.11 Schematic band diagram of the N-i-P double-heterostructure-antimonide-based
III-V photodiodes. Different combinations of active and cladding layers are also shown on
the right.

100 Chapter 4

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 14 Feb 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



with antireflection coating using a chalcogenide glass as an optical glue between
the Si and the nþ-InAs (or n-InAs). The final construction of the immersion
photodiode is similar to that shown in Fig. 4.5(a).

Figure 4.13 summarizes experimental data of zero-bias resistivity and R0A
product versus photon energy for nþ-InAs/n-InAsSb/p-InAsSbP double-
heterostructure photodiodes. An exponential dependence of R0A product,
approximated by exp(Eg/kT), indicates that the diffusion current determines
the transport properties of the heterojunctions with negligible leakage current

Figure 4.12 Alloy composition and energy bandgap structure versus distance for an
nþ-InAs/n-InAsSb/p-InAsSbP double-heterostructure photodiode (reprinted from Ref. 15).

Figure 4.13 Plot of R0A product versus photon energy for a series of InAsSb double-
heterostructure photodiodes at room temperature (adapted from Ref. 12).
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flow mechanisms at T >190 K. At lower temperatures, GR at high bias and
tunnelling at low bias prevail.

Figure 4.14 shows normalized spectral responsivity curves for InAsSb
double-heterostructure photodiodes (PDs) with different cutoff wavelengths at
room temperature. The photodiodes are characterized by a narrow spectral
response (with FWHM of about 0.3–0.8 mm) resulting from spectral filtering
in the substrate and intermediate layers. The narrowest response of the PD29
device is due to poor transmission of nþ-InAs at short wavelengths. On the
other hand, the spectral response of the longwave PDs exhibits a broad
shoulder at short wavelengths that originates from the diffusion of carriers
created in high-energy InAsSbP regions towards the narrow-gap p–n junction.

Figure 4.15 shows the Johnson-limited detectivity spectra of InAsSb
double-heterostucture photodiodes at different temperatures. As seen from
this figure, the responsivity spectra bears four distinct regions: (1) the cutoff
region (4.7 < l<5.5 mm), (2) the sharp longwave response decline region,
(3) the smooth response decline region, and (4) the fast shortwave response
decline region. Region 4 is due to transmission degradation in heavily doped
nþ-InAs substrate. In this case the Moss–Burstein effect associated absorption
edge shift in nþ-InAs is as large as 1 mm (note the difference in short-
wavelength spectral responsivity between the heavily doped sample #878 and
the undoped sample #877).

Figure 4.16(a) summarizes the peak detectivity of photodiodes depending
on temperature and wavelength. Figure 4.16(b) presents detectivities
depending peak wavelength for the backside illuminated (BSI) and the coated
photodiodes [with immersion lens (IL)]. For the immersion lens photodiodes,

Figure 4.14 Room-temperature spectral response of InAsSb double-heterostucture photo-
diodes and normalized transmission of 175-mm-thick nþ-InAs [nþ ¼ (3–6) � 1018 cm–3]
(adapted from Ref. 12).
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the peak detectivities are generally about one decade higher than those for
bare chip PDs; see Fig. 4.16(b). The photodiodes developed at the Ioffe
Physical-Technical Institute are superior to the majority of those published in
the literature. At the same time, the achievable R0A products are lower than
that given in Ref. 11.

4.2.2 Performance limits

Despite the promise of the III-V-based detectors, HgCdTe remains the
highest-performing IR material technology for a number of applications. The

Figure 4.15 Detectivity spectra at different temperatures for InAsSb double-heterostucture
photodiodes with n-InAs and nþ-InAs substrates (reprinted from Ref. 15).

Figure 4.16 Detectivity of InAsSb double-heterostucture photodiodes: (a) maximum
detectivity and peak wavelength versus temperature (adapted from Ref. 15); (b) spectral
peak detectivity of photodiodes without (back-side illuminated – SI) and with Si lenses
(immersion illuminated – IL) (adapted from Ref. 12).
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main obstacles in the rapid development of InAsSb photodiodes are
difficulties in the preparation of single crystals and epitaxial layers. During
the last 20 years high-quality InAsSb photodiodes for the 3- to 5-mm spectral
region have been developed. However, a long-standing hope that InAsSb
might become a useful material in the 8- to 12-mm spectral band has not been
realized to date. In comparison with HgCdTe, the main obstacles to achieving
this goal are: poor-quality crystal structure (there is no ideal III-V substrate/
epitaxial combination that is appropriate for LWIR spectral band), poor SRH
lifetimes, and relatively high background carrier concentration (above
1015 cm 3). Moreover, the observed energy gaps of InAs1 xSbx alloys with
middle Sb compositions [close to minimum energy gap (see Fig. 2.11)] are not
inherent and well controlled due to CuP-type ordering and residual strain
effects.

In 1996 Rogalski et al. reported a theoretical analysis of MWIR
InAs1 xSbx (0≤ x≤ 0.4) photodiodes with operation extending to the
temperature range of 200–300 K.30 It has been shown that the theoretical
performance of high-temperature InAsSb photodiodes is comparable to that
of HgCdTe photodiodes. Figure 4.17 presents a theoretical limit to the R0A
product for pþ-n InAsSb photodiodes operated at 200 and 300 K in a spectral

Figure 4.17 The dependence of the R0A product on the long-wavelength cutoff for pþ–n
InAs1–xSbx photodiodes at temperatures of 200 and 300 K. The curves are calculated for two
doping concentrations (1015 cm–3 and 1016 cm–3) in the base region of the photodiode with
thickness of 15 mm; the carrier concentration of 1018 cm–3 in the pþ-cap layer with a
thickness of 1 mm is assumed. The experimental data are taken from Refs. 31 (circles),
32 (solid circles), 33 (solid squares), and 34 (reprinted from Ref. 30).
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range between 3 and 8 mm when the doping level in the base n-type layer
(1015 cm 3 and 1016 cm 3) is close to the level available in practice. For
comparison with theoretical predictions, only limited experimental data is
marked. The agreement is satisfactory.

More recently, Wróbel et al. considered the effects of doping profiles on
room-temperature MWIR InAsSb photodiode parameters (R0A product and
detectivity).35 In theoretical estimations, a new insight into composition
dependence of spin–orbit splitting bandgap energy is taken into account
(Fig. 2.13).40

Figure 4.18 shows the dependence of the R0A product on the long-
wavelength cutoff for InAs1 xSbx photodiodes at 300 K. The theoretical lines
are calculated for doping concentration of 1016 cm 3 in both p-on-n and
n-on-p 5-mm-thick active regions. The figure clearly shows that the influence
of Auger S mechanisms in n-on-p photodiodes with an active-region
composition close to that of InAs (0≤ x≤ 0.15; lc<4.5 mm) considerably
decreases the R0A product in comparison with p-on-n devices, where the
influence of Auger S mechanisms is eliminated. However, if the composition
of the active region is x≥ 0.15 (lc>4.5 mm), the structure based on p-type
material is more optimal than p-on-n structure.

The theoretically predicted performance is comparable with the experi-
mental values of p-on-n photodiodes with an n-type active region. The
agreement between both types of data is good. Some of experimental data are
located above the theoretical line. It is observed if the thickness of the
photodiode active region is smaller than the minority-carrier diffusion length.

Figure 4.18 The dependence of the R0A product on the long-wavelength cutoff for
InAs1–xSbx photodiodes at room temperature. The theoretical lines are calculated for a
doping concentration of 1016 cm–3 in both p-on-n and n-on-p 5-mm-thick active regions. The
gathered experimental data concerns p-on-n photodiodes with an n-type active region
(reprinted from Ref. 35).
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Reducing the volume in which the diffusion current is generated causes the
corresponding dark current to decrease and the R0A product to increase.

Figure 4.19 presents the spectral dependence of thermal-noise-limited
detectivity of p-on-n InAsSb photodiodes operated at room temperature. The
theoretical line is calculated using the formula

D� ¼ hlq
2hc

�
R0A
kT

�
1∕2

, (4.3)

assuming quantum efficiency h¼ 0.7 and a doping concentration in the active
region of 1016 cm 3.

This figure shows that the upper detectivity experimental data coincides
well with the theoretical prediction. The discrepancy between both types of
results increases with cutoff wavelength increase, which is mainly caused by
decreasing the experimentally measured quantum efficiency.

InAs1 xSbx material is potentially capable of operating at the longest
cutoff wavelength (�12.0 mm at 77 K) of the entire III-V alloy family. To
realize IR detectors in all of the potential operating regions, lattice-matched
substrates are necessary. This problem seems to be resolved by using
Ga1 xInxSb substrates. In this case, the lattice parameter can be tuned to
between 6.095 Å (GaSb) and 6.479 Å (InSb). Several research groups have
succeeded in growing GaInSb single crystals. One composition worth noting is

Figure 4.19 Dependence of detectivity on the long-wavelength cutoff for p-on-n InAs1–xSbx
photodiodes at room temperature. The theoretical line is calculated for 5-mm-thick active
region with a doping concentration of 1016 cm–3. The gathered experimental data are taken
from the indicated literature (reprinted from Ref. 35).

106 Chapter 4

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 14 Feb 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Ga0.38In0.62Sb, which is lattice matched to InAs0.35Sb0.65, which has a
bandgap minimum.

Recently, bulk unrelaxed InAsSb alloys with Sb compositions up to 65%
were MBE metamorphically grown on compositionally graded GaInSb and
AlInSb buffers on GaSb substrates.41 The graded buffer layer had a total
thickness of up to 3.5 mm. The lattice constant of InAsSb layers equaled the
lateral lattice constant at the top of the buffer layer, resulting in a low residual
strain (<0.1%). As a result, unrelaxed InAsSb epilayers grown on graded
buffer layers were found to be ordering-free with random a distribution of
group-V atoms.
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Chapter 5

Type-II Superlattice Infrared
Photodiodes

Many types of optoelectronic devices can be significantly enhanced through
the introduction of quantum confinement in reduced-dimensionality hetero-
structures. This was the main motivation for the study of superlattices as
alternative infrared detector materials. The HgTe/CdTe SL system proposed
in 19791,2 was the first from a new class of quantum-sized structures for IR
photoelectronics, which was proposed as a promising new alternative
structure for the construction of LWIR detectors to replace those of HgCdTe
alloys. It was anticipated that superlattice infrared materials would have
several advantages over bulk HgCdTe for these reasons:

• a higher degree of uniformity, which is importance for detector arrays;
• smaller leakage current due to the suppression of tunneling (larger
effective masses) available in superlattices; and

• lower Auger-recombination rates due to substantial splitting of the
light- and heavy-hole bands and increased electron effective masses.

More recently, significant interest has been shown in multiple quantum
well AlGaAs/GaAs photoconductors.3 However, these detectors are extrinsic
in nature and have been predicted to be limited to performances inferior to
those of intrinsic HgCdTe detectors.4 On account of this, in addition to the
use of intersubband absorption, two additional physical principles are utilized
to directly shift bandgaps into the infrared spectral range:

• superlattice strain-induced bandgap reduction: InSb/InAsSb, InAs/
InAsSb; and

• superlattice-induced broken bandgap eduction: InAs/GaInSb.

These types of superlattice rely on an intrinsic valence-to-conduction band
absorption process. Early attempts to realize superlattices with properties
suitable for infrared detection were unsuccessful, largely because of the
difficulties associated with epitaxial deposition of HgTe/CdTe superlattices.
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At present, performance of HgTe/HgCdTe SL photodiodes is inferior in
comparison with high-quality HgCdTe photodiodes with comparable cutoff
wavelengths. As a result, a lack of research funding has led to an industry-
wide suspension of further efforts to develop HgTe/HgCdTe SL infrared
detectors.

Apart from using intersubband transitions, III-V compounds can be
effectively used for infrared applications by favorable realization of valence-
to-conduction band optical transitions between the states in alternative layers
due to the overlap of the envelope wave functions. In this way appreciable
absorption coefficients at normal incidence can be provided in infrared
devices.5 8 In 1990, Miles and co-workers reported the first Ga1 xInxSb/InAs
T2SL material with high structural quality.8 Soon thereafter, high-performance
InAs/GaInSb SL photovoltaic detectors were predicted by the theoretical
promise of longer intrinsic lifetimes due to the suppression of the Auger-
recombination mechanism.9,10

5.1 InAs/GaSb Superlattice Photodiodes

The first InAs/InGaSb SLS photodiodes with photoresponse out to 10.6 mm
were presented by Johnson et al.11 The detectors consist of double
heterojunctions (DH) of the SL with n-type and p-type GaSb grown on
GaSb substrates. The use of heterojunctions in photodiodes offers several advan-
tages over homojunctions. In 1997, researchers from Fraunhofer Institute
demonstrated good detectivity (approaching HgCdTe, 8-mm cutoff, 77 K) on
individual devices, initiating renewed interest in LWIR detection with type-II
SLs.12 While theoretical predictions of detector performance seem to favor the
InAs/InGaSb system due to the additional strain provided by the InGaSb
layer, the majority of the research in the past ten years has been focused on the
binary InAs/GaSb system. This is attributed to the complexity of structures
grown with the large mole fraction of In.

As shown in Fig. 3.6, the InAs/GaSb T2SL consists of alternating layers
of nanoscale materials. Typically, their thicknesses vary from 6 to 20
monolayers (MLs). The overlap of electron (hole) wave functions between
adjacent InAs (GaSb) layers results in the formation of electron (hole)
minibands in the conduction (valence) band. Optical transitions in two mid-
bandgap semiconductors—between holes localized in GaSb layers and
electrons confined in InAs layers—are employed in the wide spectral IR
detection process between 3 and 30 mm.

Taalat et al. have shown13 strong influence of the superlattice composition
on both the material properties and MWIR photodetector performance, such
as the background doping concentration, the shape of the spectral
responsivity, and the dark-current value. As shown in Fig. 5.1, a bandgap
energy around 248 meV (lc¼ 5 mm at 77 K) is achieved at three different SL
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periods: with a GaSb-rich composition (10 MLs InAs/19 MLs GaSb per
period), symmetric with the same InAs and GaSb thicknesses (10 MLs), and
InAs-rich composition (7 MLs InAs/4 MLs GaSb).

5.1.1 MWIR photodiodes

Superlattice photodiodes are typically based on p–i–n double heterostruc-
tures with an unintentionally doped, intrinsic region between the heavily
doped contact portions of the device. The sample presented in this work is
the InAs/GaSb T2SL p–i–n detector with the SU-8 passivation fabricated at
the Center for High Technology Materials, University of New Mexico,
Albuquerque.14 The device structure was grown on Te-doped epiready (100)
GaSb substrates. It consists of 100 periods of ten monolayers (10 MLs) of
InAs:Si (n¼ 4� 1018 cm 3)/10 MLs of GaSb as the bottom contact layer.
This is followed by 50 periods of graded n-doped 10 MLs of InAs:Si/10 MLs
of GaSb, 350 periods of absorber, 25 periods of 10 MLs of InAs:Be
(p¼ 1� 1018 cm 3)/10 MLs of GaSb, and finally, 17 periods of 10 MLs InAs:Be
(p¼ 4� 1018 cm 3)/10 MLs GaSb, which formed a p-type contact layer.
Twenty-five periods of the SL structure with graded doping layers are added
between the absorber and the contact layer in order to improve transport of
minority carriers in the detector structure. By varying the beryllium con-
centration in the InAs layer of the active region, the residually n-type super-
lattice is compensated to become slightly p-type. Consequently, increasing the
RA product and quantum efficiency was observed in similar structures.15

Figure 5.2 shows the schematic photodiode structure and its design. A
normal-incidence single-pixel mesa photodiode with a 450� 450 mm2

Figure 5.1 Calculated superlattice bandgap at 77 K as a function of the period thickness
for different ratios R ¼ InAs/GaSb (reprinted from Ref. 13).
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electrical area was fabricated by photolithography and inductively coupled
plasma etching. The rest of the fabricated devices were dipped in a
phosphoric-acid-based solution to remove the native oxide film on the etched
mesa sidewalls, then covered with SU-8 (�1.5-mm thickness) to act as the
passivation layer. Ohmic contacts were made by depositing Ti/Pt/Au on the
contact layers.16,17

The cutoff wavelength increases with temperature increase, assuming
5.6 mm at 120 K and 6.2 mm at 230 K. This shift can be attributed to the
dependence of a bandgap on temperature according to the Varshni formula.
In order to explain the current–voltage characteristics of the MWIR type-II
SL photodiodes, a bulk-based model with an effective bandgap of SL material
is used.

It is well recognized that the photodiode dark current can be found as a
superposition of several mechanisms (see Fig. 5.3):

Idark ¼ Idiff þ Igr þ Ibtb þ I tat þ IRshunt, (5.1)

including four main mechanisms: diffusion Idiff, generation–recombination Igr,
band-to-band tunnelling Ibtb, and trap-assisted tunnelling Itat. The remaining
mechanism is current due to the shunt resistance IRshunt, which originates from
the surface and bulk leakage current and shows the presence in the reverse-
bias region. The avalanche current, which occurs in diodes with large
depletion widths and a high reverse bias voltage, is omitted in our

Figure 5.2 MWIR InAs/GaSb type-II superlattice photodiode: (a) schematic device
structure, and (b) photodiode design (reprinted from Ref. 19).
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considerations. A summary of these well-known contributions to dark current
that have been taken into account in our modelling is given in Refs. 18–20.

Several examples of the measured and fitting characteristics are presented
below. Figures 5.4 and 5.5 present comparisons of experimental and
theoretically predicted characteristics of the dark current density J–V
and the resistance area product versus bias voltage RA(V) for MWIR
InAs/GaSb superlattice photodiodes at temperatures 160 K and 230 K,
respectively. As can be seen, in a wide region of bias voltages (between
þ0.1 V and –1.6 V) and temperatures (also below 160 K, not shown),
excellent agreement between both types of results has been obtained.

Figure 5.3 Possible currents operating in the photodiode. Idiff is the ideal diffusion current,
Iph is the photocurrent, Igr is due to the generation–recombination mechanism, Ibtb is due to
band-to-band tunnelling, Itat is due to trap-to-band tunnelling, Iav is the avalanche current,
and Rshunt is due to surface and bulk leakage shunt resistance. Limiting currents act in
opposition to the diffusion current.

Figure 5.4 Measured and modeled characteristics of a MWIR p–i–n InAs/GaSb type-II
superlattice photodiode at 160 K: (a) dark current density versus bias voltage and
(b) resistance area product versus bias voltage (reprinted from Ref. 20).
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At a low temperature (≤120 K) in reverse-bias voltage the current
conducted through the shunt resistance dominates the reverse characteristic of
the diode. It can be explained here that the dislocations that intersect the
junction and/or surface leakage currents are generally responsible for shunt
currents in a diode. In the region of higher reverse voltages (above 1 V), the
influence of band-to-band tunnelling is decisive. The influence of shunt
resistance is negligible in thermoelectrically cooled (TE-cooled) photodiodes
(in a temperature range above 170 K).

With temperature increase, the contribution of diffusion and generation–
recombination currents increases in the zero-bias and the low-bias regions and
dominates at 230 K. At medium values of reverse bias (between 0.6 and 1.0 V
at 160 K), the dark current is mostly due to a trap-assisted tunnelling. At high
values of reverse bias (above 1 V at 160 K), bulk band-to-band tunnelling
dominates. In the region of forward-bias voltage above 0.1 V, the influence of
series resistance is decisive.

Wróbel et al.21 examined a near-mid-gap-trap energy level in InAs10ML/
GaSb10ML type-II superlattices using thermal analysis of the dark current,
Fourier transform photoluminescence, and low-frequency noise spectroscopy.
Several wafers and diodes with similar period designs and the same
macroscopic construction were investigated. All characterization techniques
gave nearly the same value of about 140 meV independent of substrate type.
Additionally, photoluminescence spectra show that the transition related to
the trap center is temperature independent.

Figure 5.6 presents a comparison of the R0A product versus the cutoff
wavelength for the HgCdTe photodiodes fabricated in our laboratory (at the
Institute of Applied Physics, Military University of Technology, Warsaw,
Poland) and type-II InAs/GaSb superlattice photodiodes operating at

Figure 5.5 Measured and modeled characteristics of a MWIR p–i–n InAs/GaSb type-II
superlattice photodiode at 230 K: (a) dark current density versus bias voltage and
(b) resistance area product versus bias voltage (reprinted from Ref. 20).
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230 K.19,22 It can be clearly seen that the performance of superlattice devices
has reached a level that is comparable to the performance of state-of-the-art
HgCdTe detectors. In fact, the RA product of 6.2-mm superlattice devices is
even higher, but it was measured at 0.3 V reverse bias. The dashed lines are
trend lines of HgCdTe device experimental data. HgCdTe photodiodes
still generally offer better performance, especially at lower temperatures,
e.g., 77 K,23 mainly due to a larger quantum efficiency. Typically, the quantum
efficiency of our type-II photodiodes is about 30% (at 0.3 reverse bias) in
comparison with 70% for the HgCdTe devices. The active region of the
superlattice devices is thinner than that of HgCdTe photodiodes. As a result,
the dark current and the R0A product of devices with high-bandgap contacts
are comparable to those of HgCdTe photodiodes at 230 K.

A research group at Montpellier University13,24,25 has elaborated on
MWIR T2SL p–i–n device structures similar to those shown in Fig. 4.11. As
was noted, several InAs/GaSb SL material properties depend strongly on the
chosen SL period, such as the temperature bandgap energy, absorption
coefficient, residual doping level, and carrier lifetime. The superlattice period
influences carrier localization, which results in different mini-band widths and
thus different joint density of states and line shape of absorption coefficients.
For example, Fig. 5.7 reports photoresponse spectra of symmetrical
InAs/GaSb SL structures having emission in the MWIR wavelength range.

The important observation is the independence of minority-carrier lifetime
from interface density. The recombination centers limiting the SL lifetime are
located in the binary materials rather than at the interfaces.13,26 The worst
material properties are obtained for the largest GaSb content. In SL samples

Figure 5.6 Dependence of the RA and R0A products on cutoff wavelength for MWIR
InAs/GaSb/B-Al0.2Ga0.8Sb type-II SL nBn detectors, HgCdTe bulk diodes, and InAs/GaSb
type-II SL p–i–n diodes operated at near room temperature (adapted from Ref. 19).
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at 77 K with a cutoff wavelength close to 5 mm, the residual doping level was
found to increase from 6� 1014 cm 3 to 5.5� 1015 cm 3 when the GaSb
content in each SL period increased from 36% to 65%. Since the GR-limited
current that dominated at 77 K is proportional to ni/tn

1/2 (n is the majority-
carrier density), an increase of t correspondingly contributes to a decrease by
the same amount of Igr. Figure 5.8 gathers the experimental data of dark

Figure 5.7 Normalized photoresponse spectra of InAs(N)/GaSb(N) symmetrical MWIR SL
detector structures with N ¼ 3, 5, 8, 10, and 15 MLs. The spectra are recorded at 80 K
(adapted from Ref. 24).

Figure 5.8 Dark current density at 77 K as a function of the period thickness of p–i–n InAs/
GaSb T2SL photodiodes for different ratios of R ¼ InAs/GaSb (adapted from Ref. 25).

118 Chapter 5

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 14 Feb 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



current density for GaSb-rich, symmetric, and InAs-rich SL compositions. In
the case of an asymmetric (7/4) InAs-rich InAs/GaSb T2SL structure
(R¼ 1.75) with a cutoff wavelength of 5.5 mm at 77 K, an R0A product as
high as 7� 106 Ωcm2 at 77K was reported.24

5.1.2 LWIR photodiodes

Figure 5.9 shows a cross-sectional scheme of a completely processed mesa
detector and design of 10.5-mm InAs/GaSb SL photodiode. The layers are
usually grown by MBE at substrate temperatures around 400 °C on undoped
(001)–oriented GaSb substrates. With the addition of cracker cells for the
group-V sources, the superlattice quality is significantly improved. Despite the
relatively low absorption coefficients, GaSb substrates require reduction of
the thickness to below 25 mm in order to transmit appreciable IR radiation.27

Since the GaSb substrates and buffer layers are intrinsically p-type, the p-type
contact layer—intentionally doped with beryllium at an acceptor concentra-
tion of 1� 1018 atoms/cm3—is grown first.

Sensors for the LWIR spectral ranges are based on binary InAs/GaSb
short-period superlattices.28,29 The layers needed are already so thin that there
is no benefit to using GaInSb alloys. The oscillator strength of the InAs/GaSb
SL is weaker than that of InAs/GaInSb; however, the InAs/GaSb SL, which
uses unstrained and minimally strained binary semiconductor layers, may also
have material quality advantages over the SL, which uses a strained ternary
semiconductor (GaInSb). For the formation of p–i–n photodiodes, the lower
periods of the InAs/GaSb SL are p-doped with 1� 1017 cm 3 Be in the GaSb
layers. These acceptor-doped SL layers are followed by a 1- to 2-mm-thick,
nominally undoped superlattice region. The width of the intrinsic region does
vary in the designs. The width used should be correlated to the carrier
diffusion lengths for improved performance. The upper layer of the SL stack is
doped with silicon (1� 1017 to 1� 1018 cm 3) in the InAs layers and is
typically 0.5 mm thick. The top of the SL stack is then capped with an InAs:Si
(n� 1018 cm 3) layer to provide good ohmic contact.

Figure 5.9 Schematic design of p–i–n double-heterojunction InAs/GaSb photodiode with a
10.5-mm cutoff wavelength.

119Type-II Superlattice Infrared Photodiodes

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 14 Feb 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



The main technological challenge for the fabrication of photodiodes is the
growth of thick SL structures without degrading the material quality. High-
quality SLS materials that are thick enough to achieve acceptable quantum
efficiency are crucial to the success of the technology.

Figure 5.10 shows the experimental data and theoretical prediction of the
R0A product as a function of temperature for an InAs/GaSb photodiode with
a 10.5-mm cutoff wavelength at 78 K. The photodiode is depletion-region
(GR)–limited in the temperature range below 100 K. Space-charge
recombination currents dominate reverse bias at 78 K and with the dominant
recombination centers located at the intrinsic Fermi level, as shown in
Fig. 5.10(a). The trap-assisted tunneling is dominant at T≤ 40 K. The
performance of LWIR photodiodes in the high temperature range is limited
by the diffusion process. At a low temperature and near-zero-bias voltage, the
currents are diffusion limited. At larger biases, trap-assisted-tunneling
currents dominate.

An additional insight in dark current mechanisms in LWIR InAs/GaSb
SL photodiodes has been given by Rehm et al.31,32 By assuming that the
device is affected by sidewall leakage, bulk and sidewall contributions can be
described by the well-known relation for the total dark current density:

Idark ¼ Idark,bulk þ s� P∕A, (5.2)

Figure 5.10 Experimental data and theoretical characteristics for an InAs/GaSb photodi-
ode with lc ¼ 10.5 mm at 78.5 K: (a) J–V characteristic at 78 K and (b) R0A product as a
function of temperature (adapted from Ref. 30).
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where s is the sidewall current per unit length of the mesa sidewall, and P/A is
the perimeter-to-area ratio of the device. In general, s(V,T) is a function of the
applied bias voltage V and temperature T. The bulk dark current, Idark,bulk
contains the components described by Eq. (5.1).

Figure 5.11(a) shows that the sidewall current does not dominate the
behavior of the I(V) characteristic at low reverse bias at 77 K. The
temperature dependence of the I(V) characteristic at 77 K at low reverse
bias is diffusion limited [see Fig. 5.11(b)].

Heterojunction device concepts help to considerably reduce dark
current,32 as was shown by the design of a pþ-InAs/GaSb SL absorber
combined with an N -high-bandgap part, which was realized with a second,
conduction-band-matched InAs/GaSb SL with a higher bandgap.

Figure 5.12 compares the R0A values of InAs/GaSb SLS and HgCdTe
photodiodes in the long-wavelength spectral range. The solid line denotes the
theoretical diffusion-limited performance of the p-type HgCdTe material. As
seen in the figure, the most recent photodiode results for SL devices rival those
of practical HgCdTe devices, indicating that substantial improvement has
been achieved in SL detector development.

The quantum efficiency of the p–i–n photodiode structure shown in
Fig. 5.13 critically depends on the thickness of the i (p)–region. By fitting the
quantum efficiencies of a series of photodiodes with i-region thicknesses
varying from 1 to 4 mm, Aifer et al.34 determined that the minority-carrier
electron diffusion length in LWIR is 3.5 mm. This value is considerably lower
in comparison with a typical value for high-quality HgCdTe photodiodes.
More recently, an external quantum efficiency of 54% has been obtained for
12-mm-cutoff-wavelength photodiodes by extending the thickness of the
p-region to 6 mm. Figure 5.13(a) shows the dependence of quantum efficiency
on the thickness of the p-region, and Fig. 5.13(b) presents the spectral current

Figure 5.11 Dark current density analysis of a homojunction LWIR InAs/GaSb SL
photodiode: (a) versus bias voltage at 77 K, and (b) versus temperature (reprinted from
Ref. 32).
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responsivity of eight of these structures with different thicknesses of the
p-region.35

Figure 5.14 compares the calculated detectivity of type-II and p-on-n
HgCdTe photodiodes as a function of wavelength and temperature of
operation with the experimental data of type-II detectors operated at 78 K.36

The solid lines are theoretical thermally limited detectivities for HgCdTe

Figure 5.12 Dependence of the R0A product of InAs/GaSb SLS photodiodes on cutoff
wavelength compared to theoretical and experimental trendlines for comparable HgCdTe
photodiodes at 77 K (adapted from Ref. 33).

Figure 5.13 Spectral characteristics of InAs/GaInSb SL photodiodes at 77 K: (a) quantum
efficiency as a function of p-region thickness, where the dashed line represents the
maximum possible quantum efficiency without antireflective coating; (b) measured current
responsivity of photodiodes with p-region thickness ranging from 1 to 6 mm. The CO2

absorption at 4.2 mm is visible as well as the water vapor absorption between 5 and 8 mm
(reprinted from Ref. 35 with permission from AIP Publishing).
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photodiodes, calculated using a one-dimensional (1D) model that assumes the
diffusion current from the narrower-bandgap n-side to be dominant and a
minority-carrier recombination via Auger and radiative processes. These
calculations used typical values for the n-side donor concentration
(Nd ¼ 1� 1015 cm 3), a narrow-bandgap active layer thickness (10 mm), and
a quantum efficiency of 60%. The predicted thermally limited detectivities of
the T2SL are larger than those for HgCdTe.10,37,38

From the Fig. 5.14 results, it can be seen that the measured thermally
limited detectivities of T2SL photodiodes are as yet inferior to the current
HgCdTe photodiode performance, and the T2SL photodiode performance
has not achieved theoretical values. This limitation appears to be due to two
main factors: relatively high background concentrations (about 5� 1015 cm 3,
although values below 1015 cm 3 have been reported)39 and a short minority-
carrier lifetime (typically tens of nanoseconds in lightly doped p-type
material). Until now, non-optimized carrier lifetimes have been observed
and at desirably low carrier concentrations are limited by the SRH
recombination mechanism. The minority-carrier diffusion length is in the
range of several micrometers. Improving these fundamental parameters is
essential to realize the predicted performance of type-II photodiodes.

5.2 InAs/InAsSb Superlattice Photodiodes

Interest in InAs/InAsSb superlattice materials for IR detection is motivated by
carrier lifetime limitations imposed by the GaSb layer in InAs/GaSb SLs. As
was mentioned in section 3.2, a significant longer minority-carrier lifetime has
been obtained in an InAs/InAsSb SL system as compared to an InAs/GaSb SL
operating in the same wavelength range and temperature. It is expected that

Figure 5.14 The predicted detectivity of type-II and p-on-n HgCdTe photodiodes as a
function of wavelength and temperature. Experimental data are taken from several sources
(adapted from Ref. 36).
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such an increase in minority-carrier lifetime results in lower dark current for
InAs/InAsSb SL detectors in comparison with their InAs/GaSb SL counter-
parts.40 In addition, with two common elements (indium and arsenic) in the
SL layers, the InAs/InAsSb SL has a relatively simple interface structure with
only one changing element (antimony), which promises better controllability
in epitaxial growth and simpler manufacturability.

Both MWIR41 and LWIR42 InAs/InAsSb SL photodiodes have been
demonstrated. The experimentally measured dark current density of MWIR
photodiodes with a cutoff wavelength of 5.4 mm at 77 K was larger than that
of conventional InAs/GaSb SL detectors. This was attributed to the increased
probability of carrier tunneling due to reduced valence- and conduction-band
offsets in the InAs/InAsSb SL system.

Higher-quality LWIR InAs/InAs1 xSbx SL photodiodes have been
demonstrated by Hoang et al.42 Despite the introduction of large amounts of
Sb (x¼ 0.43), the material quality is still good and leads to high-performance
photodetectors. The cutoff wavelength of the active region is mainly determined
by the valence band level in the InAs1 xSbx layer, which is directly related to the
amount of Sb. The samples were MBE grown on Te-doped (001) GaSb
substrate. The device structure consists of 0.5-mm-thick InAsSb buffer layer,
followed by a 0.5-mm-thick bottom n-contact (n� 1018 cm 3), a 0.5-mm-thick
slightly n-doped barrier, a 2.3-mm-thick slightly p-doped active region
(�1015 cm 3), and a 0.5-mm-thick top p-contact (p� 1018 cm 3). Finally, the
structure is capped with a 200-nm-thick p-doped GaSb layer. The n-type and
p-type dopants are silicon and beryllium, respectively.

The effective passivation of InAs/InAsSb T2SL photodiodes is in a very
early stage of development. Usually, photodiodes are not passivated. The
simplest passivation process involves common dielectric insulators (such as an
oxide or nitride of silicon) being deposited onto the exposed surface of the
device, as is utilized in the silicon industry.

Figure 5.15 shows the electrical characteristics of the LWIR InAs/InAsSb
SL photodiode in the temperature range of 25 to 77 K. At 77 K the R0A
product is 0.84 Ωcm2, indicating a lower value in comparison with the
InAs/GaSb counterpart (see Fig. 5.12). Above 50 K, the diode exhibits
Arrhenius-type behavior with an associated activation energy of 39 meV,
which is approximately one-half of the active region’s bandgap (�80 meV
for 15 mm), indicating that the GR current from the active region is the dark-
current-limiting mechanism. Below 50 K, the R0A deviates from the trend and
becomes less sensitive to temperature variation. This behavior suggests that
the dark current is limited by other mechanisms—either the tunneling current
or the surface leakage at this temperature range.

The spectral characteristics of this photodiode are shown in Fig. 5.16. At
77 K, the sample exhibited a 100% cutoff wavelength at 17 mm and a 50%
cutoff wavelength at 14.6 mm. High quantum efficiency is achieved with reverse
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Figure 5.15 Electrical characteristics of LWIR InAs/InAsSb SL photodiodes: (a) current–
voltage characteristics as a function of temperatures and (b) R0A versus temperature
(reprinted from Ref. 42 with permission from AIP Publishing).

Figure 5.16 Spectral characteristics of the LWIR InAs/InAsSb SL photodiode: (a) quantum
efficiency spectrum with different applied biases at 77 K. Inset: 50% cutoff wavelength as a
function of temperature; (b) the calculated shot-noise- and Johnson-noise-limited detectivity
of the device at 77 K with different applied biases (reprinted from Ref. 42 with permission
from AIP Publishing).
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bias above 150 mV and becomes saturated at 300 mV. Upon saturation, the
current responsivity reaches a peak of 4.8 A/W, corresponding to a quantum
efficiency of 46% for a 2.3-mm-thick active region. Figure 5.16(b) shows
the calculated shot-noise- and Johnson-noise-limited detectivity of the device at
77 K based on the measured quantum efficiency, the dark current, and the R0A
product.

5.3 Device Passivation

Despite numerous efforts by various research groups to fabricate T2SL
devices, the development of an effective device passivation scheme has not
been well established. The mesa sidewalls are a source of excess currents.
Besides efficient suppression of surface leakage currents, a passivation layer
suitable for production purposes must withstand various treatments that
occur during the subsequent processing of the device. Considerable surface
leakage is attributed to the discontinuity in the periodic crystal structure due
to mesa delineation. Focal plane arrays (FPAs) of 1 cm2 still dominate the IR
market, while pixel pitch has decreased to 15 mm during the last few years,
now reaching 12 mm, 10 mm, and even 5 mm in test devices.43 This trend is
expected to continue. Pixel reduction is mandatory also to cost reduction of a
system (reduction of the optics diameter, reduction of the dewar size and
weight, together with a reduction in power, and an increase in reliability).
Scaling of the pixel dimensions makes FPA performance strongly dependent
on surface effects due to a large pixel surface/volume ratio. Thus, methods for
elimination of surface currents need to be developed.

The native oxide of most III-V compounds is not beneficial as a natural
passivation material. The oxidation of GaSb at relatively low temperatures
occurs in accordance with the reaction

2GaSbþ 3O2 → Ga2O3 þ Sb2O3: (5.3)

In the first step of chemical passivation, the solution removes the native oxides
at the surface, and then new atoms occupy the dangling bonds to prevent
reoxidation of the material, prevent surface contamination, and minimize
band bending.

A review of passivation techniques for T2SLS detectors may be found in
the work of Plis et al.,44 where the techniques are categorized into two types:

• encapsulation of etched detector sidewalls with thick layers of
dielectrics, organic materials (polyimide and various photoresists), or
a wider-bandgap III-V material, or

• use of chalcogenide passivation, which involves saturation of unsatisfied
bonds on semiconductor surfaces by sulphur atoms.
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Here we briefly describe the available passivation techniques and their
limitations.

The effectiveness of passivation is commonly evaluated using a variable-
area diode array method. The dark current density can be expressed as the
summation of the bulk component of dark current and the surface leakage
current. The inverse of the dynamic R0A product of the photodiode at zero
bias can be approximated as

1
R0A

¼ 1
ðR0AÞBulk

þ 1
rSurface

P
A
, (5.4)

where (R0A)Bulk is the bulk R0A contribution (Ωcm2), rSurface is the surface
resisitivity (Ωcm), P is the diode perimeter, and A is the diode area. The slope
of the function (R0A)

1¼ f(P/A) is directly proportional to the diode’s surface-
dependent leakage current 1/rSurface. If the bulk current dominates the
detector performance, then the dependence (R0A)

1¼ f(P/A) has a slope close
to zero. If the surface leakage is significant, then an increase in the dark
current density is observed for smaller devices.

Figure 5.17 shows exemplary dependencies of (R0A)
1 as a function of P/A

for LWIR T2SL photodiodes passivated in different ways and operated at
77 K.45,46 Detectors with mesa sizes ranging within 100–400 mm etched by
inductively coupled plasma (ICP) and electron cyclotron resonance (ECR) with
sidewalls encapsulated by polyimide have demonstrated the highest surface
resistivity (6.7� 104 Ωcm) among the four treatments [see Fig. 5.17(a)]. A
comparison of the electrical performance of detectors with the same post-etch

Figure 5.17 Dependence of (R0A)
–1 on P/A for LWIR T2SL photodiodes at 77 K:

(a) detectors fabricated with ICP and ECR etching techniques and protected by SiO2 and
polymide (reprinted from Ref. 45 with permission from AIP Publishing); (b) detectors
passivated by AlxGa1–xAsySb1–y overgrowth and by the conventional dielectric layer
passivation method (reprinted from Ref. 46 with permission from AIP Publishing).
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encapsulation method (polyimide) revealed an order of magnitude lower dark
current density for the ICP-polyimide sample. Dielectric passivation with low-
fixed and interfacial charge densities at process temperatures substantially lower
than the T2LS growth temperature (to prevent T2SL period mixing) presents
the challenge of developing high-quality passivation layers. It appears that the
band bending at the mesa sidewalls caused by the abrupt termination of the
periodic crystal structure induces accumulation or type inversion of charge,
which results in surface tunneling currents along the sidewalls. As was
demonstrated by Delaunay et al.,47 native fixed charges present in the dielectric
passivation layer (e.g., SiO2) can either improve or deteriorate the narrow-
bandgap device performance. A good method for controling band bending of
the SiO2-T2SL to establish the flat-band condition and suppress the leakage
current is to apply a negative-bias voltage along the device sidewalls.48

Effective methods of T2SL device passivation involve encapsulation of
etched sidewalls with a wide-bandgap material or the “shallow etch”
technique, which isolates the neighboring devices but terminates within a
wider-bandgap layer. Rehm et al. have used MBE overgrowth of a lattice
matched, large-bandgap AlGaAsSb layer over etched mesa sidewalls.46 In
order to prevent the Al-containing passivation layer from oxidizing, a thin
silicon nitride layer was deposited after the re-growth process. Figure 5.17(b)
shows the dependence of (R0A)

1 on the perimeter-to-area ratio for two
similar detector structures—one passivated by the overgrowth and the other
by conventional dielectric layer passivation. No surface leakage is observed
for overgrowth passivation (the slope is close to zero). In addition,
Szmulowicz and Brown49 proposed mesa sidewall encapsulation with GaSb
to eliminate the surface currents. The GaSb encapsulant acts as a barrier to
electrons at both the n- and p-type sides of the SL.

It appears that the reproducivity and long-term stability achieved by the
SiO2 passivation layer is more critical for photodiodes in the LWIR range
than in the MWIR range. In general, the inversion potentials are larger for
higher-bandgap materials; therefore, SiO2 can passivate high-bandgap
materials (MWIR photodiodes) but not low-bandgap materials (LWIR
photodiodes). Using this property, a double-heterostructure that prevents the
inversion of the high-bandgap p-type and n-type superlattice contact regions
has been proposed (see Fig. 4.11).47 For such structures, the surface leakage
channel at the interface between the active region and the p- or n-type contacts
is considerably decreased.

Several additional design modifications that dramatically improve the
LWIR photodiode dark current and R0A product have been described.
The very shallow slope of the shallow-etch samples demonstrate that it is
possible to reduce excess currents that are due to sidewalls.49

An alternative method of eliminating excess currents due to sidewalls uses
shallow-etch mesa isolation with a band-graded junction.34,50 The primary
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effect of the grading is to suppress tunneling and GR currents in the depletion
region at low temperatures. Since both processes depend exponentially on
bandgap, it is highly advantageous to substitute a wide gap into the depletion
region. In this approach, the mesa etch terminates at the point just past the
junction and exposes only a very thin (300 nm), wider-bandgap region of the
diode. Subsequent passivation is therefore in wider-bandgap material. As a
result, this passivation reduces the electrical junction area, increases the
optical fill factor, and eliminates deep trenches within the detector array.
However, if the lateral diffusion lengths are larger than the distance between
neighboring pixels in the FPAs (typically several pixels), crosstalk between the
FPA elements can be encountered, degrading the image resolution.

Different organic materials—polyimides and photoresists—are also
attractive for passivants due to the simplicity of their integration into the
T2SL detector fabrication procedure. Organic passivants are usually spin
coated onto a detector at room temperature in thicknesses varying from 0.2 to
100 mm. A more popular passivant is SU-8, a high-contrast, epoxy-based
negative photoresist developed by IBM.51 Photo-polymerized SU-8 is
mechanically and chemically stable after a hard bake. In several papers,
passivation of MWIR and LWIR T2SL detectors with SU-8 photoresist,52 54

polyimides,55 and AZ-1518 photoresist56 has been reported. Polyimides are
polymers of imide monomers, characterized by good thermal stability and
chemical resistance, and excellent mechanical properties. For LWIR
InAs/GaSb SL photodiodes (lc¼ 11.0 mm at 77 K with sides ranging in size
from 25 to 50 mm) passivated with polymide layers, no surface dependence
was observed for diodes with R0A values within the range of 6–13 Ωcm2.55

Stimulated by the successful application of sulfide passivation of GaAs
surfaces, T2SL devices have been also passivated by alkaline sulfides, including
Na2S and (NH4)2S in aqueous solutions. It was found that chalcogenide
passivation through immersion in a sulfur-containing solution, or deposition of
a sulfur-based layer, effectively removes native oxide with minimal surface
etching and creates a covalently bonded sulfur layer. However, chalcogen-based
passivation does not provide physical protection and encapsulation of the
device, and temporal instability of such a passivation layer has been reported.44

The most effective technique to reduce the surface leakage current in
T2SL devices is currently the gating technique shown schematically in
Fig. 4.11. By creating a metal gate electrode on top of a dielectric passivation
layer, surface leakage can be tailored by an applied voltage.48

Summarizing the technological passivation problems, various passivation
techniques have been developed for T2SL detectors. Up until now, however,
there is no universal approach that would equally efficiently treat SL detectors
with different cutoff wavelengths. In particular, more studies need to be
conducted on the long-term stability of proposed passivation schemes to
successfully integrate them into the FPA fabrication procedure.
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5.4 Noise Mechanisms in Type-II Superlattice Photodetectors

A proper understanding of the noise behavior of T2SL photodetectors is still
lacking. The observed noise behavior is very complex and, depending on the
circumstances in the diode under test, several mechanisms appear to be
present. Detailed data on the noise properties are still sparse in the published
literature.57 65 The last general remark concerns different types of T2SL
photodetectors: p–i–n photodiodes, nBn detectors, and interband cascade
(IBC) detectors. These last two types of T2SL photoconductors are described
in Chapters 6 and 7.

According to classical theory, the fundamental noise current in diffusion
and GR-limited photodiodes is given by

I2n ¼ 2qðIdark þ 2I sÞDf , (5.5)

where q denotes the elementary charge, Idark is the total dark current, Is is the
reverse-bias saturation value of the diffusion current, and Df is the
measurement bandwidth. At zero-bias voltage, Eq. (5.5) reduces to the well-
known Johnson noise expression. In the case of a GR-limited photodiode at
high bias, 2Is is small compared to Id, and Eq. (5.5) tends toward the familiar
shot-noise expression.

For the high-quality T2SL photodiodes that are limited by the SRH
processes, the noise current follows Eq. (5.5). An example of such behavior is
shown in Fig. 5.18 for an InAs-rich MWIR InAs/GaSb p–i–n photodiode
measured at the 7-kHz bandwidth. At low frequency, 1/f noise is the most
important. The structure consists of a 200-nm Be-doped (pþ-type doping
�1� 1018 cm 3) GaSb buffer layer on a lattice-matched GaSb substrate,

Figure 5.18 Experimental noise versus bias voltage for a 60 °C blackbody at 77 K
operating temperature and measured at 7-kHz bandwidth (reprinted from Ref. 64).
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several periods of pþ-doped SL, a non-intentionally doped InAs/GaSb SL
active region, several periods of nþ-doped SL, and a 20-nm-thick Te-doped
(nþ-type doping �1� 1018 cm 3) InAs cap layer. The nonintentionally doped
InAs-rich SL active region is composed of 300 periods of 7.5 InAs MLs and
3.5 GaSb MLs (7.5/3.5 SL structure) for a total thickness of 1 mm.
Metallizations are ensured by Cr/Au on the top of the mesa and on the back
of the substrate.

In several papers it was shown that 1/f noise is not intrinsically present in
T2SL structures. However, large, extraneous, and frequency-dependent noise
is generated by sidewall leakage currents.57,60 As explained, an effective way to
eliminate sidewall leakage currents is the development of reliable passivation.

Authors from Fraunhofer Institute in Freiburg61 63 compared the
measured noise from a number of mid- and long-wavelength p–i–n InAs/GaSb
photodiodes having a large junction area of 400� 400 mm2 to measurements
using smaller reference diodes in a regime of low-frequency white noise. The
dark current had varied about four orders of magnitude due to the presence of
macroscopic defects in those large-area diodes and strongly increased compared
to the GR-limited value of the bulk. The simple shot-noise model completely
failed. The shot-noise model only explained the noise of devices with a dark
current close to the GR-limited bulk level, and the deviation of the
experimentally observed noise from the expected shot noise increased with
increasing dark current (see Fig. 5.19). To explain these experimental data,
McIntyre’s excess-noise model for electron-initiated avalanche multiplication
was successfully implemented. It was suggested that the increase in dark
current and excess noise is caused by the presence of high-electric-field domains

Figure 5.19 Noise data of MWIR homojunction InAs/GaSb T2SL photodiodes: (a) ratio of
the experimentally found photodiode white noise to the expected shot noise versus dark
current at 77 K and �50 mV reverse bias for a set of 68 photodiodes with a size of
400� 400 mm2. The dashed vertical line marks the GR-limited bulk dark current level found
in small sized diodes; (b) photodiode white noise at 77 K versus bias voltage for the device
indicated by the arrow in part (a) (adapted from Ref. 63).
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at the sites of crystallographic defects, which give rise to avalanche multipli-
cation processes.

Ciura et al.65 have investigated the role of GR and diffusion currents in the
generation of 1/f noise in different MWIR infrared photodetectors with
different InAs/GaSb SL absorbers. Measurements of 1/f noise at constant,
small, reverse-bias voltage versus temperature show that noise intensity follows
squared leakage current and that there is no contribution to 1/f noise from GR
or diffusion currents, or else it is too small to be observed. This general
observation should be attributed to InAs/GaSb SL material rather than to any
device-specific feature, since the batch of examined devices contained specimens
with various architectures (p-i-n photodiode, nBn detector, and IBC detector),
passivation methods, and substrates. Figure 5.20 shows samples of noise power
spectral density (PSD) for reverse-biased photodetectors. Only PSDs for
HgCdTe and T2SL p-i-n devices have pure 1/f noise. For nBn and IBC
detectors, the general 1/f dependence is distributed by processes with a
thermally Lorentzian spectrum with different corner frequencies.

New insight into 1/f noise was given by a paper published by Kinch et al.
in 2013.66 A simple nþ-n -p-pþ diode geometry shown in Fig. 5.21 was
considered for which the following assumptions were made: the fixed charge
in the passivation is positive and generates an accumulation layer on the
n-side and depletion layer at the surface on the p-side; the donor

Figure 5.20 Samples of noise PSD measured for reverse-biased specimens (reprinted
from Ref. 65 with permission from IEEE).
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concentration n is less than the acceptor concentration p, i.e., n ≪ p
(the main depletion region is formed completely on the n-side); the surface on
the p-side may or may not support an inversion layer, depending on the
magnitude of the fixed positive charge in the passivation and the reverse bias
on the diode.

Two models of the 1/f noise components were designed based on charge
fluctuations out of McWhorter-like surface traps by tunneling.67 The first
model presents the components as systemic, being associated with passivated
external surfaces of the diodes, and the second presents them as isolated
defects associated with the internal surfaces of built-in physical defects such as
dislocations.

The noise current spectral density can be expressed as

SI ¼
�
qH
2tiA1

qn2i
ðnþ niÞ2tSRH

qni
tSRH

w
2nt

�
nTAdif

f

þ
�

qni
tSRHn

q
2tiA1

qn2i
ðnþ niÞtSRH

�
NTAdep

f
, (5.6)

where H represents the possible suppression of surface charge modulation by
the screening effect of the accumulation layer that is generated by the fixed
positive charge; w is the depletion region width; t is the thickness of the
n-region; Adif and Adep represent the surface areas of the diffusion and
depletion volumes, respectively, on the n-side of the diode contributing trap
fluctuations; and NT is the effective surface trap density. Every unit of charge
that tunnels into the accumulated and depleted semiconductor surface region
generates a change in the charge of this region, resulting in a possible

Figure 5.21 nþ-n–-p-pþ diode architecture with fixed, positively charged, passivated
surface together with the donor-pipe dislocation concept in p-semiconductor volume
(repinted from Ref. 66).
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modulation of some of the minority-carrier dark current components flowing
through the diode, i.e., the 1/f spectrum in dark current.

From Eq. (5.6) it can be concluded that if the depletion current dominates,
then the systemic 1/f noise will vary as ni, whereas for diffusion current it will
vary as n2i . Typically, at lower temperatures, where depletion currents prevail,
the diode 1/f performance will be dominated by the side with the lower
doping. However, at higher temperatures, where Auger generation dominates,
the 1/f noise will be independent of the doping concentration on both sides of
the junction. These general conclusions are supported by experimental data
for both MWIR and LWIR HgCdTe photodiodes.66 For an accumulated
photoconductor, the depletion terms in Eq. (5.6) are absent, and the 1/f noise
varies as n2i at all temperatures.

Kinch et al.66 have also modeled isolated defect noise attributed to the
effect of the donor-pipe dislocation concept shown in Fig. 5.21. Their model
built on the work of Baker and Maxey, who proposed a model for the
behavior of threading dislocations in HgCdTe.68 The dislocation is treated as
an n-type pipe of donors along the edge of the dislocation. If the dislocation
traverses the n–p junction and protrudes into the p-volume, it will be encased
within a surrounding depletion region, as illustrated in Fig. 5.21. However,
the effect of the dislocation is minimal on the n-type side of the junction or in
a simple n-type photoconductor.

Typically, isolated defect pixels display excess dark current and/or excess
noise, and are a leading cause of FPA operability particularly at high
temperatures. For example, HgCdTe FPA operability is usually limited not
by dark current defects but by noise defects. Pixels with high 1/f noise should
produce a tail in the rms noise distribution.69 71 Similar behavior is observed
for T2SL photodiodes.32

The barrier detectors described in Chapter 6 alleviate the dark current
problem associated with the short SRH lifetimes in III-V semiconductors.
Absence of depletion regions in the absorption layer may also give the nBn
detector some degree of immunity to dislocations and other defects, and may
allow growth detector structures on lattice-mismatched substrates. However,
the p-type barrier layer inherently causes depletion regions to form in the
narrow-gap absorption layer of the nBn detector for all bias voltages, which
should be avoided.

The hypothetical systemic 1/f noise due to McWhorter-like surface states
located on passivated mesa sidewalls without the depletion current term is
shown in Fig. 5.22(a) as a function of inverse temperature for a MWIR nBn
device with tSR¼ 400 ns, n¼ 1016 cm 3, nT¼ 1012 cm 2, and H¼ 1. Similar
calculations for a LWIR T2SL are shown in Fig. 5.22(b). The modeled 1/f
noise for nBn devices with incorporated depletion regions is considerably
higher, which is also shown in Fig. 5.22.
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Chapter 6

Infrared Barrier Photodetectors

Historically, the first barrier detector was proposed by A. M. White in 19831

as a high-impedance photoconductor. This detector postulates an n-type
heterostructure with a narrow-bandgap absorber region coupled to a thin,
wide-bandgap layer followed by a narrow-bandgap contact region. A. M.
White in his prescient patent also proposed a bias-selectable two-color detector
realized and exploited currently in HgCdTe and in T2SL material systems.

The barrier detector concept assumes almost zero one-band offset approx-
imation throughout the heterostructure, allowing flow of only minority carriers
in a photoconductor. Little or no valence band offset (VBO) was difficult to
realize using standard infrared detector materials such as InSb and HgCdTe.
The situation changed dramatically in the middle of first decade of the 21st

century after the introduction of the 6.1-Å III-V material detector family, and
when the first high-performance detectors and FPAs were demonstrated.2,3

Introduction of unipolar barriers in various designs based on T2SLs drastically
changed the architecture of infrared detectors.4 In general, unipolar barriers are
used to implement the barrier detector architecture for increasing the collection
efficiency of photogenerated carriers and reducing dark current generation
without inhibiting photocurrent flow. The ability to tune the positions of the
conduction and valence band edges independently in a broken-gap T2SL is
especially helpful in the design of unipolar barriers.

6.1 Principle of Operation

The term “unipolar barrier” was coined to describe a barrier that can block
one carrier type (electron or hole) but allows an unimpeded flow of the other
(see Fig. 6.1). Among the different types of barrier detectors the most popular
is the nBn detector shown in Fig. 6.1. 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 same doping type
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in the barrier and active layers is key to maintaining a low, diffusion-limited
dark current. The barrier needs to be carefully engineered. It must be nearly
lattice matched to the surrounding material and have zero offset in one band
and a large offset in the other. It 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 majority-carrier dark current, re-injected photocurrent, and surface
current are blocked (see bottom right side of Fig. 6.1). Effectively, the nBn
detector is designed to reduce the dark current (associated with SRH processes)
and noise without impeding the photocurrent (signal). In particular, the barrier
serves to reduce the surface leakage current; a benefit of the nBn architecture is
self-passivation. Spatial makeups of the various current components and barrier
blocking in a nBn detector are shown at the bottom right of Fig. 6.1.5

Other key benefits associated with the absence of depletion regions in the
narrow-gap absorption layer is immunity of the nBn detector to dislocations
and other defects, which may allow growth on lattice-mismatched substrates
such as GaAs with reduced penalty of excess dark current generated by misfit
dislocations.

Figure 6.1 Illustrations of (clockwise) electron- and hole-blocking unipolar barriers,
bandgap diagram of an nBn barrier detector (the valence band offset D is shown explicitly),
the p-n photodiode, and the spatial makeups of the various current components and barrier
blocking (adapted from Ref. 5).
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Reine and co-workers developed numerical simulations and analytical
models to better understand the physics and operation of simple, ideal, defect-
free nBn devices with p-type6 and n-type barriers.7 For detectors with a p-type
barrier, the approximation model is analogous to the well-known depletion
approximation for the conventional p–n junction with new boundary
conditions for ideal back-to-back photodiodes.

The research presented in Refs. 8 and 9 established a criterion for com-
bining bias voltage and barrier concentration that allows operation with no
depletion region in the narrow-gap absorption layer. A valence band barrier is
present for an n-type barrier (see Fig. 6.1) that can significantly impede hole
current transport between the absorption layer and the contact layer, which can
require large bias voltages to overcome. In contrast, a p-type barrier has no
barrier, but rather a potential well for holes in the valence band that does not
impede hole transport between the absorption layer and the contact layer.
However, in the last case, a p-type barrier layer inherently causes depletion
regions to form in the narrow-gap absorption layer for all bias voltages, which
should be avoided as depletion regions cause excessive GR dark currents.

The nBn detector is essentially a photoconductor with unity gain due
to the absence of majority-carrier flow and in this respect is similar to a
photodiode—the junction (space charge region) is replaced by an electron-
blocking unipolar barrier (B), and the p-contact is replaced by an n-contact. It
can be stated that the nBn design is a hybrid photoconductor and photodiode.

Figure 6.2 shows a typical Arrhenius plot of the dark current in a con-
ventional diode and in an nBn detector. The diffusion current typically varies as

Figure 6.2 A schematic Arrhenius plot of the dark current in a standard diode and in an
nBn device (adapted from Ref. 8).
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T 3exp(–Eg0/kT), where Eg0 is the bandgap extrapolated to zero temperature, T
is the temperature, and k is Boltzman’s constant. The GR current varies as
T 3/2exp(–Eg0/2kT) and is dominated by the generation of electrons and holes by
SRH traps in the depletion region. Because there is no depletion region in an nBn
detector, the GR contribution to the dark current from the photon-absorbing
layer 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-temperature diffusion-limited
region to temperatures below Tc, which is defined as the crossover temperature at
which the diffusion and GR currents are equal. In the low-temperature region,
the nBn detector offers two important advantages. First, it should exhibit a
higher SNR than a conventional diode operating at the same temperature.
Second, it will operate at a higher temperature than a conventional diode with the
same dark current. The latter is depicted by the horizontal dashed line in Fig. 6.2.

Absence of a depletion region offers a way for materials with relatively
poor SRH lifetimes, such as all III-V compounds, to overcome the disad-
vantage of large depletion dark currents.

The operating principles of the nBn and related detectors have been
described in detail in the literature.3 13 While the idea of an nBn design
originated with bulk InAs materials,3 its demonstration using T2SL-based
materials facilitates the experimental realization of the barrier detector
concept with better control of band edge alignments.14

Klipstein et al.15 have considered a wide family of barrier detectors, which
they divide into two groups: XBnn and XBpp detectors (see Fig. 6.3). In the

Figure 6.3 Schematic band profile configurations under operating bias for (a) XBnn and
(b) XBpp barrier detector families. In each case the contact layer X is on the left, and infrared
radiation is incident on the active layer on the right. When X is composed of the same
material as the active layer, both layers have the same symbol (denoting the doping type);
otherwise, X is denoted as C (with the doping type as a subscript) (reprinted from Ref. 15).
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case of the former group, all designs have the same n-type Bnn structural unit, but
use different contact layers X, in which either the doping, material, or both, are
varied. If we take, e.g., CpBnn and nBnn devices, Cp is the p-type contact made
from a material other than the active layer, whereas n is the n-type contact made
from the same material as the active layer. In the case of a pBnn 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. Our barrier
detector family also has p-type members, designated as XBpp, which are polarity-
reversed versions of the n-type detectors. The pBp architecture should be
employed when the surface conduction of the materials is p-type and must be
used with a p-type absorbing layer. This structure can be realized using, e.g., a
p-type InAs/GaSb T2SLs as the absorbing layer.13,16,17 In addition, the
so-called pMp device consists of two p-doped superlattice active regions and a
thin M structure with a higher-energy barrier. The bandgap difference between
the superlattice M structure falls in the valence band, creating a valence band
barrier for the majority holes in the p-type semiconductor.

Unipolar barriers can also be inserted into a conventional p-n photodiode
architecture.5,18 There are two possible locations into which a unipolar
barrier can be implemented: (1) outside the depletion layer in the p-type
layer or (2) near the junction but at the edge of the n-type absorbing layer
(see Fig. 6.4). Depending on the barrier placement, different dark current
components are filtered. For example, placing the barrier in the p-type layer
blocks surface current, but currents due to diffusion, GR, trap-assisted
tunneling (TAT), and band-to-band tunneling (BBT) cannot be blocked.
If the barrier is placed in the n-type region, the junction-generated currents
and surface currents are effectively filtered out. The photocurrent shares the
same spatial makeup as the diffusion current, which is shown in Fig. 6.5.

Unipolar barriers can significantly improve the performance of infrared
photodiodes, as shown in Fig. 6.6 for an InAs material system. For InAs,
AlAs0.18Sb0.82 is an ideal electron-blocking unipolar barrier material.

Figure 6.4 Band diagrams of (a) a p-side and (b) an n-side unipolar photodiode under bias
(reprinted from Ref. 18 with permission from AIP Publishing).
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Theoretical predictions suggest that the VBO should be less than kT for the
AlAsySb1 y barrier composition in the range 0.14 < y < 0.18. Figure 6.6
compares the temperature-dependent R0A product data for an n-side unipolar
barrier photodiode with that of a conventional p-n photodiode. The unipolar
barrier photodiode shows performance near “Rule 07” with an activation

Figure 6.5 Placing the barrier in a unipolar barrier photodiode results in the filtering of
surface currents and junction-related currents. The diffusion current is not filtered because it
shares the same spatial makeup as the photocurrent (reprinted from Ref. 18 with permission
from AIP Publishing).

Figure 6.6 R0A product of a conventional InAs photodiode and a comparable n-side barrier
photodiode (reprinted from Ref. 18 with permission from AIP Publishing).
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energy near the bandgap of InAs, indicating diffusion-limited performance
and six orders of magnitude higher R0A in the low-temperature range
compared to that of a conventional p–n junction.

The “Rule 07” criterion manifests the performance of a p-on-n HgCdTe
photodiode architecture, which is limited by Auger 1 diffusion current from
1015 cm 3 n-type material and is a popular mark of reference for comparing
the performance of any type of detector with that of a state-of-art HgCdTe
detector. Any detector architecture that is limited by Auger 7 p-type diffusion,
or by depletion currents, will not behave according to “Rule 07.” In fact, the
appropriate criterion to use for comparative studies is detector dark current
relative to system flux current.

6.2 SWIR Barrier Detectors

An extension of barrier detectors to SWIR region up to 3 mm has been
demonstrated using InGaAs and InGaAsSb alloy systems.19,20 The standard
growth method for making SWIR detectors is to utilize the MBE technique.

Savich et al.20 carried out a comparison of electrical and optical char-
acteristics of conventional photodiodes and nBn architecture detectors with
2.8-mm cutoff wavelengths fabricated with both lattice-mismatched InGaAs
and lattice-matched InGaAsSb absorbing layers. In order to minimize the
number of defects in the In1 xGaxAs absorber on InP substrate, a 2-mm-thick
step-graded buffer consisting of AlInAs was growth that the lattice constant
was graded from that of InP to that of In0.82Ga0.18As. Both the conventional
photodiode and nBn detector include this step-graded buffer. The barrier
detector includes an additional pseudomorphic AlAsSb unipolar barrier to
maintain a larger conduction barrier compared to that of In0.82Ga0.18As.

In the case of a lattice-matched solution with GaSb substrate, the quaternary
composition of In0.30Ga0.70As0.56Sb0.44 at the edge of the miscibility gap has
been used to maintain the cutoff wavelength and lattice-matching require-
ments. In the nBn detector, also a pseudomorphic AlGaSb unipolar barrier
with a larger conduction band offset (CBO) and zero VBO compared to the
In0.30Ga0.70As0.56Sb0.44 absorber was implemented.

Figure 6.7 gathers temperature-dependent dark current characteristics for
both lattice-mismatched InGaAs and lattice-matched InGaAsSb detectors at
an operating reverse bias of 100 mV.20 InGaAs-on-InP devices suffer from
low material quality, i.e., threading dislocations that occur due to the lattice
mismatch, with implications for device dark current performance.

The p-n InGaAs photodiode is limited by the surface leakage current
below a temperature of 220 K, while the nBn detector remains diffusion
limited down to 150 K. At the room-temperature background photocurrent
level the nBn detector shows dark current reduced by a factor greater than
400 compared to the conventional photodiode.
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The p–n InGaAsSb junction is limited by the depletion region current
below a temperature of 250 K, while the nBn remains diffusion limited as far
as measured, down to 250 K. At the 300-K background photocurrent level the
nBn detector shows dark current reduced by nearly three orders of magnitude
compared to the conventional photodiode.

Figure 6.8 shows that the InGaAsSb nBn detector lattice-matched to
a GaSb substrate presents performance near “Rule 07.” Its dark current is
10 to 20 times lower in comparison with its lattice-mismatched InGaAs
counterpart.

6.3 MWIR InAsSb Barrier Detectors

Detailed growth procedures and device characterization of InAs1 xSbx/
AlAs1 ySby nBn MWIR detectors were the topic of several papers,
e.g., Refs. 8–10, 21, and 22. The n-type doping was usually obtained by either
Si or Te elements, and the InAsSb structures were grown on either GaAs(100)
or GaSb(100) substrates in a Veeco Gen200 MBE system.22 The lattice-
mismatched structures that used GaAs(100) as the substrate were grown on a
4-mm-thick GaSb buffer layer, whereas the remaining structures were grown
directly onto GaSb(100) substrates. The principal layers of the device structures
consisted of a thick n-type InAsSb absorption layer (1.5–3 mm), a thin n-type
AlSbAs barrier layer (0.2–0.35 mm), and a thin (0.2–0.3 mm) n-type InAsSb
contact layer. The bottom contact layer was highly doped.

Figure 6.7 Arrhenius plots for both InGaAs and InGaAsSb p–n junctions and nBn detectors
with cutoff wavelength at 2.8 mm.
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Figure 6.9 shows an example of such an nBn structure that was considered
theoretically by Martyniuk and Rogalski,23 along with the J–V characteristics
as a function of temperature that were taken from Ref. 24. The alloy
composition of x¼ 0.09 or the InAs1 xSbx absorber layer provided a cutoff

Figure 6.8 Comparison of the dark current characteristics of InGaAs and InGaAsSb nBn
detectors. The lattice-matched InGaAsSb barrier detector shows at least an order of
magnitude reduction in the dark current compared to the mismatched InGaAs nBn detector
(reprinted from Ref. 20).

Figure 6.9 InAsSb/AlAsSb nBn MWIR detector: (a) the device structure and (b) dark
current density versus bias voltage as a function of temperature for 4096-element (18-mm
pitch) detectors (lc� 4.9 mm at 150 K) tied together in parallel (reprinted from Ref. 24).
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wavelength of�4.9 mm at 150 K. Jdark was 1.0� 10 3 A/cm2 at 200 K and
3.0� 10 6 A/cm2 at 150 K. The detectors are dominated by diffusion currents
at –1.0 V bias where the quantum efficiency peaks.

An interesting difference in dark current density versus temperature is
shown in Fig. 6.10 for two nominally identical devices with opposite barrier
polarities, each operating at a bias of –0.1 V. The nBnn device exhibits a single
straight line, characteristic of diffusion-limited behavior, while the nBpn
device exhibits two-slope behavior, characteristic of a crossover from
diffusion-limited behavior at high temperatures to GR-limited behavior at
low temperatures. As shown in the figure, the dark current density at 150 K is
more than two orders of magnitude greater for the detector with the p-type
barrier because it is already GR limited. It appears, for a typical quantum
efficiency of 70% at F/3 optics, that the BLIP temperature is about 140 K
compared with �175 K for the detector with the n-type barrier.

Klipstein et al. have presented one of the first commercial nBn array
detectors operating in the blue part of the MWIR atmospheric window
(3.4–4.2 mm) that were made available on the market by SCD. This detector
is known as Kinglet and is a very low-SWaP integrated detector–cooler

Figure 6.10 Dark current density versus temperature for two identical InAsSb/AlSbAs nBn
devices with opposite barrier-doping polarities. The active layer bandgap wavelength is
4.1 mm at 150 K (reprinted from Ref. 13).
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assembly (IDCA) with an aperture of F/5.5 and an operating temperature of
150 K. The Kinglet digital detector based on SCD’s Pelican-D ROIC has an
nBn InAs0.91Sb0.09/B-AlAsSb 640� 512 pixel architecture with a 15-mm pitch.
The NEDT for F/3.2 optics and the pixel operability is shown in Fig. 6.11 as
a function of temperature. The NEDT is 20 mK at 10-ms integration time,
and the operability of nondefective pixels was greater than 99.5% after a
standard two-point nonuniformity correction. The NEDT and operability
begin to change above 170 K, which is consistent with the estimated BLIP
temperature of 175 K.

6.4 LWIR InAsSb Barrier Detectors

Recently, Lin et al.26 have described bulk InAsSb barrier detectors with a
cutoff wavelength of about 10 mm at 77 K. Due to a poor-quality crystal
structure, the performance of LWIR bulk InAsSb ternary alloy detectors is
considerably inferior in comparison with HgCdTe photodiodes.

A schematic cross-sectional device view in shown in Fig. 6.12(a). The device
structure consists of a 3-mm-thick compositionally graded GaInSb buffer
layer MBE-grown on GaSb substrate, a 1-mm-thick InAs0.60Sb0.40 absorber,
a 20-nm-thick Al0.6In0.4Sb0.1Sb0.9 undoped barrier, and a 20-nm-thick
InAs0.60Sb0.40 top contact layer Te-doped to a level of 1018 cm 3. The
undoped AlInAsSb barrier was lattice matched to InAsSb with 40% Sb
composition. As is shown, the heterostructures were processed with a window
(square with a 250-mm side) for incident radiation on top of the epilayer. The top
metal contact layer was a square with a 300-mm size. The InAsSb contact layer
outside the metal contact was removed down to the barrier layer by reactive ion
etching. For detector passivation, Si3N4 was used.

Figure 6.11 Temperature dependence of the NEDT (at optics F/3.2) and the pixel
operability of the Kinglet detector (adapted from Ref. 25).
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A minority-hole lifetime in the InAs0.60Sb0.40 absorber of 185 ns and a
diffusion length of 9 mmwere determined at 77 K. A hole mobility of 103 cm2/Vs
was estimated with frequency response measurements.

The current–voltage characteristics are influenced by the depletion of
a part of the absorber adjacent to the barrier, which leads to domination
of the GR layer and probably tunneling components. To reach diffusion-
limited dark current, the VBO associated with the heterointerfaces must be
eliminated.

The spectral detectivity curves of a LWIR nBn InAsSb detector with two
absorber doping levels are shown in Fig. 6.13. The demonstrated detectivity of
2� 1011 cm Hz1/2/W at 2p FOV and wavelength of 8 mm was estimated in
spite of the significant blue-shift of the absorption edge with doping. For
1-mm-thick InAs0.60Sb0.40 absorber at l¼ 8 mm, an absorption coefficient was
estimated at 3� 103 cm 1, which implies a quantum efficiency of 22%. The
quantum efficiency increases with bias until it reaches a constant level for a
bias of –0.4 V with increasing thickness of the absorption layer (to 40% for
3-mm-thick absorber).

6.5 T2SL Barrier Detectors

Building unipolar barriers for InAs/GaSb superlattices is relatively straight-
forward because of the flexibility of the 6.1-Å III-V material family—InAs,
GaSb, and AlSb. For SLs with the same GaSb layer widths, their valence
band edges tend to line up very closely due to the large heavy-hole mass. As a
result, an electron-blocking unipolar barrier for a given InAs/GaSb SL can
be formed by using another InAs/GaSb SL with thinner InAs layers or a
GaSb/AlSb SL.

Figure 6.12 LWIR nBn InAsSb detector: (a) a schematic cross-section of the processed
detector; (b) a schematic bandgap diagram of the heterostructure with an InAs0.60Sb0.40 bulk
absorber (reprinted from Ref. 26).
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The hole-blocking unipolar barrier can be obtained in different ways using
complex supercells, such as the four-layer InAs/GaInSb/InAs/AlGaInSb “W”

structure27 and the four-layer GaSb/InAs/GaSb/AlSb “M” structure.28 Their
designs are shown in Fig. 6.14. The “W” structures, initially developed to

Figure 6.13 Spectral detectivity of barrier detectors with 1-mm-thick InAs0.6Sb0.4 absorbers
at T¼ 77 K. Solid and dash-dot-dash lines correspond to devices with doped and undoped
absorbers, respectively. The dotted line shows the 300-K background-limit for a 2p FOV
(reprinted from Ref. 26).

Figure 6.14 Schematic energy band diagrams of (a) InAs/GaSb SL, (b) InAs/GaInSb/InAs/
AlGaInSb “W” SL, (c) GaSb/InAs/GaSb/AlSb “M” SL, and (d) GaSb/InAs/AlSb “N” SL
(reprinted from Ref. 4).
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increase the gain in MWIR lasers, are also promising as LWIR and VLWIR
photodiode materials. In these structures two InAs electron wells are located
on either side of an InGaSb hole well and are bound on either side by
AlGaInSb barrier layers. The barriers confine the electron wavefunctions
symmetrically about the hole well, increasing the electron–hole overlap
while nearly localizing the wavefunctions. The resulting quasi-dimensional
densities of states give strong absorption near the band edge. Due to
flexibility in adjusting of the “W” structure, this SL has been used as a hole-
blocking unipolar barrier and an absorber, as well as an electron-blocking
unipolar barrier.

The newly designed W-structured T2SL photodiodes employ a graded
bandgap p-i-n design. The grading of the bandgap in the depletion region
suppresses tunneling and GR currents in the depletion region, which has
resulted in an order of magnitude improvement in dark current performance,
with R0A¼ 216 Ωcm2 at 78 K for devices with a 10.5-mm cutoff wavelength.
The sidewall resistivity of �70 kΩcm for untreated mesas apparently indicates
self-passivation by the graded bandgap.29

In the “M” structure,30,31 the wider-energy-gap AlSb layer blocks the
interaction between electrons in two adjacent InAs wells, thus, reducing the
tunneling probability and increasing the electron effective mass. The AlSb
layer also acts as a barrier for holes in the valence band and converts the GaSb
hole quantum well into a double quantum well. As a result, the effective well
width is reduced, and the hole’s energy level becomes sensitive to the well
dimension. This structure significantly reduces the dark current and does not
show any strong degradation of the optical properties of the devices.
Moreover, it has a proven control of the positioning of the conduction and
valence band energy levels.31 Consequently, FPAs for imaging within various
IR regions, from SWIR to VLWIR, can be fabricated.32 A device with a
cutoff wavelength of 10.5 mm exhibits a R0A product of 200 Ωcm2 when a
500-nm-thick “M” structure was used. Using a double M-structure
heterojunction at the single device level, a R0A product of up to 5300 Ωcm2

has been obtained for a 9.3-mm cutoff wavelength at 77 K.33

In the “N” structure,34 two monolayers of AlSb are inserted asymmetri-
cally between InAs and GaSb layers, along the growth direction, as an
electron barrier. This configuration significantly increases the electron–hole
overlap under bias and consequently increases absorption while decreasing the
dark current.

Table 6.1 illustrates some flat-band energy band diagrams and describes
superlattice-based infrared detectors that make use of unipolar barriers,
including: double heterojunction (DH), dual-band nBn, DH with graded-gap
junction, and complementary barrier structures. As can be seen, these
structures are based on either the nBn/pBp/XBn architecture or different
double-heterostructure designs.
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The first LWIR InAs/InGaSb SL double-heterostructure photodiode
(see Table 6.1) grown on GaSb substrates with a photoresponse out to
10.6 mm was described by Johnson et al. in 1996.35 In this structure the active
SL region was surrounded by barriers made from p-GaSb and n-GaSb binary
compounds. More recently, these barriers have also been fabricated using
different types of superlattices.

The realization of dual-band detection capabilities with an nBn design
(see Table 6.1) is schematically shown in Fig. 6.15.4,36 Under forward bias
(defined as negative voltage applied to the top contact), the photocarriers
are collected from the SL absorber with the l2 cutoff wavelength. When the
device is under reverse bias (defined as positive voltage applied to the top
contact), the photocarriers are collected from the SL absorber with the l1 cutoff
wavelength, while those from the absorber with the l2 cutoff wavelength are
blocked by the barrier. Thus, a two-color response is obtained under two
different bias polarities.

Hood et al.43 have modified the nBn concept to make the superior
pBn LWIR device (see Fig. 6.3). In this structure, the p–n junction can be
located at the interface between the heavily doped p-type contact material and
the more lower-doped barrier, or within the lower-doped barrier itself. Similar

Figure 6.15 Schematic band diagram for the dual-band nBn detector under (a) forward
and (b) reverse bias.
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to the nBn structure, the pBn structure still reduces GR currents associated
with SRH centers (the depletion region exists primarily in the barrier and does
not appreciably penetrate the narrow-bandgap n-type absorber). In addition,
the electric field in the barrier improves the response of the detector by
sweeping from the active layer those photogenerated carriers that reach the
barrier before they can recombine.

The p-p-M-n structure (see Table 6.1) is similar to the standard p-p-n
structure; however, in comparison with the latter, the electric field in the
depletion region of the p-p-M-n structure is reduced. As a result, the GR
current is negligible in comparison with the diffusion current from the active
region, and the tunneling contribution is reduced because the barrier between
the p- and the n-regions is spatially broadened.

A variation of the DH detector structure is a structure with a graded
bandgap in the depletion region (see Table 6.1). The graded-gap region is
inserted between the absorber and the hole barrier to reduce tunnelling and
GR processes. A similar structure that was developed by The Naval Research
Laboratory and Teledyne enables the shallow-etch mesa isolation (SEMI)
structure for surface leakage current reduction. The junction is placed in the
wider-gap portion of the transition-graded-gap W layer. A shallow-mesa etch
just through the junction but not into the active layer isolates the diode but
still leaves a wide-bandgap surface for ease of passivation. A modest reverse
bias allows efficient collection from the active layer, similar to planar double-
heterojunction p-on-n HgCdTe photodiodes.44

However, the culminating feature is the use of a pair of complementary
barriers, namely, an electron barrier and a hole barrier formed at different
depths in the growth sequence (see Table 6.1). Such a structure is known as a
complementary-barrier infrared device (CBIRD) and was invented by Ting
and others at the Jet Propulsion Laboratory. An electron barrier appears in
the conduction band, and a hole barrier in the valence band. The two barriers
complement one another to impede the flow of dark current. The absorber
region, where the bandgap is smallest, is p-type, and the top contact region is
n-type, making an n-on-p polarity for the detector element. In sequence from
the top, the first three regions are composed of superlattice material: the
n-type cap, the p-type absorber, and the p-type electron barrier. The highly
doped n-InAsSb layer below the electron barrier is an alloy. Further towards
the bottom are a GaSb buffer layer and the GaSb substrate.

The introduction of device designs containing unipolar barriers has taken
the LWIR CBIRD superlattice detector performance close to the “Rule 07”
trend line, which provides a heuristic predictor of the state-of-the-art HgCdTe
photodiode performance.45 The barriers prove to be very effective in
suppressing the dark current. Figure 6.16 compares the J–V characteristics
of a CBIRD device to a homojunction device made with the same absorber
superlattice. Lower dark current results in a higher RA product.
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Usually, R0A values are plotted for devices with near-zero-bias turn-on.
However, since the detector is expected to operate at a higher bias, a more
relevant quantity is the effective resistance–area product. In the case of a
detector having a cutoff wavelength of 9.24 mm, the value of R0A> 105 Ωcm2

at 78 K was measured, as compared with about 100 Ωcm2 for an InAs/GaSb
homojunction having the same cutoff. For good photoresponse, the device
must be biased to typically –200 mV; the estimated internal quantum effi-
ciency is greater than 50%, while the RAeff remains above 104 Ωcm2.9

Recently, considerable progress has been achieved at SCD in the devel-
opment of LWIR pBpp T2SL barrier detectors. These detectors enable
diffusion-limited behavior with dark currents comparable to the HgCdTe
“Rule 07” and with high quantum efficiency. The active and contact layers
of these devices are both made from InAs/GaSb T2SLs with approxi-
mately 13 ML InAs/7 ML GaSb, while the barrier layer is based on a
15 ML InAs/4 ML AlSb T2SL. The individual InAs layers are terminated with
indium, and the AlSb or GaSb layers are terminated with antimony, in order to
create InSb-like interfaces with the correct amount of strain for lattice matching
between the T2SL and the GaSb substrate.

As is shown in Fig. 6.17(a), the dark current in a standard LWIR n-on-p
diode based solely on InAs/GaSb T2SLs is higher in the lower temperature
region in comparison with pBpp T2SL barrier detector, whose schematic
profile of band edges is shown in the inset of the figure. The barrier device is
diffusion limited down to 77 K, while the p-n diode is GR-limited at this
temperature, with a dark current over 20� larger. The dark current in pBpp

Figure 6.16 Dark J–V characteristics for a LWIR CBIRD detector and a superlattice
homojunction at 77 K (reprinted from Ref. 4).
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devices, with a thickness of active layers between 1.5 and 6.0 mm, is within one
order of magnitude of the HgCdTe “Rule 07” [see Fig. 6.17(b)].

Theoretical predictions of spectral response curves based on k·p and
optical transfer matrix methods for both antireflection coating (ARC) and
no antireflection coating are in good agreement with experimental data
(see Fig. 6.18). The detector structures include a mirror on the contact layer to
reflect 80% of the light back for a second pass. The inset in Fig. 6.18 shows the
typical bias dependence of the quantum efficiency for a 100� 100 mm2 test
device without antireflection coating. The signal reaches its full value until a
positive bias of �0.6 V is applied. This bias is needed to overcome the
electrostatic barrier to minority carriers caused by negative space charge in
the depleted p-type barrier. LWIR T2SL pBpp devices have a BLIP
temperature of �100 K at F/2 optics.

For an equivalent detector based on the InAs/InAsSb T2SL, the predicted
average quantum efficiency is only about two-thirds of the InAs/GaSb value.
This estimation can be attributed to the smaller absorption coefficient of the
InAs/InAsSb T2SL near the cutoff wavelength.47

Recently, Martyniuk et al.48 have presented the performance of the T2SL
mesa-type InAs/GaSb nBn detectors on GaAs substrates with a bulk AlGaSb
barrier operated under higher-operation-temperature conditions (>200 K)
with 50% cutoff wavelength �5.1 mm at 230 K. The detector structure

Figure 6.17 Dark current density of the pBpp T2SL barrier detector (area¼ 100�
100 mm2): (a) in comparison with a p-n diode (adapted from Ref. 13), (b) “Rule 07” plot for
barrier structures with different thicknesses of active layers. Range of bandgap wavelengths:
9.0 < le < 10.3 mm. Solid line shows HgCdTe “Rule 07” with uncertainty factors of 0.4, 10,
and 20 (dashed lines) (adapted from Ref. 46).
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(see Fig. 6.19) consists of two 10 ML InAs/10 ML GaSb:Te n-type doped
contact layers. Between contact layers, the non-intentionally doped absorber
(2 mm) and non-intentionally doped Al0.2Ga0.8Sb barrier (100 nm) were grown.
The total device thickness was estimated at �3.3 mm. The interfacial misfit
dislocation array and GaSb buffer layers were introduced to accommodate
the 7.8% lattice mismatch between the detector structure and GaAs substrate.
The 1.1-mm-thick GaAs substrate was converted into an immersion lens to limit
the influence of the defects occurring during growth on GaAs substrate and to
increase detectivity (�1010 cmHz1/2/W at 230 K) under reverse bias 200 mV and
�3� 109 cmHz1/2/W at 300 K to under 400 mV. The presented results are better
than for nBn architectures with the same and slightly higher cutoff wavelength
grown on GaAs without immersion lens and GaSb substrates.

6.6 Barrier Detectors versus HgCdTe Photodiodes

There are currently two broad IR detector materials, namely, HgCdTe ternary
alloys and III-V semiconductors. In the mid-1990s the U.S. Government placed
a research emphasis on III-V materials as an alternative technology option to

Figure 6.18 Simulated and measured (dots) quantum efficiency values at 77 K for LWIR
pBpp InAs/GaSb T2SL devices with active layer thicknesses from 1.5 to 6.0 mm and a cutoff
wavelength of �9.5 mm. A mirror on the contact layer reflects 80% of the light back for a
second pass. Inset: Example of quantum efficiency versus bias (adapted from Ref. 47).
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HgCdTe to attain its stated goal of inexpensive large-area IR FPAs. This
concept typically involves the fabrication of III-V superlattices to tailor the
bandgap of the material to detect the desired IR radiation.

The bandgap structure and physical properties of III-V compounds are
found to be remarkably similar to HgCdTe with the same bandgap. It is
interesting to compare the performance of detectors composed of III-V
material systems with HgCdTe photodiodes operating in both MWIR and
LWIR spectral ranges.

In general, the dark current density generated in a p–n junction is the sum
of the diffusion current of the active region and the depletion layer region, and
is given by

Idark ¼ qGdiff Vdiff þ qGdepVdep, (6.1)

where q is the electron charge, Gdiff is the thermal generation rate in the
diffusion region, Vdiff ¼At is the volume of the active region (A is the detector
area, and t is the thickness of active region), Gdep is the generation rate in
space charge region, and Vdep¼Aw is the volume of the depletion region (w is
the width of depletion region).

Figure 6.19 (a) SEM image of the GaAs immersion lens, (b) fully operational device before
housing with four-stage thermoelectrical cooler, and (c) MWIR T2SL nBn detector structure
with GaAs substrate (reprinted from Ref. 48 with permission from IEEE).
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The diffusion current can be estimated as

Idiff ¼
qn2i At

Ndoptdiff
, (6.2)

were Ndop is the majority-carrier density in the absorption region (extrinsic
regime), tdiff is the diffusion carrier lifetime, and ni is the intrinsic carrier
concentration.

The depletion layer current can be given by a simplification formula:

Idep ¼
qniAw
2tSRH

: (6.3)

To obtain Eq. (6.3) it is assumed that a trap is located at the intrinsic level
(electron and hole concentration are equal ni), the and SRH lifetime is tSRH.

From last two equations two important conclusions can be drawn:

• For a diffusion-limited photodiode, the dark current is inversely
proportional to the product Ndop� tdiff ; and

• The ratio of the diffusion current to the depletion current is

Idiff
I dep

� 2
ni

Ndop

tSRH
tdiff

t
w
: (6.4)

Equation (6.4) indicates that the diffusion current dominates the depletion
current for high intrinsic-carrier concentration (e.g., in materials with a
narrow bandgap). The reverse is observed for semiconductors with a larger
bandgap. As is shown in the equation, the Idiff/Idep ratio depends also on the
doping level Ndop, the ratios of the respective volumes (t/w), and lifetimes. The
last issue requires additional discussion of the GR mechanisms.

6.6.1 The Ndop × tdiff product as the figure of merit for diffusion-limited
photodetectors

The basic properties of the artificial T2SL materials are completely different from
those of the constituent layers (see section 3.3). Since the electron effective mass of
an InAs/GaSb SL is larger compared to HgCdTe alloy with the same bandgap,
diode tunnelling currents in the SL can be reduced compared to the HgCdTe
alloy. As a result, the doping density of a T2SL is on the order of 1� 1016 cm 3,
which is considerably higher than the doping level in HgCdTe (typically about
1015 cm 3).

Taking into account both the experimental and theoretical lifetime data
shown in Figs. 6.20 and 6.21, we can present semi-empirical curves that
describe the lifetime behavior with doping concentration. Figure 6.20 shows
the fit data for the major infrared absorbing materials.
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Figure 6.20 The lifetime data fit versus doping concentration for different infrared material
systems at 77 K.

Figure 6.21 The Ndop� tdiff product versus doping concentration for diffusion-limited
MWIR and LWIR photodiodes operated at 77 K fabricated with HgCdTe and T2SL material
systems.
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As seen from Eq. (6.2), the figure of merit of a diffusion-limited
photodiode is the Ndop� tdiff product, so the highest lifetime is required with
the highest doping. The transition between SRH lifetime (for low doping
concentrations) to an Auger lifetime (for higher doping) introduces a bell
function of the Ndop� tdiff product for HgCdTe diffusion-limited photo-
diodes, as illustrated in Fig. 6.21.

For p-on-n HgCdTe photodiodes, the optimum doping concentration
is about 1015 cm 3 and corresponds to the so-called “Rule 07”45 describing
the empirically dark current of the Auger 1 and SRH limitation. In the case
of n-on-p photodiodes, the optimum doping is at a higher level—below
1016 cm 3.

Figure 6.21 also compares the Ndop� tdiff product for HgCdTe photo-
diodes with equivalent T2SL photodiodes. As is shown, the optimum doping
concentration for InAs/GaSb T2SLs is higher (about 2� 1016 cm 3) than
for HgCdTe material system. As a result, the higher doping compensates
for the shorter lifetime, resulting in relatively low diffusion dark current of
InAs/GaSb T2SL photodiodes.

Another situation is observed for Ga-free T2SLs due to considerably
higher carrier lifetime; in this case, the optimal doping concentration is in the
middle at 1015 cm 3.

6.6.2 Dark current density

The dark diffusion current density generated in an absorber region is given by

Jdark ¼ qGt, (6.5)

where q is the electron charge, G is the thermal generation rate in the base
region, and t is the thickness of the active region.

Assuming that the thermal generation is a sum of Auger 1 and SRH
mechanisms in an n-type absorber region, i.e.,

G ¼ n2i
NdtA1

þ n2i
ðNd þ niÞtSRH

, (6.6)

and that tA1 ¼ 2tiA1∕½1þ ðNd∕niÞ2�, the dark current density is

Jdark ¼ qNdt
2tiA1

þ qn2i t
ðNd þ niÞtSRH

: (6.7)

The influence of generation in a depletion region (Jdep¼ qniw/tSRH, were
w is the depletion width) can be omitted in both III-V barrier detectors and
HgCdTe photodiodes. Here, the contribution of Jdep is taken into consider-
ation only for a 5-mm-cutoff InAsSb photodiode.
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In the above equations, ni is the intrinsic carrier concentration, Nd is the
absorber donor doping, and tiA1 is the intrinsic Auger 1 lifetime. In estimation
of the SRH generation term of Eq. (6.6), it is assumed that the energy level of
the recombination center approaches the midgap, and then the SRH
recombination rate approaches the maximum.

For the dark current density of the p-type absorber region of detectors, we
can obtain a similar equation:

Jdark ¼ qNat
2tiA7

þ qn2i t
ðNa þ niÞtSRH

, (6.8)

where Na is the absorber acceptor doping, tiA7 is the intrinsic Auger 7 lifetime,
and tA7 ¼ 2tiA7∕½1þ ðNa∕niÞ2�.

In the farther estimations we have chosen III-V barrier detectors and
HgCdTe photodiodes with cutoff wavelengths of 5 and 10 mm. The most
commonly fabricated detector structures used homo- (nþ-on-p) and
heterojunction (p-on-n) photodiodes. In both photodiodes, the lightly
doped narrow-gap absorbing region [“base” of the photodiode: p(n)-type
carrier concentration of about 3� 1015 cm 3 (5� 1014 cm 3)], determines
the dark current and photocurrent. To receive high quantum efficiency, the
thickness of an active detector layer should be equal, at least, to the cutoff
wavelength. Typical quantum efficiency without antireflection coating is
about 70%.

The main technological challenge for the fabrication of III-V barrier
detectors is the growth of thick-active-detector-region SL structures without
degrading the material quality. This is especially important when using
T2SL structures. Using high-quality SL materials thick enough to achieve
acceptable quantum efficiency is crucial to the success of the technology. For
these reasons, at the present stage of the technological development, a typical
thickness of the active region is about 3 mm and, as a rule, this thickess is
independent of the detector cutoff wavelength. The influence of considerable
surface leakage attributed to the discontinuity in the periodic crystal structure
caused by mesa delineation is eliminated in barrier detectors.

Equation (6.7) demonstrates that the contribution of Auger 1 generation
varies as Nd, whereas the SRH generation varies as 1/Nd. As a result, the
minimum dark current density depends on the absorber doping concentra-
tion and on the value of the SRH lifetime. This dependence is shown in
Fig. 6.22 after Kinch et al.49 for a MWIR nBn InAsSb barrier detector. To
approach BLIP performance, the detector with a 4.8-mm cutoff wavelength
operating at 160 K with F/3 optics requires a generic IR material SRH
lifetime of about 1 ms and an optimized absorber doping of �1016 cm 3.
A value of 0.6 ms, relatively independent of temperature, for tSR has been
suggested in Ref. 50.
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Numerical estimations of dark current were performed utilizing the
commercial software APSYS by Crosslight Software Inc.51 Specific parameters
are listed in Table 6.2, but other relations used in device modeling are given in
Rogalski’s monograph44 and Ting’s et al. review paper.4

It is well known that at present, the performance of InAs/GaSb T2SL
detectors is limited by the fairly fast SRH transition time between the
conduction band and valence band states of the absorber material. To our
knowledge, there are no systematic studies of the carrier lifetime and diffusion
length dependence on temperature for T2SL materials. Several groups have
estimated SRH carrier lifetimes ranging from several tens of nanoseconds to
157 ns.52 For these reasons, we assume a carrier lifetime of 200 ns in both
MWIR and LWIR compositions.

Pixel reduction is mandatory to increase the detection and identification
range of infrared imaging systems. A pitch of 15 mm is being used in current
infrared array production. In our estimations we assume a detector area of
15� 15 mm2.

Figure 6.23 compares the predicted dependence of dark current density on
operating temperature for different types of detectors with a cutoff wavelength
of 5 mm. In comparison with the InAsSb photodiode (with a built-in depletion
region), the benefits of the nBn structure is clear—it allows for operation at
considerably higher temperatures. However, HgCdTe photodiodes enable
higher operating temperatures than the InAsSb nBn detector by �20 K. The
best MWIR III-V devices are heavily doped when the Auger lifetime is

Figure 6.22 Dependence of absorber dark current density on doping concentration for
various values of SRH lifetime at an operating temperature of 160 K and a cutoff wavelength
of 4.8 mm, operating at an F/3 background flux (adapted from Ref. 49).
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significantly reduced. 300-K data from Bewley et al.53 show that Auger
coefficients of SL devices are 5–20� lower than those of HgCdTe. To attain
their full potential, the detector developers need to realize Auger-limited
devices at doping in the 1015 cm 3 range. It should be stated that III-V MWIR
detector architectures fall short of the ultimate performance possible with F/3
optics, namely, operation at about 150 K. MWIR HgCdTe systems that
operate at F/3 optics at 160 K are commercially available.

Theoretically, LWIR T2SL materials have lower fundamental dark
currents than HgCdTe. However, their performance has not achieved
theoretical values. This limitation appears to be due to two main factors:
relatively high background concentrations (about 1016 cm 3) and a short
minority-carrier lifetime (typically tens of nanoseconds). Up until now,
nonoptimized carrier lifetimes limited by the SRH recombination mechanism
have been observed. The minority-carrier diffusion length is in the range of
several micrometers. Improving these fundamental parameters is essential to
realizing the predicted performance of T2SL photodiodes.

To date, LWIR T2SL photodiodes perform slightly worse than HgCdTe.
For example, Fig. 6.24 compares the predicted dependence of dark current
density on operating temperature for InAs/GaSb nBn and HgCdTe
photodiodes with a cutoff wavelength of 10 mm. The BLIP performance
with F/1 optics for a HgCdTe photodiode is achieved at about 130 K—about
15 K higher than for InAs/GaSb nBn detector.

Figure 6.23 Dark current density versus temperature for an InAsSb photodiode and an
nBn detector, and HgCdTe photodiodes with a cutoff wavelength of 5 mm (adapted from
Ref. 51).

170 Chapter 6

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 14 Feb 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



6.6.3 Noise equivalent difference temperature

The detector sensitivity can be also expressed by the noise equivalent
difference temperature (NEDT). This parameter is a figure of merit for
thermal imagers (see section 1.5.2).

NEDT can be determined knowing the dark current density Jdark, the
background flux (system optics) FB, and the integration time tint, according to
the relations54

NEDT ¼ 1þ ðJdark∕JFÞ
Nw

p �
1
FB

dFB
dT

� , (6.9)

JF ¼ qhFB, (6.10)

Nw

p
¼ ðJdark þ JFÞtint

q
, (6.11)

where Nw is the well capacity of the readout, JF¼ hFBA is the background
flux current, and A is the detector area. Here h represents the overall quantum
efficiency of the detector, including the internal quantum efficiency. The
optics transmission and cold shield efficiency are assumed to be unity.

Taking into account that (dFB/dT)/FB¼C is the scene contrast, Eq. (6.9)
assumes the form of

NEDT ¼ 1þ ðJdark∕JFÞ
Nw

p
C

: (6.12)

Figure 6.24 Dark current density versus temperature for an InAs/GaSb T2SL nBn detector
and a HgCdTe n-on-p photodiode with a cutoff wavelength of 10 mm (adapted from Ref. 51).
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The contrast in the MWIR band at 300 K is 3.5–4% compared to 1.7% for
the LWIR band. Values of N are typically in the range of 1� 106 to 1� 107

electrons for a 15-mm-pixel design with available node capacities for current
CMOS ROIC designs. In our estimation we assume 1� 107 electrons.

Equation (6.12) demonstrates that if the value of the Idark/If ratio
increases and/or the value of h decreases, more integration time and a faster
speed of the optics are required. Thus, inefficient detectors can be utilized in
faster-optics and slower-frame-rate systems.

Figure 6.25 shows the temperature dependence of the NEDT for barrier
detectors and HgCdTe photodiodes with a cutoff wavelength of 5 mm and
10 mm. The comparison of both detector technologies indicates that theoretical
performance limits for HgCdTe photodiodes are more favorable than for barrier
detectors in a temperature range above 150 K in a mid-wavelength range and
above 80 K in a long-wavelength spectral range. In a low-temperature range the
figures of merit for both material systems provide a similar performance because
they are predominantly limited by the readout circuits.

6.6.4 Comparison with experimental data

Here we evaluate the current state of the technology of III-V barrier detectors
by examining the dark current density in the mid-wavelength and long-
wavelength spectral ranges as a function of a cutoff wavelength. Using the
HgCdTe benchmark known as “Rule 07,” we compare the experimental data
for barrier detectors with a simple empirical relationship that describes the
dark current behavior of HgCdTe photodiodes using temperature and
wavelength.45

Figure 6.26 collects values of dark current density in MWIR barrier
detectors published in literature for comparison with “Rule 07.” The cutoff
wavelength was taken as the point of a 50% response. The empirical data are

Figure 6.25 Temperature dependence of the NEDT for barrier detectors and HgCdTe
photodiodes with cutoff wavelengths of (a) 5 mm and (b) 10 mm (adapted from Ref. 51).
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confined to 150 K and 300 K. For the barrier devices, the characteristics at
zero bias are not relevant; therefore, a reverse bias about 150 mV has been
chosen to extract the photogenerated minority carriers.

At liquid nitrogen temperature, the experimental data of MWIR barrier
devices show considerable greater leakage current than “Rule 07” by many
orders of magnitude. Results close to “Rule 07” are reported at a cutoff
wavelength close to 4 mm at 150 K. These best-quality devices are fabricated
using an InAsSb active region that is lattice matched to GaSb substrates.
As we can see, the overall trend moves closer to “Rule 07” as the wavelength
increases. This trend is especially observed in the LWIR region—it is generally
more difficult to control dark current at shorter wavelengths.

A similar collection of experimental data for nonbarrier (homojunction)
and barrier (heterojunction) LWIR T2SLs devices operating at 78 K has been
gathered by Rhiger (see Fig. 6.27).55 The nonbarrier dark currents are
generally higher, with the best approaching “Rule 07” to within a factor of
about 8. The barrier devices clearly show lower dark currents on average, and
some are close to the “Rule 07” curve for a cutoff wavelength of ≥9 mm.
It can be concluded that although the minority-carrier lifetime in the SL
detector active region is not limited by an Auger mechanism, the diffusion
current does not differ so greatly from “Rule 07.”

In theoretical evaluations of NEDT for nBn InAsSb detector we assume
a detector design similar to that shown in Fig. 6.9(a). Figure 6.11 shows
the temperature dependence of NEDT at optics F/3.2 for a 15-mm-pitch

Figure 6.26 Collected values of dark current density in MWIR barrier detectors for
comparison with “Rule 07” of HgCdTe photodiodes calculated for 77, 150, and 300 K
(adapted from Ref. 51).
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InAs0.91Sb0.09/B-AlAsSb barrier detector operated in the blue part of
the MWIR window of the atmosphere (3.4–4.2 mm). The NEDT is 20 mK at
10-ms integration time. As we can see, a good agreement between experimental
data and the theoretical prediction has been achieved. A strong increase in
NEDT above 170 K is consistent with the estimated BLIP temperature of 175 K.

To compare the performance of MWIR III-V barrier detector arrays
with state-of-the-art HgCdTe technology, we chose the best-quality MWIR
arrays—Hawk detectors with 640� 512 pixels, 16-mm pitch, and an F/4 radi-
ation shield. The 50% cutoff wavelength is 5.5 mm at 80 K. These Nþ-p(As)
heterostructure photodiodes of Hg1 xCdxTe, x¼ 0.3 and x¼ 0.2867, are
optimized for HOT conditions. The devices were grown by metalorganic
vapor phase epitaxy, MOCVD on GaAs substrates. The Nþ-region is doped
with iodine at a level of 1016 cm 3, and an absorbing p-layer about 3-mm-thick
having a smaller energy gap is doped with arsenic at a level of 1015 cm 3.

The Hawk array demonstrates a high-quality image at temperatures of
160–190 K. Although the acceptable 210-K image is slightly grainier than the
160-K image, the 210-K image is very useable. Figure 6.28 shows NEDT
versus temperature with results from 2011 (standard) as well as results after an
improvement in device technology.56 The new results predict better detector
performance together with extended useful range of operating temperatures.

For standard production arrays, the NEDT remains constant up to
150–160 K and doubles by 185 K (see Fig. 6.28). After improving the device
technology, the near-BLIP achieved at 150 K by the standard process has
been raised around 30 K to 180 K with the expectation of background-
dominated performance to well above 200 K. To explain the temperature

Figure 6.27 The 78-K dark current densities plotted against cutoff wavelength for T2SL
nonbarrier and barrier detectors reported in the literature since late 2010. The solid line
indicates the dark current density calculated using the empirical “Rule 07” model (adapted
from Ref. 55).
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dependence of NEDT for the Hawk detector we estimated the dark current
using a model given by DeWames and Pellegrino.57 With the publication of
their model, the deliberate introduction of recombination centers emerged as a
new technique in HOT detector engineering.

At low temperatures, the performance of MWIR and LWIR FPAs is
usually limited by the readout circuits (by storage capacity of the ROIC).
In this case,58

NEDT ¼ ðtChBLIP Nw

p
Þ 1, (6.13)

where Nw is the number of photogenerated carriers integrated for one
integration time tint and is defined as

Nw ¼ hAtintFB: (6.14)

The percentage of BLIP hBLIP is simply the ratio of photon noise to composite
FPA noise:

hBLIP ¼
� N2

photon

N2
photon þN2

FPA

�
1∕2

: (6.15)

Equations (6.13) through (6.15) demonstrate that the charge-handling
capacity of the readout, the integration time linked to the frame time, and the
dark current of the sensitive material become the major issues of IR FPAs.
The NEDT is inversely proportional to the square root of the integrated
charge; therefore, the greater the charge the higher the performance. The well
charge capacity is the maximum amount of the charge that can be stored in

Figure 6.28 NEDT performance as a function of operating temperature (adapted from
Ref. 56).
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the storage capacitor of each cell. The size of the unit cell is limited to the
dimensions of the detector element in the array.

The distinction between integration time and FPA frame time must be
noted. At high backgrounds it is often impossible to handle the large number
of carriers generated over a frame time compatible with standard video rates.
Off-FPA frame integration can be used to attain a level of sensor sensitivity
that is commensurate with the detector-limited D� and not the charge-
handling-limited D�.

Figure 6.29 shows the theoretical NEDT versus charge handling capacity
for different FPAs, assuming that the integration capacitor is filled to half of
the maximum capacity (to preserve dynamic range) under nominal operating
conditions in two spectral bandpasses: 3.4–4.8 mm and 7.8–10 mm. We can see
that the measured sensitivities agree with the expected values for FPAs
fabricated with different material systems, including barrier detectors and
T2SLs.

6.7 Multicolor Barrier Detectors

Different detector architectures are involved in multicolor infrared applica-
tions related to remote sensing and object identification. Gautam et al.60 have
demonstrated a three-color heterojunction bandgap-engineered T2SL InAs/
GaSb SWIR, MWIR, and LWIR detection. The most popular is a vertical

Figure 6.29 NEDT versus charge-handling capacity.

176 Chapter 6

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 14 Feb 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



dual-band detector design with two ‘back-to-back’ photodiodes separated by
a common ground contact layer.61

Utilization of barrier architectures (nBn or pBp) for dual-band T2SL
barrier detectors introduces ease of bandgap tuning for different wavelength
bands. Schematic operation of a dual-band nBn structure is explained
in Section 6.4 (see Fig. 6.15). The device structure consists of two n-type
(p-type)-doped InAs/GaSb T2SL absorption regions with designed operating
wavelengths separated by a conduction band (valence band) T2SL barrier.
Both barriers should be characterized by negligibly small valence band
(conduction band) discontinuity with respect to both n-type (p-type)
absorption regions. The absorption regions (channels) can be addressed
consequently by changing the polarity of the applied bias.

Dual-band barrier technology benefits from a relatively easy growth
procedure and mature III-V fabrication technology. In addition, these
detectors are expected to demonstrate lower dark current levels compared
to the vertical photovoltaic detector design due to elimination of the depletion
region in the detector architecture.

Krishna et al. have demonstrated two-color barrier detectors based on
nBn or pBp architectures.62 64 For example, the structure of LW/LWIR dual-
band pBp InAs/GaSb detector is schematically presented in Fig. 6.30. First, a
quaternary AlGaAsSb etch stop layer (ESL) was grown lattice matched to the
GaSb substrate. Next, a thick p-type GaSb contact layer was grown between
the ESL and T2SL contact region to ensure a smooth surface for growth of
the detector structure. Only p-type Be-doped GaSb layers were used for the
top and bottom contacts. Also, the absorber layers and barrier were p-type
doped with berillum as the dopant material.

Figure 6.30 Schematic view of a dual-band LW/LWIR InAs/GaSb T2SL detector with the
pBp architecture (reprinted from Ref. 63 with permission from AIP Publishing).
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The dual-band pBp detector fabrication procedure was initiated by a
9-mm-deep etching using Cl2-based inductively couple plasma (ICP) at 200 °C
substrate temperature and with a SiO2 etch mask, from the top contact layer
to the middle of the bottom contact layer. The device fabrication was
completed by depositing 50 nm Ti/50 nm Pt/350 nm Au to form ohmic
contacts, followed by SU-8 passivation.

Figure 6.31 shows representative spectral response curves of the dual-band
pBp detector at 78 K. The photo-carriers are collected from the “red” LWIR1

channel (top absorbing region) when negative voltage is applied on the top
contact. Positive voltage applied to the top contact results in collection of
photo-carriers from the “blue” LWIR2 channel (bottom absorbing region).
The cutoff wavelengths are 9.2 mm (“blue” channel) and�12 mm (“red”
channel).

The dark current–voltage characteristics of the dual-band pBp T2SL
detectors with variable areas measured at 78 K are shown in Fig. 6.32. The
positive bias voltage range above 15 mV corresponds to the transport of
minority electrons in the “blue” LWIR2 absorption region, while the negative
bias voltage range below 15 mV corresponds to the transport in the “red”
LWIR1 absorption region. The best signal-to-noise ratios are received at the
applied biases þ100 mV and –200 mV. The bulk-limited effective resistance–
area product RAeff (at 78 K) at þ100 mV and –200 mV are 7.7� 105 Ωcm2

and 1.2� 102 Ωcm2, respectively.
Analysis of the experimental data presented in Fig. 6.32 indicates that

the surface leakage component of dark current limits the performance of

Figure 6.31 Normalized spectral response curves of the dual-band InAs/GaSb T2SL
detector measured at 78 K (adapted from Ref. 64).
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small-size LW/LWIR detectors. Due to the fabrication specifics, the lower
absorber of the LW/LWIR detector is partially etched, while the upper
absorber is fully delineated. It is expected that the surface current contribution
to the total dark current affects the “red” absorber of the LW/LWIR structure
more significantly than the “blue” absorber. The surface passivation of p-type
LWIR material is a key area for continued development.
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Chapter 7

Cascade Infrared
Photodetectors

In a conventional photodiode, the responsivity and diffusion length are closely
coupled and an increase in the absorber thickness beyond the diffusion length
may not result in the desired improvement in the signal to noise ratio (SNR).
This effect is particularly pronounced at high temperatures, where diffusion
lengths are typically reduced. Only charge carriers that are photogenerated at
a distance shorter than the diffusion length from a junction can be collected.
In HOT detectors the absorption depth of LWIR radiation is longer than the
diffusion length. Therefore, only a limited fraction of the photogenerated
charge contributes to the quantum efficiency.

To avoid the limitation imposed by the reduced diffusion length and to
effectively increase the absorption efficiency, innovative detector designs
based on multistage detection and currently termed as cascade infrared
detectors (CIDs) have been introduced in the last decade. CIDs contain
multiple discrete absorbers, where each one is shorter or narrower than the
diffusion length. In this discrete CID absorber architecture, the individual
absorbers are sandwiched between engineered electron and hole barriers to
form a series of cascade stages. The photogenerated carriers travel over only
one cascade stage before they recombine in the next stage, and every
individual cascade stage can be significantly shorter than the diffusion length,
while the total thickness of all of the absorbers can be comparable or even
longer than the diffusion length.

In this case, the SNR and the detectivity will continue to increase with an
increasing number of discrete absorbers, resulting in improved device
performance at elevated temperatures compared to a conventional p-n
photodiode. In addition, the flexibility to vary the number and thicknesses of
the discrete absorbers results in the ability to tailor the CID designs for
optimized performance in meeting specific applications.
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7.1 Multistage Infrared Detectors

Different types of multistage IR detectors have been proposed and are now
grouped into two main classes: (1) so-called intersubband (IS) unipolar
quantum cascade IR detectors (QCIDs), and (2) interband (IB) ambipolar
CIDs. Intersubband QCIDs have evolved from the research on quantum
cascade lasers (QCLs) and have been built for about 15 years.1 6 A schematic
comparison between the band structure of a photoconductive quantum well
infrared photodetector (QWIP) and a photovoltaic QCID is shown in Fig. 7.1.
The QWIP structure is polarized in order to make the electrons circulate in the
external circuit and to record the variation. The active detector region consists
of identical QWs separated by thicker barriers. Electrons are excited from the
quantum wells by either photoemission (red arrows) or by thermionic
emission (black arrows). In contrast, QCIDs are usually designed to be
photovoltaic detectors. They consist of several identical periods made of one
active doped well and some other coupled wells. The photoexcited electrons
are transported from one active well to the next one by phonon emission
through cascaded levels. Figure 7.1(b) shows the conduction band of one
period. An incident photon induces an electron to go from the ground state E1

Figure 7.1 Schematic conduction band diagram of (a) a QWIP and (b) a QCID. In the
QWIP, electron transport is accomplished by an external voltage bias, whereas an internal
potential ramp ensures carrier transport in the QCID (adapted from Ref. 4).
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to the excited level E2. The electron is next transferred to the right-hand
QWs through longitudinal optical phonon relaxations, and finally to the
fundamental subband of the next period. The detector period is repeated
N times in order to increase the detectivity.

To describe the performance of IS QCIDs, it is convenient to use the
formalism originally developed for QWIPs.7 A theoretical model is presented
in Refs. 1, 2, and 5.

The detectivity of a QCID, including Johnson noise and electrical shot
noise components, is determined by1

D� ¼ hlq
hc

�
4kT
NR0A

þ 2qIdark
N

�
1∕2

, (7.1)

where R0A is the resistance at zero bias times the detector area, corresponding
to one period of the QCID; T is the detector temperature; N is the number of
periods; and Idark is the dark current. Equation (7.1) shows that the SNR is
∝ N
p

.
The IS QCID technology has been proven in the wavelength range from

the near IR to the terahertz (THz) region and the attained detectivity is
presented in Fig. 7.2. At present, well-established semiconductor material
systems and processing methods are available. Early QCIDs have been
demonstrated in the near-IR using InGaAs/AlAsSb, in the mid-IR using

Figure 7.2 Detectivity as function of wavelength for different types of CIDs.
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InGaAs/InAlAs, and in long-IR up to the THz region using GaAs/AlGaAs
materials. These detectors have been cryogenically cooled.3,4

7.2 Type-II Superlattice Interband Cascade Infrared Detectors

It has been recently demonstrated that bipolar devices based on type-II InAs/
GaSb IB SL absorbers8 17 are good candidates for detectors operating at near
room temperature. These IB cascade detectors combine the advantages of IB
optical transitions with the excellent carrier transport properties of the IB
cascade laser structures. The thermal generation rate at any specific temperature
and cutoff wavelength in these devices is usually orders of magnitude smaller
than that for corresponding IS QCIDs, and devices with good performance have
been recently demonstrated. The operating temperature of IB cascade detectors
is considerable higher in comparison with IS cascade detectors (see Fig. 7.2).

Hinkley and Yang14 have shown that multiple-stage architecture is useful
for improving the sensitivity of HOT detectors, where the quantum efficiency
is limited by short diffusion length. In the case of HgCdTe photodiodes at
room temperature, the absorption depth for LWIR radiation (l>5 mm) is
longer than the diffusion length. Therefore, only a limited fraction of the
photogenerated charge contributes to the quantum efficiency. Calculations
considering the example of an uncooled 10.6-mm photodiode show that the
ambipolar diffusion length is less than 2 mm, while the absorption depth is
�13 mm. This reduces the quantum efficiency to �15% for a single pass of
radiation through the detector.

A similar situation occurs in the case of HOT T2SL interband cascade IR
detectors (IB CIDs). For detector designs where the absorber lengths in each
stage are equal, the multiple-stage architecture offers the potential for
significant detectivity improvement when aL≤ 0.2, where a is the absorption
coefficient, and L is the diffusion length.14 This theoretical prediction has been
confirmed by experimental data, as is shown in Fig. 7.2.

7.2.1 Principle of operation

The operation concept behind IB cascade photodetectors is similar to that
described by Piotrowski and Rogalski (see Fig. 7.3).18,19 Earlier attempts to

Figure 7.3 Backside-illuminated four-cell stacked HgCdTe photovoltaic detector.
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realize this type of device using HgCdTe were carried out by utilizing tunnel
junctions to electrically connect the conduction band of one absorber to the
valence band of an adjacent absorber in a way similar to multi-junction solar
cells. Each cell is composed of a p-type-doped narrow-gap absorber and
heavily doped Nþ and Pþ heterojunction contacts. The incoming radiation is
absorbed only in absorber regions, while the heterojunction contacts collect
the photogenerated charge carriers. Such devices are capable of achieving high
quantum efficiency, large differential resistance, and fast response. A practical
problem is associated with electrical conductivity through the adjacent Nþ

and Pþ layers; however, this is generally overcome by employing tunnel
currents through the Nþ and Pþ interface.

The T2SL material system is a natural candidate for realizing multiple-
stage IB devices.20 Figure 7.4 shows the general design structure for a T2SL
cascade detector.17,21 Each stage is composed of an n-period InAs/GaSb T2SL
sandwiched between an AlSb/GaSb QW electron barrier and an InAs/Al(In)
Sb QW hole barrier.

Because the design of IB CIDs is relatively complicated, involving many
interfaces and strained thin layers, their growth by MBE is challenging.
Detector designs exhibit key differences in their approach to construct the
relaxation and tunneling regions, as well as the contact layers. These designs
are described in detail in Ref. 20. Here we focus on the high-quality devices
presented by Tian and Krishna.11

Tian and Krishna have proposed a cascade detector structure whose
operation is shown schematically in Fig. 7.5.11 The incoming photons are
absorbed in thin InAs/GaSb T2SLs sandwiched between the electron-
relaxation and the interband-tunneling regions that serve also as the hole
(eR) and the electron barriers (eB), respectively. The barriers act as a means

Figure 7.4 Schematic illustration of an IB CID device with multiple stages. Each stage is
composed of a SL absorber sandwiched between electron and hole barriers. Ee and Eh

denote the energy for electron and hole minibands, respectively. The energy difference
(Ee – Eh) is the bandgap Eg of the SL (adapted from Ref. 21).
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for suppressing leakage current. The electron-relaxation region is designed to
facilitate the extraction of photogenerated carriers from the conduction
miniband of the absorber and transport them ideally (with little or no
resistance) to the valence band of the absorber in the next stage. The energy
levels of coupled InAs/AlSb multi-QWs in the conduction band form a six-
step staircase, with energy-ladder separations comparable to the longitudinal
optical (LO)-phonon energy. The uppermost energy level of the relaxation
region staircase is close to the conduction miniband in the InAs/GaSb SL, and
the bottom energy level is positioned below the valence band edge of the
adjacent GaSb layer, allowing the interband tunneling of extracted carriers to
the next stage. The eB region consists of GaSb/AlSb QWs with estimated
electron barrier thickness and height (relative to the conduction miniband
minimum of the InAs/GaSb T2SLs absorber) of 45 nm and 0.72 eV,
respectively.

7.2.2 MWIR interband cascade detectors

The 5-stage detector structures are MBE-grown on Zn-doped 2-inch (001)
GaSb substrates. The absorbers are composed of lightly p-doped
(�5� 1015 cm 3) InAs/GaSb T2SLs with InSb interfacial layers to balance
strain of the lattice-mismatched InAs. The V/III beam equivalent flux ratios
for Sb/Ga and As/In are set as 4.0 and 3.2 respectively. The detectors consist

Figure 7.5 Schematic illustration of the interband cascade type-II InAs/GaSb superlattice
photodetector. The photons are absorbed into the absorbers, generating electron–hole
pairs. The electrons diffuse into the eR region and then transport into the valence band of the
next stage through ultrafast LO-phonon-assist intersubband relaxation and interband
tunneling (adapted from Ref. 11).
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of a 0.5-mm p-type GaSb buffer layer, a 5-stage interband cascade absorber
structure, and finally a 45-nm-thick n-type InAs top contact layer. The
individual absorbers consist of 30, 60, and 90 periods of 7 MLs InAs/8 MLs
GaSb (ML stands for monolayer) T2SLs, which correspond to total absorber
thicknesses of 0.73, 1.45, and 2.16 mm, respectively. Single-pixel detectors
with circular mesa sizes ranging from 25 to 400 mm in diameter were
fabricated. A 200-nm-thick SiNx film is then deposited for sidewall
passivation and electrical isolation. The top and bottom contacts are formed
by e-beam-evaporated Ti/Au. No antireflection coating is applied on top of
the mesa.

Figure 7.6 shows the representative temperature-dependent dark current
characteristics of a 90-period MWIR interband cascade device. The low-
temperature J–V curves for IB cascade detectors are relatively steep [see
Fig. 7.6(a)], suggesting contributions from tunneling components. At higher
temperatures, the dark current is much less sensitive to the operation bias
volatge and is diffusion limited.

Additional insight into the dark current characteristics gives the Arrhenius
plot of the dark current density at 10 mV as well as the measured zero-bias-
resistance–area product R0A [see Fig. 7.6(b)]. The extracted activation energy
EA at higher operating temperatures is about 0.302 eV, which is very close to
the effective bandgap in the InAs/GaSb T2SL absorber, confirming that the
dark current at higher temperatures is mostly due to the diffusion component.
The R0A product of the device exceeds 1.25� 107 Ωcm2 at 120 K, is 2470 Ωcm2

at 200 K, and is 3.93 Ωcm2 at room temperature, which is the highest R0A
product reported in T2SL detectors. The dark current density is as low as

Figure 7.6 Dark current characteristics of a 5-stage MWIR InAs/GaSb T2SL IB 90-period
cascade detector: (a) current–volatge characteristics, (b) Arrhenius plots of the electrical
performance (adapted from Ref. 11).

191Cascade Infrared Photodetectors

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 14 Feb 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



1.28� 10 7 A/cm2 at 160 K, and the extracted R0A is 9.42� 104 Ωcm2, which
are both slightly better than the HgCdTe “Rule 07.”22

The spectral responsivity of MWIR T2SL cascade detectors is about
0.3 A/W at room temperature and wavelength 4 mm, and has been observed
up to 380 K. Figure 7.7 presents the Johnson-noise-limited detectivity spectra
at various temperatures, extracted from the measured responsivity spectra and
R0A product for the above-described detector structure. The Johnson-limited
D� reaches 1.29� 1013 Jones at 3.8 mm and 120 K, and 9.73� 1011 Jones at
200 K. The BLIP performance is 180 K at 4 mm for 5-stage/junction devices
with 70% absorption quantum efficiency, which correspond to 14% external
quantum efficiency.

In the presented design, the total thickness of the absorber is about 1 mm,
and theoretically, the absorption quantum efficiency could be increased by
increasing the number of stages. However, the conversion quantum efficiency
is lower than that of the absorption quantum efficiency by a factor of N.

Using the equation for spectral responsivity, Ri¼ (lh/hc)qg, (where h, c,
and g are Planck’s constant, speed of light, and photoconductive gain,
respectively) and the experimental data for Ri� 0.3 A/W, we can estimate
room-temperature conversion quantum efficiency at a wavelength of 4 mm
as hg� 9%. Since the device has five stages, one would estimate a gain of
1/5 (0.20). This leads to an absorption quantum efficiency of 45%. The
absorption quantum efficiency would be increased by increasing the number

Figure 7.7 Johnson-noise-limited detectivity spectra of a 5-stage MWIR InAs/GaSb T2SL
IB 90-period cascade detector at various temperatures (adapted from Ref. 11). The dashed
lines represent the BLIP D* for a photovoltaic detector with an external quantum efficiency of
70%, and the dotted lines are the BLIP D* for 5-stage devices with absorption quantum
efficiency of 70%, both under 300 K background with 2p FOV.

192 Chapter 7

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 14 Feb 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



of stages provided that the absorbers are distributed closely in real space and
are not very thick, ensuring equal absorption of the photon flux in each of the
stages (total thickness of all stages should be comparable to the diffusion
length).

The transport of photoexcited carriers is very fast and occurs over a
distance in each cascade stage that is much shorter than a typical diffusion
length (�50–200 nm depending on wavelength). Therefore, the lateral
diffusion transport may not be significant over such a short distance; thus,
the deeply etched mesa structures for confining photoexcited carriers may not
be necessary in QCIDs in contrast to conventional photodiodes. Moreover,
significant wave function overlap of energy states in the multiple-QW region
(relaxation region) causes the intersubband relaxation time (e.g., optical-
phonon scattering time�1 ps) to be much shorter than the interband
recombination time (�1 ns, or� 0.1 ns at high temperatures with significant
Auger recombination). Consequently, the photoexcited electrons in the active
region are transferred to the bottom of the energy ladder with very high
efficiency. This mechanism enables the quick and efficient removal of carriers
after photoexcitation.

Figure 7.8 presents the experimentally measured response time of a
cascade detector versus temperature at zero bias [see Fig. 7.8(a)] and versus
bias voltage for three temperatures of operation: 225 K, 293 K, and 380 K [see
Fig. 7.8(b)]. These results confirm short response time of interband cascade
detectors. At zero bias, in a temperature range of 225–280 K, the response
time increases with increasing temperature from about 1 ns to 5 ns. It
stabilizes at about 5 ns for further increase in temperature to about 360 K,
when it decreases reaching a value of�2 ns at 380 K.

The negative bias is beneficial for a cascade detector response time
[see Fig. 7.8(b)]. The negative correlation between the response time and the

Figure 7.8 Response time of a T2SL MWIR cascade detector: (a) at zero bias voltage
versus temperature and (b) versus bias voltage at 225 K, 293 K, and 380 K (adapted from
Ref. 15).
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applied voltage for temperatures of 225 and 293 K is probably related to the
drift component decreasing with increasing bias as the electric field increases
across the absorber region. In this context, the behavior of the response time
as a function of bias above a bias of 200 mV for the detector operated at
380 K is not identified to the full extent as the time response increases with
increasing voltage. The authors believe that under this condition the
separation between the quantized energy level in the GaSb QW of the
tunneling region and the valence band in the transport region does not match
the LO-phonon energy in AlSb, which is responsible for tunneling of holes by
the phonon-assisted process. In addition, ambipolar mobility is reduced,
which in turn influences the detector’s time response.

Recently, the first 5-stage MWIR interband cascade detector 320� 256 FPA
was demonstrated with a pixel size of 24� 24 mm and a pitch of 30 mm.23 This
device demonstrated BLIP performance above 150 K (300 K, 2p FOV).

7.2.3 LWIR interband cascade detectors

Recently, preliminary studies of LWIR and VLWIR interband cascade
infrared detectors with cutoff wavelengths up to 16 mm at 78 K have been
presented.12,16,17

Figure 7.9 shows an exemplary device structure of two-stage LWIR device
grown by MBE. The absorber layers have thicknesses of 620.0 nm and

Figure 7.9 Device structure for two-stage LWIR IB CIDs.
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756.4 nm, with each SL period composed of 36.3 Å of InAs and 21.9 Å of
GaSb. The dipper absorber is made thicker in order to achieve current
matching. In each SL period, a 1.9-Å-thick InSb layer is intentionally inserted
into both the InAs-on-GaSb and the GaSb-on-InAs layers as the interface
strain-balancing layer. In order to make electrons the minority carriers, half of
the GaSb layers in the SL absorbers are p-doped with a doping density of
3.5� 1016 cm 3. The electron and hole barriers in each of these devices have
identical designs. After the structure growth, square mesa devices with edge
lengths ranging from 200 to 1000 mm are fabricated by using conventional
contact UV lithography and wet etching. For passivation, two layers
consisting of 170 nm of Si3N4 followed by 137 nm of SiO2 were used.

Dark current characteristics versus bias voltage at different temperatures
are shown in Fig. 7.10. The activation energy is estimated to be 102 meV
(see insert of the figure) in comparison with the corresponding bandgap
energy at 78 K equal to 135 meV. These data imply that the detector is neither
diffusion limited nor dominated by the GR process (activation energy is larger
than Eg/2). It is suggested that the deviation from the diffusion limit is
probably related to the nonuniform doping that is applied to the absorber
region, which creates an electric field that could affect the SRH GR in the
absorber layer. The unintentional electrostatic barrier leads also to lower
collection efficiencies due to the inefficiency of hole transport in the absorbers.
It is suspected that the absorbers are n-type, especially at high temperatures.
In that case the carrier transport is less efficient compared to the electrons,
and external bias is required to aid the collection of photocarriers.

Figure 7.10 Dark current–voltage characteristics at different temperatures for the LWIR
detector. The inset shows the fitted activation energy for the Arrhenius plot of the dark
current (reprinted from Ref. 12).
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Figure 7.11 shows spectral Johnson-limited detectivities of LWIR
interband QCIDs at different temperatures. At 78 K, the R0A product value
of 115 Ωcm2 has been achieved, which corresponds to a detectivity of
3.7� 1010 cm Hz1/2 at 8 mm.

To improve the performance of LWIR T2SL QCIDs, further modifica-
tions in device technology and design are required, such as shorter absorbents
and better bandgap alignments between the absorbers and the unipolar
barriers, p-type doping of absorbers, and correction in processing.

7.3 Performance Comparison with HgCdTe HOT Photodetectors

At present, HgCdTe is the most widely used variable-gap semiconductor for
IR photodetectors, including uncooled operation. However, the junction
resistance of HgCdTe photodiodes operated in the LWIR region is very low
due to high thermal generation. For example, small-sized, uncooled, 10.6-mm
photodiodes (50� 50 mm2) exhibit less than 1Ω zero bias junction resistance,
which is well below the series resistance of a diode. Consequently, the
performance of conventional devices is very poor, and these devices are not
usable for practical applications.

Figure 7.12 compares the R0A product of HgCdTe photodiodes with
room-temperature experimental data for interband CIDs fabricated with
type-II InAs/GaSb SL absorbers. It is evident that at the present early stage of
the CID technology the experimentally measured R0A values at room
temperature are higher than those for state-of-the-art HgCdTe photodiodes.
However, their quantum efficiencies are low, typically below 10%, resulting in

Figure 7.11 Spectral detectivity of a LWIR interband QCID at temperatures up to 220 K
(reprinted from Ref. 12).
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lower detectivity for interband T2SL cascade detectors in comparison to
HgCdTe photodiodes.

Figure 7.13 shows the performance of optically immersed two-stage
thermoelectrically (2TE) cooled HgCdTe devices. Without optical immersion,
MWIR photovoltaic detectors are sub-BLIP devices with performance close
to the GR limit. However, well-designed optically immersed devices approach
the BLIP limit when thermoelectrically cooled with two-stage Peltier coolers.
The situation is less favorable for >8-mm LWIR photovoltaic detectors,
which exhibit detectivities below the BLIP limit by an order of magnitude.
Typically, the devices are used at zero bias. The attempts to use Auger-
suppressed nonequilibrium devices were not successful due to large 1/f noise
extending to �100 MHz in the extracted photodiode.

Lenses for monolithically immersed HgCdTe detectors are formed directly
from transparent GaAs substrates. Due to immersion, the apparent optical
detector area increases by a factor of n2 for hemispherical lenses, where n is the
refraction coefficient. Using GaAs lenses, the expected increase in detectivity
is n2� 10. The detectivity of nonimmersed HgCdTe detectors is estimated to
be about one order of magnitude below the values shown in Fig. 7.13.
Therefore, the performance of IB CIDs is comparable to that obtained for
Peltier-cooled HgCdTe devices.

Figure 7.14 gathers the experimentally measured response times of a T2SL
interband CID and HgCdTe photodetectors (mainly photodiodes) of different
designs and operated in a temperature range between 220 K and room

Figure 7.12 R0A product of HgCdTe photodiodes (solid lines) in comparison with room-
temperature experimental data for IB CIDs with type-II InAs/GaSb SL absorbers (adapted
from Ref. 15).
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Figure 7.14 Response time versus wavelength for zero-biased and reverse-biased (as
indicated) HgCdTe photodiodes and a T2SL MWIR cascade detector operating between
220 and 300 K. (Stacked – double-stacked photovoltaic detector; PVM – multiple-
heterojunction photovoltaic detector) (reprinted from Ref. 15).

Figure 7.13 Typical spectral detectivity curves of HgCdTe immersed detectors and with
two-stage TE coolers (solid lines). The best experimental data (white dots) are measured for
detectors with a FOV of 36 deg. BLIP detectivity is calculated for FOV¼ 2p. The black dots
are measured for detectors with four-stage TE coolers. Spectral detectivity curves for three
T2SL IB CIDs (without immersion) are also shown (dashed lines) for comparison
(figure adapted from Ref. 15 courtesy of Vigo Systems).
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temperature. Most of the zero-biased LWIR photodiodes are characterized by
response times below 10 ns. The device response time decreases under reverse
bias, achieving a value below 1 ns. In this comparison, the response time of
T2SL cascade detectors is comparable or even shorter than that of HgCdTe
photodetectors.

Interband QCIDs have complicated cascade detector architectures. Their
design is particularly pronounced for high-temperature operation, where
diffusion lengths are considerably reduced. Currently, their performance is
comparable to HgCdTe performance. However, due to the strong covalent
bonding of III-V semiconductors, QCIDs can be operated at temperatures up
to 400 °C, which is not achievable for their HgCdTe counterparts.

It is expected that better understanding of quantum cascade device physics
and other aspects related to their design and material properties will enable
improvement of high-performance HOT detectors. In addition, the discrete
architecture of QCIDs provides a great deal of flexibility for manipulating
carrier transports to achieve high-speed operation, which determines the
maximum bandwidth. The possibility of monolithically integrating them with
active components, for instance lasers, offers entirely new avenues for
telecommunication systems based on quantum devices.
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Chapter 8

Coupling of Infrared Radiation
with Detectors

There are different methods of light coupling in a photodetector to enhance
quantum efficiency.1 A notable example of a method described for thin film
solar cells2,3 can be applied to infrared photodetectors. In general, these
absorption enhancement methods can be divided into four categories that use
either optical concentration, antireflection structures, optical path increase, or
light localization, as shown in Fig. 8.1.

8.1 Standard Coupling

Semiconductor materials used for photodetectors have large values of
refractive index and thus large values of reflection coefficient at the device
surface. This reflection is minimized using antireflection structures. The
simplest way to enhance absorption is to use a retroreflector to double pass
infrared radiation. In thin devices the quantum efficiency can be significantly
enhanced using interference phenomena to set up a resonant cavity within the
photodetector.1,4 Various optical resonator structures are used. In the simplest
method, interference occurs between the waves reflected at the rear, highly
reflective surface and at the front surface of the semiconductor. The thickness
of the semiconductor is selected to set up the standing waves in the structure
with peaks at the front and nodes at the back surface. The quantum effi-
ciency oscillates with thickness of the structure, with the peaks at a thickness
corresponding to an odd multiple of l/4n, where n is the refractive index of
the semiconductor. The gain in quantum efficiency increases with n. With the
use of interference effects, a strong and highly nonuniform absorption can
be achieved, even for long-wavelength radiation with a low absorption
coefficient.

Another possible way to improve the performance of IR photodetectors
is to increase the apparent “optical” size of the detector in comparison
with the actual physical size using a suitable concentrator that compresses
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impinging IR radiation. The concentration efficiency can be then defined
as the ratio between the optical area and the electrical area, minus
absorption and scattering losses.

This must be achieved without reduction of the acceptance angle, or at
least, with limited reduction to angles required for the fast optics of IR
systems. Various types of suitable optical concentrators can be used, including
optical cones, conical fibers, and other types of reflective, diffractive, and
refractive optical concentrators.5

An efficient way to achieve an effective concentration of radiation uses a
variety of immersion lenses. These lenses can be roughly divided into
refractive, reflective, and diffractive elements, although hybrid solutions are
also possible. Examples of these lenses are shown in Fig. 8.2. Microlenses
monolithically integrated with detectors are typically used in CCD and
CMOS active pixel imagers for visible application, and concentrate the
incoming light into the photosensitive region when they are accurately

Figure 8.1 Different methods of absorption enhancement in a photodetector use an optical
concentrator, an antireflection structure, structures for optical path increase (cavity enhance-
ment), and light localization structures.

Figure 8.2 Microlenses for infrared arrays sensors: (a) micrograph of and cross-sectional
drawing of microlensed FPA, and (b) diagram showing the concept of an uncooled infrared
array sensor with microlenses.
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deposited over each pixel [see Fig. 8.2(a)]. When the fill factor is low and
microlenses are not used, the light falling elsewhere is either lost or, in some
cases, creates artifacts in the imagery by generating electrical currents in the
active circuitry. An example of the concept of an uncooled infrared array
sensor with microlenses is shown in Fig. 8.2(b).6

The operating principle of a hemispherical immersion lens is shown in
Fig. 8.3. The detector is located at the center of curvature of the immersion lens.
The lens produces an image of the detector. No spherical or coma aberration
exists (aplanatic imaging). Due to immersion, the apparent linear size of the
detector increases by a factor of n. The image is located at the detector plane.
The use of a hemispheric immersion lens in combination with an objective lens
of an optical imaging system is shown in Fig. 8.3(b). The immersion lens plays
the role of a field lens, which increases the FOV of the optical system.

The limit to compression is determined by the Lagrange invariant (AΩ
product) and the sine condition for an aplanatic system.5 In air the physical
and the apparent size of the detector are related by the equation

n2Ae sin u0 ¼ Ao sin u, (8.1)

where n is the lens refractive index, Ae and Ao are the physical and apparent
size of the detector, respectively, and u and u0 are the marginal ray angle
before refraction at the lens and at the image, respectively. Therefore,

Ao

Ae
¼ n2

sin u0

sin u
: (8.2)

For hemispherical lenses, the marginal ray angles are 90 deg. Therefore,
the area gain is n2. Larger gain can be obtained for a hyperhemisphere used as
an aplanatic lens.5 This results in an apparent increase in linear detector size
by a factor of n2. In this case, the image plane is shifted.

An alternative approach uses a compound parabolic concentrator (CPC,
also called a Winston collector or Winston cone).7,8 QinetiQ has developed a

Figure 8.3 (a) Operating principle of optical immersion and (b) ray tracing for an optical
system with an objective lens and an immersion lens (reprinted from Ref. 5).

205Coupling of Infrared Radiation with Detectors

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 14 Feb 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



micromachining technique involving dry etching to fabricate the cone
concentrators for detector and luminescent devices.9,10

As mentioned above, the simplest way to couple radiation with the detector
active region is to place a mirror at the backside of detector, thus doubling the
optical path through the active region. At present, however, much more
sophisticated methods are available, including the use of different cavities with
reflective walls, as well as surface structuring. These methods belong to the
optical trapping approaches. The advent of nanophotonics enabled optical
trapping, such as subwavelength optical localization utilizing plasmonic
nanocomposites. Some metal–dielectric structures ensure the possibility of light
localization on a level much smaller than the operating wavelength.

Advances in optoelectronics-related materials science, such as metamater-
ials and nanostructures, have opened doors for new nonclassical approaches to
device design methodologies, which are expected to offer enhanced perfor-
mance along with reduced product cost for a wide range of applications.
Surface plasmons are widely recognized in the field of surface science following
the pioneering work of Ritchie in the 1950s.11 The relative ease of manipulating
surface plasmons provides an opportunity for their applications to photonics
and optoelectronics for scaling down optical and electronic devices to
nanometric dimensions. For the first time, it is possible to reliably control
light at the nanoscale. Additionally, plasmonics takes advantage of the very
large (and negative) dielectric constant of metals to compress the wavelength
and enhance electromagnetic fields in the vicinity of metal conductors.
Coupling light into semiconductor materials remains a challenging and active
research topic. Micro- and nanostructured surfaces have become widely used
design tools for increasing light absorption and enhancing the performance of
broadband detectors without employing antireflection coatings.

The following sections presents in some detail the mentioned methods of
photodetector enhancement.

8.2 Plasmonic Coupling

New solutions arising with the use of plasmonic structures open avenues
for photodetectors development.12 16 The goal of infrared plasmonics is to
increase the absorption in a given volume of a detector’s material. As
mentioned in Section 1.4, smaller volumes provide lower noise, while higher
absorption results in a stronger output signal. This leads to miniaturized
detector structures with length scales that are much smaller than those being
currently achieved. The choice of plasmonic material has significant
implications for the ultimate utility of any plasmonic device or structure.
The structures and materials that support surface plasmon excitations
may play a key role in next-generation optical interconnects and sensing
technologies.
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8.2.1 Surface plasmons

A plasmon is a quantized electron density wave in a conducting material. Bulk
plasmons are longitudinal excitations, whereas surface plasmons (SPs) can have
both longitudinal and transverse components.12 Light of a frequency below the
frequency of the plasmon for that material (the plasma frequency) is reflected,
while light above the plasma frequency is transmitted. SPs on a plane surface
are nonradiative electromagnetic modes, i.e.; they cannot be generated directly
by light nor can they decay spontaneously into photons. However, if the surface
is rough or has a grating on it, or is patterned in some way, light around the
plasma frequency couples strongly with the surface plasmons, creating what is
called a polariton, or a surface plasmon polariton (SPP)—a transverse-magnetic
optical surface wave that may propagate along the surface of a metal until
energy is lost either via absorption in the metal or radiation into free space.

In its simplest form an SPP is an electromagnetic excitation (coupled
electromagnetic field/charge-density oscillation) that propagates in a wave-like
fashion along the planar interface between a metal and a dielectric medium, and
whose amplitude decays exponentially with increasing distance into each medium
from the interface. Thus, the SPP is a surface electromagnetic wave, whose field is
confined to the near vicinity of the dielectric–metal interface. This confinement
leads to an enhancement of the field at the interface, resulting in an extraordinary
sensitivity of the SPP to surface conditions. The intrinsically 2D nature of SPPs
prohibits them from directly coupling to light. Usually, a surface metal grating is
required for the excitation of SPPs by normally incident light. Moreover, since
the electromagnetic field of an SPP decays exponentially with distance from the
surface, it cannot be observed in conventional (far-field) experiments unless the
SPP is transformed into light by its interaction with a surface grating.

A schematic representation of an electromagnetic wave and surface
charges propagating along a metal–dielectric interface is shown in Fig. 8.4.
The charge density oscillations and associated electromagnetic fields comprise
SPP waves. The local electric field component is enhanced near the surface
and decays exponentially with distance in a direction normal to the interface.

The interaction between the surface charge density and the electromag-
netic field results in the momentum of the SP mode ℏkSP being greater than
that of a free-space photon of the same frequency ℏko (ko¼v/c is the free-
space wavevector) [see Fig. 8.4(c)]. Solving Maxwell’s equations under the
appropriate boundary conditions yields the SP dispersion relation, which is
the frequency-dependent SP wave vector:17

kSP ¼ ko

�
εdεm

εd þ εm

�
1∕2

: (8.3)

The frequency-dependent permittivities of the metal εd and the dielectric
material εm must have opposite signs if SPs are to be possible at such an
interface. This condition is satisfied for metals because εm is both negative and
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complex (the latter corresponding to absorption in the metal). The increase
in ℏkSP momentum is associated with the binding of the SP to the surface
(the resulting momentum mismatch between light and SPs of the same
frequency must be bridged if light is to be used to generate SPs).

In contrast to the propagating nature of SPs along the surface, the field
perpendicular to the surface decays exponentially with distance from the
surface. This field is said to be evanescent, reflecting the bound, nonradiative
nature of SPs, and prevents power from propagating away from the surface.

The SP mode propagates on a flat metal surface with gradually
attenuation owing to losses arising from absorption in the metal. The
propagation length dSP can be found from the SP dispersion equation as18

dSP ¼ 1
2k 00

SP
¼ l

2p

�
ε0m þ εd
ε0mεd

�
3∕2 ðε0mÞ2

ε 00m
, (8.4)

where k 00
SP is the imaging part of the complex SP wavevector, kSP ¼ k0SP þ ik 00

SP,
and ε0m and ε 00m are the real and imaging parts, respectively, of the dielectric
function of the metal, εm ¼ ε0m þ iε 00m. The propagation length is dependent on
the dielectric constant of the metal and the incident wavelength.

SPs were first studied in the visible region. The vast majority of plasmonics
research has focused on the shorter-wavelength side of the optical frequency
range. In the visible spectrum, silver is the metal with lowest losses, where
propagation distances are typically in the range of 10–100 mm. In addition, for
a longer incident wavelength, such as the near-infrared telecommunication
wavelength 1.55 mm, the propagation length of silver increases towards 1 mm.
For a relatively well-absorbing metal such as aluminium, the propagation
length is 2 mm at a wavelength of 500 nm.14

It appears that common metals such as gold or silver have plasmon
resonances in the blue or deep-ultraviolet wavelength ranges. Recently, an

Figure 8.4 (a) Schematic illustration of an electromagnetic wave and surface charges at
the interface between the metal and the dielectric material; (b) the local electric field
component is enhanced near the surface and decays exponentially with distance in a
direction normal to the interface; and (c) dispersion curve for a SP mode.
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increased research effort has been directed to the infrared range. However,
when moving from the visible to the infrared range, metal films with arrays of
holes that ordinarily show optical transmission are quite opaque. There are no
metals available whose plasmon resonances are in the IR range under 10 mm
in wavelength. Moreover, the of integration of plasmonic structure with active
detector region is intrinsically incompatible due to the low-quality of metal
used in deposition techniques in comparison with the high-quality materials
used in epitaxial growth of semiconductors or dielectrics. As a result, many
intrinsic plasmonic properties can be masked by the poor metal quality or
poor semiconductor–metal interfaces. In addition, wavelength tuneability is
difficult to realize since the plasmonic resonance frequency is fixed for a given
metal. Thus, other alternatives to metals such as highly doped semiconductors
have been proposed; e.g., an InAs/GaSb bilayer structure.16,19

Figure 8.5 shows schematically the difference in surface enhancement
between visible and infrared absorption. As shown in Fig. 8.5(a), the optical

Figure 8.5 Optical fields of SPs and surface-enhanced infrared absorption. (a) The optical
field of a SPP is closely bound to the material surface at visible wavelengths (700 nm, green)
but weakly bound at mid-IR wavelengths (5 mm, blue). (b) The optical field of spoof plasmons
on gold at a wavelength of 5 mm, showing strong confinement (red). (c) Chemicals (light blue
dots) on gold islands exhibit better absorption than an unstructured substrate. (d) Use of SPs
to increase the absorption enhancement. (e) SP-enhanced infrared absorption in a hole array.
Plasmons bound to the surface interact with the molecules deposited on and inside the hole
array (reprinted from Ref. 13 with permission from Nature Publishing Group).
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field of a SPP is closely bound to the material surface at visible wavelengths but
weakly bound at mid-IR wavelengths. Metal surfaces with indentations or holes
can give rise to leaky waveguides (spoof plasmonics) or can be used to couple
light into dielectric waveguides, as shown in Fig. 8.5(b). This effective approach
is based on a deep subwavelength pitch grating in the surface of the metal.20

This design leads not only to resonance in the grating, but also to extremely
tight confinement of light and is used for improving the performance of QWIP
and QDIP detectors.21,22

Current plasmonic devices at telecommunication and optical frequencies
face significant challenges due to losses encountered in the constituent
plasmonic materials. These large losses seriously limit the practicality of these
metals for many applications. Apart from traditional plasmonic materials
(the noble metals), the newer material systems with infrared plasma wavelengths
[transition metal nitrides, transparent conducting oxides (TCOs), and silicides]
are considered.16,23,24 TCOs have been shown to be effective plasmonic materials
in the infrared region, while transition metal nitrides extend into the visible
spectrum. Figure 8.6 shows various classes of materials grouped using two
parameters that determine the optical properties of conducting materials: the
carrier concentration and carrier mobility. In plasmonics, the carrier concentra-
tion has to be high enough to provide a negative real part of the dielectric
permittivity. In addition, tunability of dielectric permittivity values with change
in carrier concentration is desirable. Lower carrier mobilities could indicate
higher damping losses and thus higher material losses.

Figure 8.6 Material space for plasmonics and metamaterial applications. Important
material parameters such as carrier concentration (maximum doping concentration for
semiconductors), carrier mobility, and interband losses form the optimization phase space
for various applications. While spherical bubbles represent materials with low interband
losses, elliptical bubbles represent those with larger interband losses in the corresponding
part of the electromagnetic spectrum (adapted from Ref. 24).

210 Chapter 8

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 14 Feb 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



8.2.2 Plasmonic coupling of infrared detectors

Different architectures are used to support SPPs on metalo-dielectric structures.
These architectures may involve planar metal waveguides, metal gratings,
nanoparticles such as islands, spheres, rods, and antennas, or optical transmission
through one or many subwavelength holes in a metal film. However, great
challenges remain to fully realize many of the promised potentials.

Figure 8.7 presents three popular geometries that enhance the detector’s
photoresponse: (a) grating couplers to convert incident light to SPPs that
are focused inside a small-scale detector, (b) a particle antenna on a small-
scale detector, and (c) metallic photonic crystal structures to enhance the
photoresponse. The inclusion of an antenna or resonator enhances the
photoresponse or makes the detector wavelength- and polarization specific.

The first architecture involves a nanoscale semiconductor photodetector.
Small-area photodetectors benefit from low noise levels, a low junction
capacitance, and a possible high-speed operation. However, due to the decrease
in the active area of the semiconductor detector under the same optical power
density, a lower output is obtained. A nanoantenna in close proximity to the
active material of a photodetector allows us to take advantage of the
concentrated plasmonic fields.25 The role of the nanoantenna is to convert free-
space plane waves into surface plasmons bound to a patterned metal surface
without reflection. The antenna-like structure that couples incident radiation to
surface plasmons is used in a technique that is very popular for THz detectors.26

Figure 8.7(b) shows an integrating detector nanoscale structure whose
photoresponse is enhanced by a local plasmon resonance. Resonant antennas
can confine strong optical fields inside a subwavelength volume. By designing
the structure in such a way that the region with highly confined optical fields
overlaps the active region of the photodetector, strong enhancement of the
photocurrent can be achieved using either SPP or localized surface plasmon
polariton (LSPP) resonances.

LSPPs are charge oscillations that are bound to a small metal particle or
nanostructure. These oscillations can be represented by the displacement of

Figure 8.7 Different architectures for plasmon-enhanced detectors: (a) grating couplers
that focus the generated SPPs inside a small-scale detector, (b) particle antenna on a small-
scale detector, and (c) metallic photonic crystal structures.
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charge in the sphere. For example, for a metal sphere in a dielectric, the field
inside the metal is given by electrostatic approximation as27

Ein ¼
3εdEo

εm þ 2εd
, (8.5)

where Eo is the electric field away from the sphere. Ignoring the imaginary
contributions to the relative permittivities in Eq. (8.5), it is clear that the field
inside the sphere diverges when εm¼ –2εd, which leads to a strong
enhancement of the field on the outer surface of the sphere (which is limited
in practice by the imaginary part of εm). The quality of the resonance is limited
by the dispersion of the metal and dielectric, as is clear from the field
enhancement denominator in Eq. (8.5).

The third way of enhancing the photodetector photoresponse is shown in
Fig. 8.7(c). Photoresponse enhancment is achieved by including a metallic
photonic crystal (PC) on the detector area, or arranging the detector structure
in a periodic way, forming a PC structure. Integrating a resonant structure
into a detector increases the interaction length between the incoming light and
the active semiconductor region. This design is interesting for thin film
semiconductor detectors with a large absorption length.

Since the absorption coefficient is strongly dependent on wavelength, the
wavelength range in which an appreciable photocurrent can be generated is
limited for a given detector material. Therefore, broadband absorption is usually
inadequate due to quantum efficiency roll-off. Research on PC structures with
periodic refractive index modulation has made possible several new ways to
control light. Most of such existing devices are realized as 2D PC structures and
thus are compatible with standard semiconductor processing.28 30

Photonic crystals comprise a regular array of holes (defects) that modify
the local refractive index to provide localized modes in the “photonic” band
structure (see Fig. 8.8). By removing a single hole, an energy well for photons
is formed that is similar to that of electrons in a quantum wire structure. The

Figure 8.8 Cross-sectional view through the photonic crystal microcavity.
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periodic variation in the refractive index gives rise to Bragg scattering of
photons, which opens up forbidden energy gaps in the in-plane photon
dispersion relation. The PC has a grating effect that “diffracts” the normally
incident radiation toward the in-plane direction. In addition, a l/2 high-index
slab is used to trap photons in the vertical direction by internal reflection at
the air–slab interface. As a result, the combination of Bragg reflection from
the 2D PC and internal reflection results in a three-dimensionally confined
optical mode.

Figure 8.9 is a schematic design of an infrared detector that allows for
near-field detection of enhanced evanescent waves transmitted through a
structured surface by using a nearby buried quantum detector (with a distance
much smaller than the wavelength of the incident electromagnetic field).

An example of metal-PC-integrated detector design is shown in Fig. 8.10
along with a schematic cross-sectional view of the sample structure.30 The PC
is a 100-nm-thick Au film perforated with a 3.6-mm period square array of

Figure 8.9 Conceptual design of an infrared detector enhanced by surface plasmon
polaritons: (a) general view and (b) cross-sectional view.

Figure 8.10 (a) Optical microscope images of the metal PC device with 16� magnification
revealing the details of the metal PC. The period of the circular holes is 3.6 mm; (b) a
schematic cross-sectional view of the metal PC device (reprinted from Ref. 30 with
permission from OSA).
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circular holes having diameters of 1.65 ± 0.05 mm. This array of circular holes
couples to surface plasma waves at 11.3 and 8.1 mm for reverse and forward
bias, respectively, where InAs quantum dot infrared photodetectors (QDIP)
exhibit the strongest detectivity (up to thirty-fold enhancement).

By confining the quantum dots in a waveguide structure and using a
metallic grating coupler, a considerable increase in absorption is observed.
Figure 8.11 shows the low-temperature (10 K) photoresponse of the metal PC
QDIP and reference devices at 3.0 V and 3.4 V.30 The arrows in the figure
indicate the reference devices that exhibit two rather broad color responses
with indistinct peaks for both the 3.0 V and 3.4 V cases. The peak shift with
applied voltage has been interpreted in terms of the quantum-confined Stark
effect. On the other hand, the metal PC devices have completely different
voltage-dependent spectral responsivities in both the peak wavelengths and,
especially, the response intensity. The spectral response curves show four
peaks at identical wavelengths but varying amplitude for both biases. The
peak at 11.3 mm, which is much stronger than that of the reference device, is
dominant for reverse bias, while the peak at 8.1 mm is more intense than any
other peak for forward bias. The two remaining peaks at 5.8 and 5.4 mm are
relatively weak.

The advantage of the above approach is that it can be easily incorporated
into the FPA fabrication process of present-day infrared sensors. Holes with
2–3 mm in diameter for a response wavelength range of 8–10 mm can be
defined using conventional optical lithography. The introduction of a
straightforward modification of a single- or multi-element defect in the PC
can selectively increase the response of photons with a specific energy.

Figure 8.11 Spectral response curves of the reference device (the two spectra at the
bottom with arrows indicating the highest peak in each spectrum) and the metal PC device
(the other two spectra with higher responsivity) for 3.0 V and 3.4 V at 10 K (reprinted from
Ref. 30 with permission from OSA).
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Therefore, by changing the dimensions of the defect, the resonance wave-
length can be altered, leading to the fabrication of a spectral element in each
pixel of the FPA. This approach would have a revolutionary impact on
multispectral imaging and hyperspectral imaging detectors.

An important class of 2D PC structures are photonic crystal slabs (PCSs),
consisting of a dielectric structure with a periodic modulation in only two
dimensions and refractive index guiding in the third. Figure 8.12(a) shows a
QWIP fabricated as a PCS structure.31 The PC structure is underetched by
selective removal of the sacrificial AlGaAs layer to create the free-standing
PCS. A schematic illustration of the final device is shown in Fig. 8.12(b). The
photoresponse of the PCS-QWIP shows a wider response peak but
additionally displays several pronounced resonance peaks.

Recently, Qiu et al.32 have studied the role of the parameters of 2D
metallic hole arrays (the periodicity of hole arrays p, hole diameter d, and
metal film thickness t) in plasmonic enhancement of InAsSb infrared
detectors. To evaluate the transmission performance of the subwavelength
hole array, a 3D finite-difference time-domain (FDTD) method has been
used. Figure 8.13 shows a cross-sectional view and top view of the 2D hole
array (2DHA) with a hole array fabricated above the InAsSb detector active
region.

In estimations, the diameter d of the circular hole is fixed at 0.46 mm, and
the metal film is made of gold with thickness t¼ 20 nm. The periodicity is

Figure 8.12 PCS-QWIP design: (a) SEM image of a cleaved PCS and (b) cross-section
view through the PCS-QWIP structure (reprinted from Ref. 31 with permission from AIP
Publishing).
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varied between 0.72 and 1.12 mm, with other parameters remaining
unchanged. The wave source is normally incident along positive z direction
and polarized in x direction with a wavelength range from 1.5 mm to 6.5 mm.

The transmission efficiency shown in Fig. 8.14 has been calculated for
the main peak when either the hole diameter is fixed at d¼ 0.46 mm or
the periodicity is fixed at p¼ 0.92 mm. As shown this figure, at resonance
wavelengths, the highest transmission efficiency is around 3.85, which
indicates that much more light is transmitted than the amount that is directly
impinging into the hole area. The transmission efficiency reaches a maximum
value when the hole diameter is approximately one-half of the periodicity.

Utilizing either a single-metal or a double-metal plasmon waveguide,
Rosenberg et al.21 have considered a plasmonic photonic crystal resonator for
use in mid-infrared photodetectors. Its good frequency and polarization
selectivity can be used in hyperspectral and hyperpolarization detectors.

Figure 8.13 (a) A cross-sectional view and (b) top view of a 2D hole array (adapted from
Ref. 32).

Figure 8.14 Plots of transmission efficiency as a function of (a) periodicity p (d¼ 0.46 mm)
and (b) hole diameter d (p¼ 0.92 mm) (adapted from Ref. 32).
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By suitable scaling of the photonic crystal holes and waveguide width, such a
resonator can be optimized for use at any wavelength from the terahertz to the
visible bands. Figure 8.15 shows the proposed schematic structure of an FPA
with double-metal plasmonic photonic crystal resonators. Only the top metal
photonic crystal lithography step differs from the standard fabrication process
of hybrid arrays.

8.3 Photon-Trapping Detectors

As Eq. (1.10) indicates, the performance of an infrared detector can be
improved by reducing the volume of detector’s active region. In this section,
we focus our considerations on reducing the detector material volume via the
concept of photon trapping (PT). Reduction of the dark current should
be achieved without degrading the quantum efficiency. Figure 8.16 shows the
effect of volume reduction on quantum efficiency and noise equivalent
differential temperature (NEDT)33,34 by a simple first-order model consisting
of the Bruggeman effective medium approach35 when combining HgCdTe
(with a composition x� 0.3) with a void material. The fill factor is calculated
as the volume of material remaining divided by the volume of the unit cell. As
expected, as the volume is reduced (and fill factor is increased), the quantum
efficiency is increased and the NEDT value generally decreases, improving the
performance until a critical point when photon collection begins to decrease
faster than noise, and hence the overall performance degrades. The modeled
trends are observed in measured devices.

Photon-trapping detectors have been demonstrated independently in
II-VI33,34,36 and III-V36 39 -based epitaxial materials. Subwavelength-sized
semiconductor pillar arrays within a single detector have been designed and

Figure 8.15 A design schematic for a resonant double-metal plasmonic photonic crystal
FPA (reprinted from Ref. 21 with permission from OSA).
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structured as an ensemble of 3D photonic structure units using either a top-
down or bottom-up process to significantly increase absorption and quantum
efficiency. The sub-element can be of different shapes such as pyramidal,
sinusoidal, or rectangular.37 For example, Fig. 8.17 shows photon-trap
structures with pillars and holes of varying volume fill factors. These samples
were fabricated from HgCdTe layers on Si grown by MBE with a cutoff
wavelength of 5 mm at 300 K.

Theoretical estimations show that PT arrays have a slightly higher optical
crosstalk compared to non-PT arrays, but significantly less diffusion crosstalk,
thus indicating that PT arrays will have significantly better device per-
formance than non-PT arrays in terms of crosstalk, especially for small pixel
pitches.40 Moreover, the calculation of the modulation transfer function
(MTF) from a spot scan of the arrays shows that PT structures have superior
resolving capability compared to non-PT structures. Thus, as the detector
array technology moves towards pixel-size reduction, the PT approach is an
effective means of reducing diffusion crosstalk and an increasing quantum
efficiency without employing antireflection coatings.

FDTD simulation of pillar structures indicates resonance between them
and confirms that the photon-trapping process via total internal reflection
effectively serves as a waveguide to direct incident energy away from the
removed regions and into the remaining absorber material. For example,
Fig. 8.18 presents the optical generation rate as a function of wavelength from
0.5 to 5.0 mm for a single HgCdTe pillar and the uppermost part of the
absorber layer beneath the pillars.41 At a wavelength of 0.5 mm the optical
generation is concentrated at the edge of the pillar, and as the wavelength is
increased, the optical generation region gradually extends deeper into the

Figure 8.16 Effect of volume reduction on quantum efficiency and NEDT (adapted from
Ref. 33).
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Figure 8.17 Examples of photon-trapping HgCdTe microstructures with test photonic
crystal fields with varying fill factors for FTIR demonstration (reprinted from Ref. 33).

Figure 8.18 Calculated optical generation profile inside the pillar of a HgCdTe photon-
trapping structure back-illuminated with planewaves within the wavelength range of
0.5 5.0 mm. This pillar is one of a 2D array of HgCdTe pillars like those shown in
Fig. 8.17 (reprinted from Ref. 41).
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pillars. At 5.0 mm there is very little optical generation at the tip of the pillar,
but there is significant optical generation further into the pillar and into the
absorber layer. It has been found that absorption enhancement is weakly
dependent on the pillar lattice type, but the lattice period does have a
significant impact on the enhancement.42

It has been confirmed experimentally that volume reduction leads
to improved device performance and consequently to higher operating
temperature of detector arrays. Process improvements, such as unique
self-aligned contact metal processes and advanced stepper technologies,
have been developed to achieve the critical dimensions and lithography
alignments required for advanced PT detector designs with a smaller feature
within the unit cell. Figure 8.19 shows advanced hexagonal photonic crystal
designs with holes in a standard 30-mm mesa with features on a 5-mm pitch.
Large-format MBE HgCdTe/Si epitaxial wafer arrays with cutoff wave-
lengths ranging from 4.3 to 5.1 mm at 200 K exhibit improved performance
compared to unpatterned mesas, with a measured NEDT of 40 mK and
100 mK at temperatures of 180 K and 200 K, respectively, with good
operability.34

Utilization of an InAsSb absorber on GaAs substrates instead of a
HgCdTe absorber enables fabrication of MWIR low-cost, large-format HOT

Figure 8.19 MWIR 512� 512 30-mm-pitch MBE HgCdTe/Si array consisting of photonic
crystal holes on a 5-mm pitch in a standard mesa (reprinted from Ref. 34).
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FPAs. Souza and co-workers37 39 have described research efforts to develop
visible- to mid-wave (0.5 to 5.0 mm) broadband PT InAsSb-based detectors
operating at high temperatures (150–200 K) with low dark current and high
quantum efficiency.

The InAs0.82Sb0.18 ternary alloy with a 5.25-mm cutoff wavelength at
200 K was grown on a lattice-mismatched GaAs substrate. To compare the
detector performance, both 128� 128/60-mm as well as 1024� 1024/18-mm
detector arrays consisting of bulk absorber structures as well as photon-trap
pyramid structures were fabricated. This innovative detector design was
based on pyramidal PT InAsSb structures in conjunction with barrier-based
device architecture to suppress both GR dark current as well as the diffusion
current through the absorber’s reduced volume. The absence of depletion
regions in the narrow-gap absorption layer makes the barrier detector
immune to dislocations and other defects, possibly allowing growth on
lattice-mismatched substrates with a reduced penalty of excess dark current
generated by misfit dislocations. The pixel arrays are defined very simply
by etching through the contact layer up to the barrier. Figure 8.20(a) shows a
5-mm-cutoff-wavelength nBn detector structure operated at 200 K with an
AlAsSb barrier and pyramid-shaped absorbers fabricated in the n-type
InAsSb absorber. Based on optical simulation, the engineered pyramidal
structures minimize reflection and provide >90% absorption over the entire
0.5- to 5.0-mm spectral range [see Fig. 8.20(b)] while providing up to
3� reduction in absorber volume.

Figure 8.21 shows SEM top and side views of 4.5-mm-height pyramid
structures of InAsSb nBn barrier on GaAs substrate. The spacing between
adjacent pyramids is smaller than 0.5 mm. The thickness of the InAsSb slab
underneath the pyramids is only 0.5 mm. Each die on the 3-inch wafer
represents a 1024� 1024 pixel, 18-mm- pitch FPA. After pyramid etching the
wafer is flipped over and bonded temporarily to another 3-inch handling

Figure 8.20 Photon trapping nBn detector in the InAsSb/AlAsSb material system:
(a) detector architecture with pyramid shaped absorber layer (adapted from Ref. 37),
(b) optical simulation of broadband detector response (adapted from Ref. 36).
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substrate using an epoxy. The entire 600-mm-thick GaAs growth substrate is
subsequently removed using a high-etch-rate and high-selectivity ICP dry etch
process.

The measured dark current density in the pyramidal structured diodes is
reduced by a factor of 3 in comparison with conventional diodes having a bulk
absorber [see Fig. 8.22(a)], which is consistent with volume reduction due to the

Figure 8.21 (a) Photograph of fabricated staggered pyramids on a 3-inch substrate and
(b) SEM images of staggered pyramids (reprinted from Ref. 38).

Figure 8.22 Comparisons of (a) dark current density between nBn InAsSb bulk detectors
and pyramid detectors at different temperatures, and (b) spectral response between
bulk- and pyramid-based detectors (adapted from Ref. 38).
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creation of the absorber topology. High detectivity (>1.0� 1010 cm
p
Hz/W)

and high internal quantum efficiency (>90%) have been achieved. The spectral
response measurements reveal that staggered pyramids suppress etalon effects
and make the spectral response more flat [see Fig. 8.22(b)], as expected from
simulation results. Despite the small absorber volume of pyramidal detectors,
the internal quantum efficiency is higher than 80%, and detectivity above
1.0� 1010 cm

p
Hz/W at 200 K has been estimated over the entire 0.5- to

5.0-mm spectral range.
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Chapter 9

Focal Plane Arrays

During the last five decades, different types of detectors have been combined with
electronic readouts to make detector arrays. The progress in integrated
circuit design and fabrication techniques has resulted in continued rapid
growth in the size and performance of these solid-state arrays. In the
infrared technique, these devices are based on a readout array connected to
an array of detectors.

The term focal plane array refers to an assemblage of individual detector
picture elements (pixels) located at the focal plane of an imaging system.
Although this definition could include 1D (linear) arrays as well as 2D arrays, it
is frequently applied to the latter. Usually, the optics part of an optoelectronic
imaging device is limited to focusing the image onto the detector array. These
so-called staring arrays are scanned electronically usually using circuits
integrated with the arrays. The architecture of detector-readout assemblies
has assumed a number of forms that are discussed below.

Infrared FPAs are critical components in many of the military and civilian
applications of advanced imaging systems. In this section we focus on the
current requirements for extended detector capability to support applications
for future generations of infrared sensor systems.

9.1 Trends in Infrared Focal Plane Arrays

Figure 9.1 illustrates the trend in array size over the past 50 years. Imaging IR
FPAs have been developing in-line with the ability of silicon integrated circuit
(IC) technology to read and process the array signals and to display the
resulting image. The progress in IR arrays has also been steady, mirroring the
development of dense electronic structures such as dynamic random access
memories (DRAMs). FPAs have had nominally the same development rate as
DRAM ICs, which have followed Moore’s law with a doubling-rate period of
approximately 18 months; however, FPAs have been lagging behind DRAMs
by about 5–10 years. The 18-month doubling time is evident from the slope of
the graph presented in the inset of Fig. 9.1, which shows the log of the number
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of pixels per array as a function of the first year of commercial availability of
MWIR FPAs. CCDs above 3 gigapixels offer the largest formats.

IR array sizes will continue to increase but perhaps at a rate that falls
below the Moore’s law trend. An increase in array size is already technically
feasible. However, the market demand for larger arrays is not as strong as it
was before the megapixel milestone was achieved. In particular, astronomers
were the driving force behind the effort for to make optoelectronic arrays match
the size of the photographic film. Since large arrays dramatically multiply the

Figure 9.1 Imaging array formats compared with the complexity of silicon microprocessor
technology and DRAM as indicated by transistor count and memory bit capacity (adapted
from Ref. 1). The timeline design rule of MOS/CMOS features is shown at the bottom.
Note the rapid rise of CMOS imagers, which are challenging CCDs in the visible spectrum.
The number of pixels on an infrared array has been growing exponentially, in accordance with
Moore’s law, for 30 years with a doubling time of approximately 18 months. Infrared arrays
with size above 100 megapixels are now available for astronomy applications. Imaging
formats of many detector types have gone beyond that required for high-definition TV.
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data output of a telescope system, the development of large-format mosaic
sensors of high sensitivity for ground-based astronomy is the goal of many
astronomic observatories around the world. This is somewhat surprising
given the comparative budgets of the defense market and the astronomical
community.

A number of architectures are used in the development of IR FPAs.
In general, they may be classified as hybrid and monolithic, but these
distinctions are often not as important as proponents and critics state them to
be. The central design questions involve performance advantages versus
ultimate producibility. Each application may favor a different approach,
depending on the technical requirements, projected costs, and schedule.

In the monolithic approach, both detection of light and signal readout
(multiplexing) are done in the detector material rather than in an external
readout circuit. The integration of detector and readout onto a single
monolithic piece reduces the number of processing steps, increases yields, and
reduces costs. Common examples of these FPAs in the visible and near-
infrared regions are found in camcorders and digital cameras.

In the case of the hybrid approach, which dominates in infrared detector
technology, we can optimize the detector material and multiplexer indepen-
dently. Other advantages of hybrid-packaged FPAs are near-100% fill factors
and increased signal-processing area on the multiplexer chip. Photodiodes with
their very low power dissipation, inherently high impedance, negligible 1/f
noise, and easy multiplexing via the ROICs, can be assembled in 2D arrays
containing a very large number of pixels, limited only by existing technologies.
Photodiodes can be reverse-biased for even higher impedance and can
therefore better electrically match compact low-noise silicon readout
preamplifier circuits. The photoresponse of photodiodes remains linear for
significantly higher photon flux levels than that of photoconductors, primarily
because of higher doping levels in the photodiode absorber layer and because
the photogenerated carriers are collected rapidly by the junction.

Development of IR hybrid packaging technology began in the late 1970s
(see Fig. 9.1) and took the next decade to reach volume production. In the
early 1990s, fully 2D imaging arrays provided a means for staring sensor
systems to enter the production stage. In the hybrid architecture, indium
bump bonding with readout electronics allows the signals to be multiplexed
from thousands or millions of pixels onto a few output lines, greatly
simplifying the interface between the vacuum-enclosed cryogenic sensor and
the system electronics.

Although FPA imagers are very common in our lives, they are quite
complex to fabricate. Depending on the array architecture, the process can
include over 150 individual fabrication steps. The hybridization process
involves flip-chip indium bonding between the surfaces of the ROIC and the
detector array. The indium bond must be uniform between each sensing pixel
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and its corresponding readout element in order to ensure high-quality
imaging. After hybridization, a backside thinning process is usually performed
to reduce the amount of substrate absorption. The edges off the gap between
the ROIC and FPA can be sealed with low-viscosity epoxy before the
substrate is mechanically thinned down to several microns. Some advanced
FPA fabrication processes involve complete removal of the substrate material.

Innovations and progress in FPA fabrication are dependent on adjust-
ments to the material growth parameters. Usually in-house growth has
enabled manufacturers to maintain the highest material quality and to
customize the layer structures for multiple applications. For example, since
the HgCdTe material is critical to many principal product lines, and
comparable material is not available externally, most global manufactures
continue to supply their own wafers. Figure 9.2 shows the process flow for
integrated infrared FPA manufacturing. As is shown, boule growth starts with
the raw-material polycrystalline components. In the case of the HgCdTe FPA
process, polycrystalline ultrapure CdTe and ZnTe binary compounds are
loaded into a carbon-coated quartz crucible. The crucible is mounted into
an evacuated quartz ampoule, which is placed in a cylindrical furnace.
Large-crystal CdZnTe boules are produced by mixing and melting the

Figure 9.2 Process flow for integrated infrared FPA manufacturing.

230 Chapter 9

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 14 Feb 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



ingredients, followed by recrystallizing with the vertical gradient freeze method.
The standard diameters of the boules reach 125 mm. The boule substrate
material is then cut into slices, diced into squares, and polished to prepare
the surface for epitaxial growth. Typical substrate sizes up to 8 cm� 8 cm
have been produced. The HgCdTe layers are usually grown on top of
the substrate by MBE or MOCVD. In the case of MOCVD epitaxial
technology, large-sized GaAs substrates are also used. The selection of
substrate depends on the specific application. The entire growth procedure is
automated, with each step having been programmed in advance.

MBE and MOCVD growth methods are well established for the III-V
semiconductor materials. At present, MBE offers low-temperature growth
under an ultrahigh-vacuum environment; in situ n-type and p-type doping;
and control of composition, doping, and interfacial profiles. MBE is now the
preferred method for growing complex, layered structures for multicolor
detectors and for avalanche photodiodes.

After growing the detector epitaxial structures, the wafers are nondestruc-
tively evaluated against multiple quality specifications. They are then conveyed
to the array processing line, where the sensing elements (pixels) are formed by
photolithographic steps, including mesa etching, surface passivation, metal
contact deposition, and indium bump formation. After wafer dicing, the FPAs
are ready for mating to the ROICs. The ROIC branch of the process is shown
in the lower right of Fig. 9.2. For each pixel on the detector array, there is a
corresponding unit cell on the ROIC that collects the photocurrent and
processes the signal. Each design is delivered to a silicon foundry for
fabrication. Next, the ROIC wafers are diced and are ready for mating with
the FPA. The most advanced flip-chip bonders, utilizing laser alignment and
submicron-scale motion control, bring the two chips together (see the center
of Fig. 9.2). At present FPAs with a pixel pitch size below 10 mm are aligned
and hybridized with a high yield. Each FPA with attached ROIC is tested
according to a defined protocol and is installed in a sensor module. Finally,
associated packaging and electronics are designed and assembled to
complete the integrated manufacturing process.

Detector FPAs have revolutionized many kinds of imaging from gamma
rays to the infrared and even radio waves. More general information about
the background, history, present stage of technology, and trends can be found
in Refs. 2 and 3, for example. Information about the assemblies and
applications can be found on different vendor websites.

9.2 Infrared FPA Considerations

It is well known that detector size d and F/# are the primary parameters of
infrared systems.4 These two parameters have a major impact on detection
and identification ranges. Most current military systems have the classical
design parameters represented in Fig. 9.3, where detector size ranges from

231Focal Plane Arrays

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 14 Feb 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



10 to 50 mm. For long-range identification systems, a high-F/# optics is used
(for a given aperture) to reduce the detector angular subtense. On the other
hand, wide-field-of-view (WFOV) systems are typically low-F/# systems with
short focal lengths since the focal plane must be spread over wide angles.
Recently published papers have shown that long-range identification does not
need to be limited to high-F/# systems and that very small detectors enable
high performance with a smaller package.5,6

The fundamental limit of pixel size is determined by diffraction. The size
of the diffraction-limited optical spot or Airy disk is given by

d ¼ 2.44lF , (9.1)

where d is the diameter of the spot, and l is the wavelength. The spot sizes
for f-numbers ranging from F/1 to F/10 are shown in Fig. 9.4. For typical
F/2.0 optics at 4-mm wavelength, the spot size is 20 mm.

It is generally interesting to investigate pixel scaling beyond the diffraction
limit using wavelength- and even subwavelength-scale optics that are enabled
by modern nanofabrication (diffraction-limited pixel size is still relatively
large compared with feature size, which can be achieved using state-of-the-art
nanofabrication approaches).

FPAs of 1 cm2 still dominate the IR market, while pixel pitch has decreased
to 15 mm during the last few years, now reaching 12 mm,7 10 mm,8,9 and even
5 mm in test devices.10,11 This trend is expected to continue. Systems operating
at shorter wavelengths are more likely to benefit from small pixel sizes because
of the smaller diffraction-limited spot size. Diffraction-limited optics with
low f-numbers (e.g., F/1) could benefit from pixels on the order of one wave-
length across. Oversampling the diffractive spot may provide some additional

Figure 9.3 Classical infrared system design parameters (ISR – Intelligence, Surveillance, and
Reconnaissance; PISR – persistant ISR; SA – situational awareness) (adapted from Ref. 6).
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resolution for smaller pixels but saturates quickly as the pixel size is decreased.
Pixel reduction is mandatory also for cost reduction of a system (reducing the
optics diameter, dewar size and weight, together with the power, and increas-
ing the reliability). In addition, smaller detectors provide better resolution.12

Reduction of the focal plane proportionally to the detector size has not changed
the detector field of view, so in the optics-limited region, smaller detectors have
no effect on the system spatial resolution.

Figure 9.5 shows the influence of pixel shrinkage on the format enlargement
of Sofradir’s IR arrays. A catalog of detectors with pixel pitch of 15 mm
[Epsilon (384� 288), Scorpio (640� 512), and Jupiter (1280� 1014)] is
compared with the Daphnis 10-mm product family.

Figure 9.4 Optics diffraction limit. The spot size of a diffraction-limited optical system is the
Airy disk diameter.

Figure 9.5 Number of pixels versus pitch size for Sofradir IR FPAs (reprinted from Ref. 8).
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Recent progress in small-detector fabrication has raised interest in
determining the minimum useful detector size.4,5,12 The critical parameters that
define the potential performance of an infrared FPA are modulation transfer
function (MTF) and noise equivalent difference temperature (NEDT). MTF is a
measure of the sharpness (or blurring) of images generated by any imaging
system and is the ratio of the modulation of the image to the modulation of the
object as a function of the space frequency (cycles per unit length) of the sine-
wave pattern. The NEDT characterizes the thermal sensitivity of an infrared
system, i.e., the amount of temperature difference required to produce a unity
SNR. A smaller NEDT indicates better thermal sensitivity.

The system MTF is dominated by the MTFs of the optics, detector, and
display, and can be cascaded by simply multiplying theMTFs of the components
to obtain the MTF of the combination. Considering the optics and detector
combination, MTFDO¼MTFOptics�MTFDetector. Other blurs (aberrations,
crosstalk, diffusion, etc.,) are considered negligible in this approach.

As shown by Holst,13 FPA system performance can be described in the
spatial domain, where the optical blur diameter is compared to the detector
size, or in the frequency domain (MTF approach), where the optics cutoff is
compared to the detector cutoff. Both comparisons provide a metric that is a
function of Fl/d, where F is the focal ratio, l is the wavelength, and d is the
detector size. In other words, Fl/d is the ratio of the detector cutoff frequency
to the optics cutoff frequency and in space is a measure of the optical blur
diameter relative to the detector size. The detector MTF exists for all
frequencies from –` to þ`. The detector cutoff is defined as the first zero in
MTFDetector and occurs when the spatial frequency equals F/d. The sampling
frequency is determined by the detector pitch. Assuming that the pitch equals
the detector size (100% fill factor array), the sampling frequency equals the
detector cutoff and the Nyquist frequency, and equals F/2D, where D is the
aperture diameter. The truth in this assumption is dependent on the quality of
the detector reticulation achieved for the pixel pitch involved.

It can be shown that the range approximation can be estimated by14,15

Range� DDx
Ml

�
Fl
d

�
, (9.2)

and the NEDT by15

NEDT � 2
ClðhF2p

B tintÞ
�
Fl
d

�
, (9.3)

where D is the aperture, M is the number of pixels required to identify a
target Dx, C is the scene contrast, h is the detector collection efficiency, F2p

B
is the background flux into a 2p FOV, and tint is the integration time.
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Equations (9.2) and (9.3) indicate that the parameter space defined by Fl and
d can be utilized in the optimum design of any IR system.

The detector-limited region occurs where Fl/d≤ 0.41, and the optics-
limited region occurs where Fl/d≥ 2 (see Fig. 9.6). When Fl/d¼ 0.41, the
Airy disk equals the detector size. A transition in the region 0.41≤ Fl/d≤ 2.0
is large and represents a change from detector-limited to optics-limited
performance. The condition Fl/d¼ 2 is equivalent to placing 4.88 pixels
within the Rayleigh blur circle. The lines presented a constant Fl/d indicate a
constant range and NEDT [see Eqs. (9.2) and (9.3)]. For a given aperture
D and operating wavelength l, the detection range is given by the optimum
resolution condition Fl/d¼ 2 and a minimum NEDT for a given tint
[see Eq. (9.2)]. From these considerations it can be concluded that the
system F/# should be locked to the pixel size to predict the potential limiting
performance of IR systems.

Figure 9.6 also includes experimental data points for various classes of
thermal imaging systems that have been produced at DRS Technologies,
including both uncooled thermal imagers and cooled photon imagers. The
earliest uncooled imagers fabricated at the beginning of 1990s [barium
strontium titanate (BST) dielectric bolometers and VOx microbolometers] had
large pixels of approximately 50-mm pitch and fast optics to achieve useful
system sensitivities. With decreasing detector size, the relative apertures
remained around F/1. Figure 9.6 shows that, as the pixel dimensions shrink

Figure 9.6 Fl/d space for an infrared system design. Straight lines represent a constant
NEDT. An infinite number of combinations provide the same range (adapted from Ref. 16).
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over time, uncooled systems have steadily progressed from the detector-
limited regime to the optics- limited regime. However, they are still far from
the ultimate range capacity for F/1 optics.

The cooled thermal imagers include early LWIR scanning systems and
modern staring systems operating in both MWIR and LWIR bands. LWIR
imaging systems typically approach the Fl/d¼ 2 condition, whereas for
MWIR systems, values of Fl/d< 2 are typically employed—lower available
photon flux makes it difficult to maintain system sensitivity.

Figure 9.7 summarizes different behaviors of system MTF. The transition
region can be further split by setting the optics cutoff frequency to equal the
detector cutoff frequency, resulting in Fl/d¼ 1.0.17 When Fl/d¼ 1.0, the spot
size equals 2.44 times the size of the pixel. The optics-dominated region lies
between the diffraction limit and this curve, while the detector-dominated
region is located between this curve and the detector-limited curve. In the
optics-dominated region, changes to the optics have a greater impact on the
system MTF than the detector’s impact. Likewise, for the detector-dominated
region. Historically, most systems have been designed to have a resulting
optics blur (to include aberrations) of less than 2.5 pixels (�Fl/d < 1.0). This
is of course very dependent on the application and range requirements.

Table 9.1 provides the required F/# for Fl/d¼ 2 for various detector size.
As is shown, with F/1 optics, the smallest useful detector size is 2 mm in the
MWIR and 5 mm in the LWIR. With more realistic F/1.2 optics, the smallest
useful detector size is 3 mm in the MWIR and 6 mm in the LWIR.

Figure 9.7 System MTF curves illustrating the different regions with the design space for
various Fl/d conditions. Spatial frequencies are normalized to the detector cutoff (adapted
from Ref. 17).
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Holst and Driggers6 have considered the influence of the optics infrared
design on range approximation, which is illustrated in Fig. 9.8. When the
IR system is detector limited, decreasing the detector size has a dramatic effect
on range. On the other side, in the optics-limited region, decreasing the
detector size has minimal effect on range performance. The acquisition range
is reduced when atmospheric transmission and the NEDT are included.

As has been indicated by Kinch,14,15 challenges that must be addressed in
fabrication of small-pixel FPAs concern:

• pixel delineation,
• pixel hybridization,
• dark current, and
• unit cell capacity.

Above topics are considered in more detail in Ref. 18.

Table 9.1 Required F/# for Fl/d¼ 2.0. Real optics usually
has F/# > 1 (data from Ref. 6).

d (mm) MWIR (4 mm) LWIR (10 mm)

2.0 1.0
2.5 1.25
3.0 1.33
5.0 2.5 1.0
6.0 3.0 1.3
12 6.0 2.4
15 7.5 3.0
17 8.5 3.4
20 10.0 4.5
25 12.5 5.0

Figure 9.8 Relative range as a function of Fl/d.
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9.3 InSb Arrays

InSb photodiodes have been available since the late 1950s. They are used in
the 1- to 5-mm spectral region and must be cooled to approximately 77 K.
InSb photodiodes can also be operated in the temperature range above 77 K.
Their applications include infrared homing guidance, threat warning, infrared
astronomy, commercial thermal imaging cameras, and FLIR (forward-
looking infrared) systems. One of the most significant recent advances in
infrared technology has been the development of large 2D FPAs for use
in staring arrays. Array formats are available with readouts suitable for both
high-background F/2 operation and for low-background astronomy applica-
tions. Linear arrays are rarely used.

The earliest arrays, fabricated in the mid-1980s, were just 58� 62
elements in size19 compared to arrays that are up to 8192� 8192 today, an
increase of more than three orders of magnitude in pixel count (see Fig. 9.9).
The array noise has improved over this time period from hundreds of
electrons to as low as four electrons today.20 Similarly, at the same time,
detector dark current has decreased from about 10 electrons/second to as
low as 0.004 electrons/second;21 quantum efficiency has reached a level
above 90%.

InSb material is far more mature than HgCdTe, and good-quality 6-inch-
diameter bulk substrates are now commercially available. Below-10-mm-pitch
gigapixel FPAs are set as a goal for realization within the next several years.

Figure 9.9 Progress in the development of InSb FPAs by L3 Cincinnati Electronics. The
graph shows the total number of pixels during the year of first operation. Three million pixel
arrays with a pixel dimension of 10 mm were first fabricated by SemiConductor Devices
(Haifa) (adapted from Ref. 22 with additional data from Ref. 23).

238 Chapter 9

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 14 Feb 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Such large arrays are possible because the InSb detector material is thinned to
less than 10 mm (after surface passivation and hybridization to a readout
chip), which allows it to accommodate the InSb/silicon thermal mismatch.
The InSb detector pixels are attached to a silicon substrate with a small 1-mm
gap isolating the detector elements from each other and are essentially floating
on the Si substrate. The gap between bumps is backfilled with epoxy.
These improvements in yield and quality are due to the implementation of
innovative passivation techniques, including specialized antireflection coat-
ings and unique thinning processes. All of this processing is done at the wafer
level. This is vitally important, since these devices are cooled from room
temperature to 78 K several thousand times during their expected lifetime.
The array operability (defined as the ratio of the number of nondefective
pixels to total number of pixels in the array) is above 99.6% in over 15,000
cryogenic cycles.22 At one cryogenic cycle per day, 15,000 cycles would take
more than 40 years.

Large staring InSb FPA evolution has been driven by astronomy
applications. Astronomers have funded large FPA development to dramati-
cally improve telescope throughput. The first InSb array to exceed one million
pixels was the ALADDIN array first produced in 1993 by Santa Barbara
Research Center (SBRC) and demonstrated on a telescope by National
Optical Astronomy Observations (NOAO), Tucson, Arizona, in 1994.24 This
array had 1024� 1024 pixels spaced on 27-mm centers and was divided into
four independent quadrants, each containing 8 output amplifiers. This
solution was chosen due to the uncertain yield of large arrays at that time.

A chronological history of Raytheon Vision Systems’ (RVS) astronomical
FPAs is shown in Fig. 9.10.25 The next step in the development of InSb FPAs
for astronomy was the 2048� 2048 ORION sensor chip assembly (SCA)
(see Fig. 9.11). Four ORION SCAs were deployed as a 4096� 4096 FPA in
the NOAO near-IR camera,26 currently in operation at the Mayall 4-m
telescope on Kit Peak. This array has 64 outputs, allowing up to a 100-Hz
frame rate. Many of the packaging concepts used on the ORION program are

Figure 9.10 Timeline and history development of the RVS InSb astronomy arrays
(adapted from Ref. 25).
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shared with the 3-side buttable 2k� 2k FPA InSb modules developed by RVS
for the James Webb Space Telescope (JWST) mission.27

The PHOENIX SCA is another 2k� 2k InSb FPA that has been
fabricated and tested. This detector array is identical to ORION (25-mm
pixels); however, its readout is optimized for lower frames rates and lower
power dissipation. With only 4 outputs, the full frame read time is typically
10 s. The smaller number of outputs allows a smaller module package that is
3-side buttable.26 Three-side-buttable modules allow the possibility of
realizing large detection areas.

Different formats of InSb FPAs have also found many high-background
applications, including missile systems, interceptor systems, and commercial
imaging camera systems. With an increasing need for higher resolution,
several manufacturers have developed megapixel detectors. Table 9.2
compares the performance of commercially available megapixel InSb FPAs

Figure 9.11 A demonstration of the 2-sided buttable ORION modules used to create a
4k� 4k FPA. One module contains an InSb SCA, while the others have bare readouts
(reprinted from Ref. 26).

Table 9.2 Performance of commercially available megapixel InSb FPAs.

Parameter

Configuration

2048 × 2048
(Raytheon
ORION)

1024 × 1024
(L3 Cincinnati
Electronics)

1024 × 1024
(Santa Barbara
Focalplane)

1280 × 1024
(SCD)

Pixel pitch (mm) 25 25 19.5 15
Pixel capacity (electrons) >3� 105 1.1� 107 8.1� 106 6� 106

Power dissipation (mW) <100 <100 <150 <120
NEDT (mK) <24 <20 <20 20
Frame rate (Hz) 10 1 to 10 120 120
Operability (%) >99.9 >99 >99.5 >99.5
Websites www.raytheon.com www.raytheon.com www.sbfp.com www.scd.co.il
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fabricated by L3 Cincinnati Electronics, Santa Barbara Focalplane, and SCD.
Santa Barbara Focalplane has developed a new large-format InSb detector
with 1280� 1024 elements and a pixel size of 12 mm.28

L3 Cincinnati Electronics is the manufacturer of large-format/wide-area
surveillance sensors with 16.7 megapixels and an ultrawide FOV. This
imaging engine is capable of detecting and identifying features that small-
format sensors would miss. It is currently in use by U.S. assets in overseas
combat zones. Table 9.3 presents typical performance specifications for this
InSb sensor.

There are considerable efforts to decrease system size, weight, and power
consumption (SWaP), and consequently reducing a system’s cost, in order to
increase the operating temperature in so-called HOTs detectors. Pixel
reduction is also mandatory for increasing the detection and identification
range of infrared imaging systems. The MTF functions of InSb FPAs with
four different pitches (30, 20, 15, and 10 mm) are shown in Fig. 9.12.

SemiConductor Devices (Haifa) started in 1997 with the introduction of
320� 256 format, 30-mm-pitch detectors, and continued with the larger-
format arrays with pixel sizes of 25, 20, 15, and 10 mm. The shift to a smaller
pixel dimension required the migration from a 0.5-mm CMOS process to a
more advanced CMOS technology in order to allow a higher value of
capacitance per unit area, a lower operating voltage for reduced power
consumption, and a denser device layout for maintaining a high level of
functionality. The trend to larger format and smaller pitch continued with
Hercules, an InSb detector with 1280� 1024 pixels of 15-mm pitch. The new

Table 9.3 Performance characteristics of sensors with large-format InSb arrays (IDCA –

integrated detector cooler assembly).

L3 Cincinnati Electronics
(Large-Format/Wide-Area

Surveillance Sensors)
SCD

(Blackbird IDCA)

View of integrated detector

Format 4096� 4096 1920� 1536
Pixel size 15� 15 mm2 10� 10 mm2

FPA power consumption 2/5 W 400 mW
Cooler power steady state <55 W 20 W
Weight �15 lb. 700 gr
NEDT Dependent on integration time <24 mK
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Blackbird detector is a natural step in this roadmap with 3 million pixels in the
FPA and a pixel dimension of 10 mm.

Table 9.3 presents typical performance characteristics for the Blackbird
sensor module. Blackbird is packaged in a dewar that is integrated with a
cryo-cooler and an electronic proximity board. This integrated detector cooler
assembly (IDCA) makes a compact MWIR detector that generates 13-bit,
3M-pixel images at a frame rate of up to 120 Hz with a total power
consumption of less than 30 W at 71 °C. Figure 9.13 shows an image made by
this the new detector with high temperature and high spatial resolution.

9.4 InAsSb nBn Detector FPAs

MWIR nBn sensor arrays are manufactured by several companies. As
mentioned in section 6.1, the nBn sensor design is self-passivating, decreasing
leakage current and associated noise while improving reliability and
manufacturability. Because of its simple design (see Fig. 9.14), the array
technology is a major advance in the state-of-the-art for large-format infrared
FPAs.

Because the nBn structure limits dark depletion current, the temperature
at which it operates is increased. For example, Fig. 6.11 shows the
temperature dependence of NEDT for the F/3.2 optics of the Kinglet digital
detector. This sensor is based on SCD’s Pelican-D ROIC and contains an nBn
InAs0.91Sb0.09/B-AlAsSb 640� 512 pixel architecture with a 15-mm pitch. The
NEDT is 20 mK at 10-ms integration time, and the operability of nondefective
pixels is greater than 99.5% after a standard 2-point nonuniformity correction.

Figure 9.12 MTF curves of InSb FPAs with four different pitches: 30, 20, 15, and 10 mm,
corresponding to SCDs Blue Fairy, Sebastian, Pelican, and Blackbird FPAs, respectively
(adapted from Ref. 29).
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The NEDT and operability begin to change above 170 K, which is consistent
with the estimated BLIP temperature of 175 K.

The first commercially developed nBn InAsSb array sensor developed
by Lockheed Martin Santa Barbara Focalplane operates at 145 to 175 K.
In IRCameras’ implementation (see Table 9.4) of Santa Barbara Focalplane’s
MWIR nBn sensor, a 1280� 1024 format, 12-mm-pixel-pitch detector is
packaged in a 1.4-inch-diameter dewar with an overall dewar housing length
of about 3.8 inch, including the cooler. With a long-life, 25,000-h cryocooler
consuming about 2.5 W and electronics adding another 2.5 W, the total

Figure 9.13 Image from the Blackbird detector at F/3 taken 2 km away (reprinted from
Ref. 29 with permission from SemiConductor Devices).

Figure 9.14 nBn detector array architecture.
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camera core power draw is only about 5 W total. A high-spatial-resolution
image acquired with the nBn sensor running at 160 K is shown in Fig. 9.15.

Recently (in 2015), the first announcement of a high-definition FPA
containing 5-mm pixels in a 2040� 1156 array format was given by Caulfield
et al.31 Figure 9.16 shows an outdoor image from a laboratory camera with
this array fabricated by Cyan Systems.

Table 9.4 nBn InAsSb FPA characteristics.

QuazIRTM HD+ Camera (IRCameras) Hercules XBn IDCA (SCD)

Parameter Performance

Array format 1280� 1024 1280� 1024
Pixel pitch 12 mm 15 mm
Well capacity 2 Me 6 Me , 1 Me
Integration time >500 ns to 16 ms to 22 ms
Power consumption 5 W 5.5 W
Operating temperature 40 °C / þ 71 °C 40 °C / þ71 °C
Weight �1 lb �750 gr.
Size 2.35 inch W� 2.59 inch H� 2.75 inch L Length (optical axis) of 149 mm

Figure 9.15 A MWIR nBn InAsSb FPA with 1280� 1024 pixels images a scene from a
baseball game when a player is attempting to steal second base (reprinted from Ref. 30 with
permission from PennWell Corp.).
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9.5 Type-II Superlattice FPAs

The basic array technology of FPAs consists of photodiodes hybridized to a
silicon focal plane processor (CMOS readout) by means of indium bumps,
and then backside thinned with surface passivation and antireflection coating.
The roadmap of T2SL photodetectors is shown in Fig. 9.17.

Figure 9.16 Image from a HOT MWIR nBn InAsSb array with 5-mm pixels in a 2040� 1156
format (reprinted from Ref. 31).

Figure 9.17 Roadmap development of type-II superlattice infrared photodetectors.
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In 1987, Smith and Mailhiot proposed an InAs/GaSb T2SL for infrared
detection applications.10 Despite the positive theoretical predictions, high-
quality growth of InAs/GaSb T2SL material had not demonstrated almost
two decades later. Advances in the MBE superlattice material technology
and device processing techniques have been gradually improved, making
the fabrication of high-quality single elements and FPA more routine. During
the last decade the first megapixel MWIR and LWIR type-II SL FPAs were
demonstrated with excellent imaging.32 40 At about 78 K, an NEDT value of
below 20 mK was presented for MWIR arrays, and a value just above 20 mK
was presented for LWIR arrays. Figure 9.18 shows images taken with with
MWIR 640� 512 nBn array and two (MWIR and LWIR) megapixel
photovoltaic arrays.

The values of NEDT for MWIR type-II SL FPAs are shown in Fig. 9.19.
An excellent NEDT value of approximately 10 mK measured with F/2 optics
and integration time tint¼ 5 ms has been presented for a 256� 256 MWIR
detector with a cutoff wavelength of 5.3 mm [see 9.19(a)].32 Tests with reduced
time down to 1 ms show that the NEDT scales inversely proportionally to the
square root of the integration time. This means that even for short integra-
tion times the detectors are background-limited. Similar results have been
demonstrated by Nortwestern University’s group.35 The minimum NEDT
stays almost constant at 11 mK with an integration time of 10.02 ms up to
120 K, which suggests that the FPA is mainly dominated by temperature-
insensitive noise, such as system noise or photon noise, since dark current
noise should increase exponentially with temperature. From 130 K to 150 K,
measurements are performed with an integration time of 4.02 ms to avoid
saturation of the readout capacitors due to higher dark current levels.
The increase in NEDT in this region might be related to the increase in the
dark current. One very important feature of InAs/GaSb FPAs is their high
uniformity. The responsivity spread shows a standard deviation of appro-
ximately 3%. It is estimated that the pixel outages are on the order of 1–2%

Figure 9.18 Images taken with (a) an nBn 640� 512 MWIR FPA, as well as with
megapixel (b) MWIR (p-i-n pixels) and (c) LWIR (CIRBD detector–see Table 6.1) Sb-based
photovoltaic FPAs [parts (a) and (b) reprinted from Ref. 33; part (c) reprinted from Ref. 34
with permission from IEEE].
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and the pixels are statistically distributed as single pixels without large
clusters.32

Northwestern University’s group has demonstrated a high-quality
1024� 1024 LWIR FPA using the p-p-M-n pixel structure shown in Fig. 9.20(a).
This device design combines both high optical and electrical performance.
The M-structure and the double heterostructure design technique help to
reduce both the bulk dark current and surface leakage current. A high
quantum efficiency (>50%) was obtained thanks to a thick absorption region
(6.5 mm). The device exhibited a dark current level below 5� 10 5 A/cm2 at
–50 mV applied bias voltage at 77 K. Figure 9.20(b) shows a NEDT histogram
after 2-point uniformity correction measured at 81 K with an integration time

Figure 9.19 NEDT of MWIR type-II superlattice FPAs: (a) histogram of 256� 256 FPA at
F/2 optics, tint¼ 5 ms, and 77 K (adapted from Ref. 32), and (b) temperature dependence for
320� 256 FPA at F/2.3 optics; the integration time is reduced above 120 K to avoid
saturation of the readout capacitor due to higher dark current levels (adapted from Ref. 35).

Figure 9.20 1024� 1024 LWIR FPA: (a) p-p-M-n pixel structure and (b) NEDT histogram
at 81 K (adapted from Ref. 36).
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of 0.13 ms and F/2 optics. At a reverse bias of 20 mV, the median NEDT value
was 27 mK.

Recently, SCD developed an advanced pBpp T2SL barrier detector that
enables diffusion-limited dark currents comparable to the HgCdTe “Rule 07”
and has high quantum efficiency—above 50% (see Section 6.3).39 Special
attention was paid to eliminate the influence of the surface leakage current. A
robust passivation process was developed that allows for glue underfills and
substrate thinning after bonding the sensor array with indium bumps to the
custom-designed silicon readout. Polishing the GaSb substrate down to a final
thickness of about 10 mm is required in order to relieve stress during cooling.
The 15-mm-pitch 640� 512 FPAs are operated at 77 K with a 9.5-mm cutoff
wavelength. The final IDCAs include a cold filter with a cutoff wavelength of
9.3 mm. Table 9.5 presents typical performance specifications.

Also recently, Fraunhofer IAF in cooperation with AIM Infrarot-Module
GmbH, Heilbronn, Germany realized Europe’s first InAs/GaSb T2SL imager
for the LWIR with 640� 512 pixels and 15-mm pitch. The demonstrator
camera delivers good image quality (see Fig. 9.21) and achieves a thermal
resolution at 55 K better than 30 mK with F/2 optics for a 300-K background
scene.

Multicolor capabilities are highly desirable for advanced IR systems
since gathering data in discrete IR spectral bands can be used to discrim-
inate for both absolute temperature and unique signatures of objects in the
scene. Recent trends in multispectral FPA development has leaned towards
integrating multiband functionality into a single pixel, rather than com-
bining multiple single-spectrum arrays, which requires spectral filters and
spectrometers.

Table 9.5 Specifications of LW pBpp T2SL array performance at 77 K (STD – standard
deviation, DR – deviation ratio, MTTF – mean time to failure).39

Parameter Value Pelican-D LW IDCA

Format 640� 512
Pitch 15 mm
Cutoff wavelength 9.3 mm (filter)
Quantum efficiency >50%
Operability >99%
Residual non uniformity (RNU) <0.04% STD/DR @ 10 90% well

fill capacity
NEDT 15 mK @ 65% well fill capacity,

30 Hz (by averaging 8 frames)
Response uniformity <2.5% (STD/DR)
Cooler Ricor K548
Weight 750 g
Environment condition 40 to þ71 °C
Total power at 23 °C 16 W
Cool down time 8 min
MTTF (depends on mission profile) 15,000 hours
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Apart from HgCdTe photodiodes and QWIPs, the T2SL material system
has emerged as a candidate suitable for multispectral detection due to its ease
in bandgap tuning while retaining closely matched lattice conditions.41,42

Three basic approaches to achieving multicolor detection have been proposed:
multiple leads, voltage switching, and voltage tuning. These approaches are
briefly described in Chapter 16 of Rogalski’s monograph.2

The unit cell of integrated multicolor FPAs usually consists of several
co-located detectors, each sensitive to a different spectral band (see Fig. 9.22).
Radiation is incident on the shorter-band detector, with the longer-wave
radiation passing through to the next detector. Each layer absorbs radiation
up to its cutoff and hence is transparent to the longer wavelengths, which are
then collected in subsequent layers. The device architecture is realized by
placing a longer-wavelength detector optically behind a shorter-wavelength

Figure 9.21 Fraunhofer IAF image taken with a 640� 512 LWIR heterojunction InAs/
GaSb T2SL camera with 15-mm pixel pitch (reprinted from Ref. 40).

Figure 9.22 Multicolor detector pixels: (a) structure of a three-color detector pixel. IR flux
from the first band is absorbed in layer 3, while longer-wavelength flux is transmitted to the
next layers. Thin barriers separate the absorbing bands. (b) A dual-band SWIR/MWIR InAs/
GaSb/AlSb T2SL back-to-back p-i-n-n-i-p photodiode structure and schematic band
alignment of superlattices in the two absorption layers (dotted lines represent the effective
bandgaps of the superlattices) (reprinted from Ref. 43).
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detector. The thickness of the entire vertical pixel structure is only about
5 mm, which significantly reduces the technological challenge in comparison
to dual-band HgCdTe FPAs with a typical total layer thickness around
15 mm.

In 2005, AIM Infrarot-Module GmbH demonstrated the first bispectral
InAs/GaSb superlattice IR camera. The manufacture of dual-color detectors
via MBE and subsequent processing of FPAs were accomplished by
Fraunhofer IAF. The pixel reduction to 30-mm pitch was achieved by
restricting the number of contacts per pixel to two lands. A metallization grid
deposited in the trenches and connected to the ROIC outside of the active
array interconnects the common ground-contact vias. Fraunhofer’s dual-color
MWIR superlattice detector array technology with simultaneous, co-located
detection capability is ideally suited for airborne missile threat warning
systems.44,45 Figure 9.23 illustrates a fully processed dual-color 288� 384
FPA. With 0.2-ms integration time and 78-K detector temperature, the
superlattice camera achieves an NEDT of 29.5 mK for the blue channel
(3.4 mm≤ l≤ 4.1 mm) and 14.3 mK for the red channel (4.1 mm≤ l≤ 5.1 mm).

Figure 9.24 compares NEDT data for 384� 288 dual-color InAs/GaSb
SL detector arrays with a pitch size of 40 mm—each pixel with two back-to-
back homojunction photodiodes detects a blue (3–4 mm) and a red (4–5 mm)
wavelength band simultaneously.46 The plots in the upper and lower rows
represent the NEDT distribution of a typical dual-color FPA before (upper
row) and after (lower row) implementation of a novel method for dielectric
surface passivation. Pixels with high 1/f noise produce a tail in the root-mean-
square (rms) noise distribution. While the blue channel histogram data is
virtually unaffected by the modified process, the noisy pixels responsible for

Figure 9.23 Dual-color InAs/GaSb SLS FPA: (a) schematic cross-section of detector pixel,
and (b) photograph of dual-color pixel design that enable simultaneous co-located photon
detection at 3–4 mm (blue channel) and 4–5 mm (red channel). At a pixel pitch of 30 mm,
three contact lands per pixel permit simultaneous and spatially coincident detection of both
colors [part (a) reprinted from Ref. 40; part (b) reprinted from Ref. 44].
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the tail of the NEDT distribution have now disappeared, and the pixel
operability has been increased to values well over 99%. In particular, this
refinement in the technology has dramatically reduced the number of pixels
displaying burst or random telegraph noise.

An example of the excellent imagery delivered by the 288� 384 InAs/
GaSb dual-color camera is presented in Fig. 9.25. The image is a
superposition of the images of the two channels coded in the complimentary
colors cyan and red for the detection ranges of 3–4 mm and 4–5 mm,
respectively. The red signatures reveal hot CO2 emissions in the scene,
whereas water vapor, e.g., from steam exhausts or in clouds, appears in cyan
due to the frequency dependency of the Rayleigh scattering coefficient.

The research group at the Northwestern University has demonstrated
different types of bias-selectable dual-band T2SL FPAs, including combina-
tions of SW/MW, MW/LW, and LW1/LW2 arrays.35,38,47,48 Figure 9.22(b)
presents a schematic diagram of a dual-band SW/MW back-to-back p-i-n-n-i-p

Figure 9.24 Comparison of NEDT histogram data for the blue (left) and red (right) channel
of a typical dual-color 384� 288 InAs/GaSb SL FPA fabricated with older (upper row) and
newer (lower row) process technologies (adapted from Ref. 46).
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photodiode structure together with band alignment of superlattices in the two
absorption layers.

The MW/LW combination uses a back-to-back n-M-p-p-p-p-M-n
structure, where the MW active region was achieved using 7.5 MLs of InAs
and 10 MLs of GaSb per period with doping of the M-barrier. In the LW
active region, 13 MLs of InAs and 7 MLs of GaSb were used in superlattice
periods. An n-type GaSb semitransparent substrate was mechanically lapped
down to a thickness of 30–40 mm and polished to a mirror-like surface.
Figure 9.26(a) shows the detectivity spectrum of both MW and LW channels
at 77 K. The RA product of the LW channel at a bias voltage of 0.2 V attained
a value close to 600 Vcm2. Median values of NEDT of �10 mK and �30 mK
were achieved using 10 ms and 0.18 ms integration times for MW and
LW channels, respectively. The obtained images are shown in Fig. 9.26(b).

Figure 9.25 Bispectral infrared image of an industrial site taken with a 384� 288 dual-
color InAs/GaSb SL camera. The two-color channels, 3–4 mm and 4–5 mm, are represented
by the complementary colors cyan and red, respectively (reprinted from Ref. 44).

Figure 9.26 Bias-selectable dual-band MW/LW T2SL array: (a) detectivity spectrum of
both MWIR and LWIR channels at 77 K shown with the BLIP detectivity limit (2p FOV, 300 K
background); (b) MWIR and LWIR channels imaging an 11.3-mm narrow-bandpass optical
filter at 81 K. [Part (a) adapted from Ref. 48; part (b) reprinted from Ref. 48].
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Recently, a novel device design using a two-terminal, triple-band,
T2SL-based SWIR/MWIR/LWIR photodetector similar to that presented in
Fig. 9.27 has been demonstrated.48 This device can perform as three individual
single-color photodetectors operating sequentially according to the magnitude
variation of applied bias (see Fig. 9.27). The triple-band SW-MW-LW
photodiode design consists of a 1.5-mm-thick undoped active region in the
SWIR, a 0.5-mm-thick n-doped SWIR layer (n � 1018 cm 3), a 2.0-mm-thick
MWIR active region, and a 0.5-mm thick undoped layer followed by a
1.0-mm-thick p-doped LWIR active region (p� 1016 cm 3) and a 0.5-mm-thick
bottom p-contact (p� 1018 cm 3). The total thickness of the device structure is
6 mm.

Figure 9.27(b) shows the calculated shot-noise-limited detectivity of the
device in its three operation modes at 77 K based on the measured quantum
efficiency, the dark current, and the resistance–area product. The device
operates at biases of 2, 1, and 4.5 V and provides a D� of 3.0� 1013, 1� 1011,
and 2.0� 1010 cm Hz1/2/W at peak responsivity (l¼ 1.7, 4.0, and 7.2 mm).
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Chapter 10

Final Remarks

At present, III-V antimonide-based detector technology is under strong
development as a possible alternative to HgCdTe detector material. The ability
to tune the positions of the conduction and valence band edges independently in
a broken-gap T2SL is especially helpful in the design of unipolar barriers.
Unipolar barriers are used for implementing the barrier detector architecture
for increasing the collection efficiency of photogenerated carriers and reducing
dark current originating within the depletion region without inhibiting photo-
current flow. During the last decade, antimonide-based FPA technology has
achieved a performance level close to that of HgCdTe. The apparent rapid
success of the T2SL depends not only on the previous five decades of III-V
materials, but mainly on innovative ideas recently emerging in the design of
infrared photodetectors. However, a modern version of the technology is still
in its infancy. The advent of bandgap engineering has given III-Vs a new lease
on life.

For HOT MWIR operation, T2SL materials have demonstrated higher
operating temperature (up to 150 K) compared to that of InSb (�80 K). In
addition, T2SLs offer both performance and manufacturability, especially for
large-format FPA applications. GaSb substrates with diameter up to 6 inches
are commercially available.

From the considerations presented in this book, it can be concluded that
despite the numerous advantages of III-V semiconductors (T2SLs and barrier
detectors) over present-day detection technologies (including reduced
tunnelling and surface leakage currents, normal-incidence absorption, and
suppressed Auger recombination), the promise of superior performance of
these detectors has not been yet realized. The dark current density is higher
than that of bulk HgCdTe photodiodes, especially in MWIR range.

To attain their full potential, the following essential technological limita-
tions such as short carrier lifetime, passivation, and heterostructure engineering,
need to be overcome. Much improvement can be attributed to the identification
and minimization of SRH traps. T2SL material has the potential to outperform
HgCdTe if it can overcome current SRH defect limits. Introduction of barrier

259

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 14 Feb 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



designs can considerably impede the flow of dark current without photocurrent
impeding when a bias voltage is applied. It should be expected that future
advances in III-V barrier detector technology would push the dark current
down to “Rule 07” in a wider infrared spectral range.

From a performance perspective, III-V diffusion-current-limited FPAs
can indeed operate at levels that approach that of HgCdTe, but always with a
required lower operating temperature. It should however be reiterated that
cost reduction of an IR system will ultimately be achieved only by room-
temperature operation of depletion-current-limited FPAs with pixel densities
that are fully consistent with background- and diffraction-limited perfor-
mance due to system optics. In this context, the long SRH lifetime of HgCdTe
mandates the use of these material systems for room-temperature operation.1

Unfortunately, it will be rather difficult to improve the SRH lifetime to
overcome the disadvantage of large InAs/GaSb T2SL depletion dark currents.
The InSb SRH lifetime issue has been well known since it was first reported in
the 1950s. Better conditions are observed in Ga-free InAs/InAsSb T2SLs due
to the large values of carrier lifetimes, including SRH lifetime.

Kinch’s recently published monograph2 is largely devoted to the intense
competition between HgCdTe and T2SLs for the future of infrared detector
technology. It is clearly shown that “the ultimate cost reduction for an IR
system will only be achieved by the room-temperature operation of depletion-
current-limited arrays with pixel densities that are fully consistent with
background- and diffraction-limited performance due to the system optics.
This mandates the use of IR materials with a long S-R lifetime. Currently, the
only material that meets this requirement is HgCdTe.” Kinch predicted that
large-area, ultrasmall-pixel, diffraction-limited and background-limited,
photon-detecting, MW and LW HgCdTe FPAs operating at room tempera-
ture will be available within the next ten years.3

10.1 P-on-n HgCdTe Photodiodes

For lightly doped HgCdTe, the way to achieve very low carrier concentration
in the detector absorber region is to apply sufficient reverse bias to fully
deplete it, as shown in Fig. 10.1. In such conditions, free carrier and Auger
recombination is eliminated. If GR currents are adequately low, the detector
performance is limited by the background.

At the current stage of the technology, the above requirements are fulfilled
in a p-on-n HgCdTe double-layer photodiode (DLPH)—see Fig. 10.2.4 The
absorber layer is surrounded by a wider-bandgap cap and buffer region in order
to suppress dark current generation from these regions. The n-doping of the
absorber is sufficiently low to allow full depletion at moderate bias. To suppress
tunnelling current under reverse bias, a wide-bandgap cap is used. The planar
nature of the structure is potentially self-passivating and is analogous to the pBn
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geometry of III-V barrier detectors. Moreover, as is discussed in Refs. 2 and 5,
the fully depleted structure is compatible with small pixel pitch, fulfilling low
crosstalk due to the built-in vertical electric field generated under detector
reverse bias. As was mention in Section 5.4, both a fully depleted absorber and
a wide-bandgap cap potentially reduce 1/f and random telegraph noise.

The GR current of a fully depleted detector can be estimated by following
expression:

JGR ¼ q
ni

tSRH
w, (10.1)

where w is the width of the depletion region, and tSRH is the SRH lifetime.

Figure 10.1 Band diagram for a reverse-bias p-i-n photodiode.

Figure 10.2 Heterojunction p-i-n photodiode architecture (reprinted from Ref. 4).
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Figure 10.3 compares the background-radiation-limited current density
with that for “Rule 07” for 10-mm-wavelength HgCdTe and the GR current
components calculated for two SRH lifetimes: 30 ms and 15 ms. The lifetimes
are chosen to make GR and background radiation currents equal at 300 K
and 77 K, respectively. From these estimations it can be concluded that SRH
lifetimes greater than 30 ms and 15 ms are required to reach the background
radiation limit at 300 K and 77 K, respectively.

Experimental data at 30 K indicate a very encouraging SRH lifetime for a
10.7-mm cutoff array pixel having 18-mm pixel pitch. A lower limit to the
SRH lifetime is estimated to be 100 ms.6 Assuming this lifetime, the current
density for three different absorbing doping values is shown in Fig. 10.4
together with the current density from background blackbody radiation
integrated over p steradians. As is shown, radiation current is observed to
dominate for doping below approximately 1013 cm 3.

10.2 Manufacturability of Focal Plane Arrays

Infrared system performance is highly scenario dependent and requires the
designer to account for numerous different factors when specifying detector
performance. This means that a good solution for one application may not be
as suitable for a different application.7 For example, while MWIR HgCdTe
has a dark current several orders of magnitude lower compared to InSb, there
are several applications in which InSb is preferred over HgCdTe due to the
manufacturability arguments.

Figure 10.3 Arrhenius plot of dark current density for radiatively limited 10-mm-cutoff
HgCdTe compared to the GR current and “Rule 07” (reprinted from Ref. 4).

262 Chapter 10

Downloaded From: https://www.spiedigitallibrary.org/ebooks/ on 14 Feb 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



HgCdTe is currently the most prevalent material system used in high-
performance infrared detectors. Despite this standing, there are several draw-
backs associated with HgCdTe devices. Being a II-VI semiconductor with
weaker ionic Hg–Te bonds and high Hg vapor pressure, HgCdTe is soft and
brittle, and requires extreme care in growth, fabrication, and storage. The
common growth of HgCdTe epitaxial layers is more challenging than for
typical III-V materials, resulting in lower yields and higher costs. HgCdTe
material exhibits relatively high defect densities and surface leakage currents
that adversely affect performance, particularly for LWIR devices. Also, com-
position uniformity is a challenge for HgCdTe devices, particularly for LWIR
devices, leading to variability in cutoff wavelength. In addition, 1/f noise causes
uniformity to vary over time, which is difficult to correct via image processing.
As a result, LWIR HgCdTe detectors can only be fabricated in small FPAs.

In epitaxial growth of HgCdTe, the most commonly lattice-matched
CdZnTe substrates are used. However, CdZnTe substrates are not lattice
matched to Si readout integrated circuits—they are difficult to fabricate in
large sizes with acceptable quality and are only available from limited sources.

Over the years, the market for HgCdTe has shrunk due to the success of
the InGaAs, InSb, QWIPs, and uncooled microbolometers. HgCdTe is a II-VI
material and has no other commercial leveraging. As a consequence, it has
become difficult to maintain the entire industry base with limited demands on
quantity. On the other hand, T2SL is a III-V material with an existing
industry infrastructure for producing devices at a low cost. The existing
facilities for III-V materials are supported by commercial products (e.g., cell
phone chips and millimeter-wave integrated circuits), which present a less
problem for the government to maintain the IR industry base.

Figure 10.4 Comparison of GR current density extracted from 30-K lifetime measurements
for 10-mm-cutoff HgCdTe photodiodes with Auger-suppressed and background radiation
current densities (reprinted from Ref. 4).
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An important advantage of T2SLs is the high-quality, high-uniformity, and
stable nature of the material. In general, III-V semiconductors are more robust
than their II-VI counterparts due to stronger, less ionic chemical bonding. As a
result, III-V-based FPAs excel in operability, spatial uniformity, temporal
stability, scalability, producibility, and affordability—the so-called “ibility”
advantages.8 The energy gap and electronic properties of T2SLs are determined
by layer thicknesses rather than the molar fraction, as is the case for HgCdTe.
The growth of T2SLs can be carried out with better control over the structure
and with higher reproducibility. The spatial uniformity is also improved
because the effects of compositional change due to flux and temperature
nonuniformity are not as important as they are in ternary/quaternary bulk
materials.

At present, the Vital Infrared Sensor Technology Acceleration (VISTA)
U.S. government program is working on innovative approaches for infrared
FPA technology to enhance infrared sensor capabilities. The VISTA program
implemented a horizontally integrated model that significantly departed from
the traditional vertical integration used by the HgCdTe industry. For
example, HRL Laboratories served as an FPA foundry within the VISTA
program. Using wafers grown by IQE and Intelligent Epitaxy Technology
(IET) and based on designs from Jet Propulsion Laboratory (JPL), dual-band
FPAs are fabricated and subsequently hybridized to a ROIC provided by
Raytheon Vision Systems (RVS).9

Currently, very high-performance and very large-format LWIR FPAs do
not exist with the state-of-the-art technology; there is an urgency to demonstrate
and produce these arrays for systems where very large-format and high-
performance LWIR FPAs are needed. VISTA’s focus is on III-V superlattice
epitaxial materials research for advanced infrared FPAs with large formats and
reduced pixel size that are capable of MWIR/LWIR detection and dual-band
sensing applications.

Recent progress in the VISTA program was presented during the SPIE
Defense þ Security Symposium in April 2017, in Anaheim, California (Proc.
SPIE 10177). This proceeding volume quotes the most impressive results
presented at the symposium. Under the VISTA program, HRL has advanced
the growth and fabrication of III-V bulk MWIR detector technology on
GaAs substrates for HOT applications. It has been shown that small-pixel
(5- to 10-mm pitch) technology is feasible as an attractive alternative to
HgCdTe technology, mainly due to lower cost, ease of scalability to larger
formats (e.g., 8k� 8k/10 mm), and better uniformity. Infrared FPAs with
2k� 2k/10-mm and 2k� 1k/5-mm formats have been demonstrated by
developing high-aspect-ratio dry etching for mesa delineation (fill factor >
80%), proper device passivation by the dielectric layer, and high-aspect-ratio
indium bump schemes (operability > 99.9%).
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10.3 Conclusions

Summarizing the above discussions, we can state that:

• III-V materials have inherently short SRH lifetimes below 1 ms and
require an nBn architecture to operate at reasonable temperatures; as
such, they are diffusion current limited. This applies to both the simple
alloy and the T2SL versions.

• HgCdTe alloys have long SRH lifetimes (>200 ms to 50 ms) depending
on the cutoff wavelength.3 They can thus operate with either
architecture and may be diffusion or depletion current limited.

• III-Vs offer similar performance to HgCdTe at an equivalent cutoff
wavelength but with a sizeable penalty in operating temperature due to
the inherent difference in SRH lifetimes.

Presently, it is not clear whether the difference in SRH lifetimes between
III-V alloy materials and HgCdTe is a fundamental property of the materials.
The most popular III-V infrared material, InSb, has been resisting attempts to
improve its SRH lifetime for fifty years—SRH lifetime is limited to a value of
�400 ns.

In FPA fabrication, the major practical issue for T2SLs is a lack of stable
passivation technique. Usually, surface donor contamination and insulator
fixed positive charge are a common occurrence, which is not an issue for nBn
architectures but for p-type embodiment of the T2SL presents a highly
undesirable situation. The p-type T2SL barrier photodetector will also be
sensitive to donor core dislocations; on the other hand, the nBn barrier
detector is relatively immune to donor core dislocations.

Table 10.1 provides a snapshot of the current state of development of
LWIR detectors fabricated from different material systems, including T2SLs.
Note that TRL means technology readiness level. The highest level of TRL
(ideal maturity) achieves a value of 10.7 The highest level of maturity
(TRL ¼ 9) is credited to HgCdTe photodiodes and microbolometers. A little
less maturity (TRL ¼ 8) is credited to QWPs. The T2SL structure has great
potential for LWIR spectral range applications with performance comparable
to HgCdTe for the same cutoff wavelength, but requires a significant
investment and fundamental material breakthrough to mature.

From an economical point of view and the perspective of future
technology, an important aspect concerns industry organization. The
HgCdTe array industry is vertically integrated; there are no commercial
wafer suppliers because there are no diverse commercial applications of
HgCdTe FPA that will be profitable. The wafers are grown within each FPA
fabrication facility (or its exclusive partner). One important disadvantage of
this integrity is the high cost. In the case of III-V semiconductors, horizontal
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integration is more profitable. This solution is especially effective for avoiding
the heavy investment in capital equipment and subsequent upgrading and
maintenance, as well as the cost of highly skilled engineers and technicians.
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Ionization coefficient, 95
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Infrared detectors
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history, 2
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thermal detectors, 5–6, 10–13, 16
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InSb detectors, 90–92
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Interband cascade IR detectors
(IB CIDs), 188–198

Interband cascade laser structures, 81
Intrinsic carrier concentration, 45, 50
Interband tunneling, 189–190

J
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Johnson noise, 187
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Lattice constant, 31, 43, 45, 67
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31–32, 67, 71, 142

Lead salts, 16
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Modulation transfer function
(MTF), 21–22, 218, 234, 236, 242

Molecular beam epitazy (MBE),
37–42, 68–69, 91

“M” structure, 153–155
Multicolor detectors, 158, 176–177,
249, 252
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171–176, 218, 234–235, 247, 251

Noise equivalent flux, 23
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1/f noise, 132–135
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generation-recombination noise, 20
Johnson noise, 187
photon noise, 19, 26, 175
shot noise, 19–23, 187
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“N” structure, 154

O
Operability, 151, 239–240
Optical concentrator, 17, 204
Optical excitation processes, 6
Optical immersion, 205
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photodetectors, 163, 197–198

Optics f-number, 25, 232, 234–237
Optics MTF, 21–22, 234

P
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Photovoltaic detectors, 8, 20, 92,
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Photoconductive gain, 192
Photocurrent, 94, 115, 142–148
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Photon flux density, 19–20
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Plasmonic, 206–217
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Response time, 193–194, 197–199
Responsivity, 6, 14
“Rule 07”, 146–148, 161, 166,
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144, 164, 166–170, 261–262, 265

Shot noise, 19–23, 187
Signal flux, 23–24
Signal-to-noise ratio (SNR), 14, 187
Self-passivation, 142, 154
Spatial noise, 26
Spin–orbit splitting, 49–50
Superlattices, 64–66, 68, 70–76,
78–79, 83–88, 155–157, 160–162,
168–171, 176–179, 188–199

Surface current, 126–128, 142,
145–146

Surface passivation, 124, 126–129,
133

Surface plasmons (SP), 207–208, 211
Surface traps, 133
Systemic 1/f noise, 134
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Ternary alloys, 44–51
Thermal detectors, 5–6, 10–13, 16
Thermal generation rate, 18, 163,
166

Thermopile, 11, 13
Tunneling
band-to-band tunneling, 145
trap-assisted tunneling, 145
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Type-III superlattices, 64–66
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Uncooled detection, 24, 196, 204, 235
Unipolar barrier, 141–143, 145–147,
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V
Valence band offset, 124, 141–142,
145–147, 156

Vigo System, 198
Virtual crystal approximation
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W
Well capacity, 9, 22, 171
“W” structure, 153

X
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