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Emerging Type-ll Superlattices of InAs/InAsSb and InAs/
GaSb for Mid-Wavelength Infrared Photodetectors

Dhafer O. Alshahrani,* Manoj Kesaria,* Ezekiel A. Anyebe, V. Srivastava,

and Diana L. Huffaker

Mid-wavelength infrared (MWIR) photodetectors (PDs) are highly essential for
environmental sensing of hazardous gases, security, defense, and medical
applications. Mercury cadmium telluride (MCT) materials have been the most
used detector in the MWIR range. However, it is plagued by several challenges
including toxicity concerns, a high rate of Auger nonradiative recombination, a
large band-to-band (BTB) tunneling current, nonuniformity, and the need for
cryogenic cooling. Theoretically, it is predicted that type-1l superlattice (T2SL)
materials can emerge as an alternative with the potential to outperform the
current state-of-the-art MCT PDs due to suppression of Auger recombination
associated with bandgap engineering and reduced BTB tunneling current caused
by the larger effective mass. Based on this theoretical prediction, it is believed
that T2SL have the potential to operate at high temperatures and overcome the
size, weight, and power consumption limitations of MCT. Herein, a detailed
review of the fundamental material properties of T2SL PDs is provided while
providing a comparison of the optical and electrical performances of Ga-free
(InAs/InAsSb) and Ga-based (InAs/GaSb) T2SL PDs. Finally, recent advances in
IR detection technologies including focal plane arrays and quantum cascade

(MCT/HgCdTe), III-V bulk and type-II
superlattice (T2SL) semiconductors is
provided.

1.1. 1I-VI Mercury Cadmium
Telluride (MCT)

Mid-wavelength infrared (MWIR) photode-
tectors (PDs) have been extensively studied
for several years and their capabilities well
established for applications in environmen-
tal gas sensing,!! security and defense,'”
medical diagnostics,”®! as well as in space
and astronomy.[ Although several direct
bandgap group III-V materials including
InAs, InSb, GaSb, and InAsSb are used
for MWIR photodetection, mercury cad-
mium telluride (MCT or called HgCdTe)
which is a group II-VI material has been
the most used detector owing to its tunable

infrared photodetectors are explored.

1. Introduction

In this section, a brief introduction about the development of
photodetectors based on II-VI mercury cadmium telluride
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bandgap spanning the mid-wavelength
infrared (MWIR: 3-6 pm), long-wavelength
infrared (LWIR: 8-14 um), and very long-
wavelength infrared (VLWIR: 14-30 pm)
spectral bands. In addition, it has a good
crystalline quality, strong optical absorption, high quantum effi-
ciency (~80%), and high operating temperature (HOT).’! HOT
devices normally operate above 77 K which is the main require-
ment for high-performance IR detectors without the need for
cryogenic cooling. The HOT condition is primarily achieved
using detectors with a unipolar barrier structure such as nBn,
which is comprised of a thin n-type region, a wide bandgap uni-
polar barrier layer forming a barrier for electrons but not for
holes and an n-type absorber region. The nBn device structure
has two key advantages over a conventional pin structure (a pho-
todiode with an undoped, intrinsic region (i) sandwiched
between the n- and p-dope regions). 1) At the same operating
temperature, the dark current density of the nBn detector is lower
compared to the pin detector. 2) The nBn structure can operate at
a higher temperature compared to the pin structure under the
same dark current. However, planar p-n MCT detectors have
achieved a higher operating temperature with a lower dark cur-
rent performance compared to the nBn structures of I1I-V semi-
conductors as exhibited by “Rule 07.”1%! It has been demonstrated
that MCT displays a high device performance and can operate at
high temperatures up to >150 K~% due to the long minority car-
rier lifetime (~2-60ps in the MWIR region).">'!] However,
MCT suffers from a high rate of Auger nonradiative
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recombination, a large band-to-band (BTB) tunneling current
which is dominant at high temperatures'>'* and mostly
requires cryogenic cooling. At low temperatures below 77K,
MCT detectors have shown difficulties and its advantages
become less distinct owing to material related challenges includ-
ing p-type doping, Shockley-Read-Hall (SRH) nonradiative
recombination, trap-assisted tunneling (TAT), and surface and
interface instabilities due to the weaker ionic bond compared
to III-V semiconductors." In addition, MCT suffers from
nonuniformity and has a bandgap with high compositional uni-
formity. From the environmental perspective, MCT contains
harmful components which can impact the environment, as a
result, they are mostly limited to applications in the military.

1.2. Bulk I1I-V Semiconductors

InSb material system is a IT1I-V binary semiconductor that is well
matched to the MWIR spectral transmission window. Indeed,
the majority of MWIR detectors are made of InSb material oper-
ating at 77 K with focal plane array (FPA) formats. InSb detectors
offer a high quantum efficiency combined with excellent unifor-
mity and high pixel operability.l">~'”) However, the main limiting
factor for InSb materials is the low operating temperature
(~80-100 K) which hampers its application for uncooled infrared
imaging systems."® InAsSb ternary alloy is another I1I-V semi-
conductor material that can be also used for MWIR detection
applications with demonstrated good device performance. For
example, Deng et al.'>””! have recently fabricated MWIR high
operating temperature (HOT) FPAs InAsSb XBn bulk which
can operate at 150 K. Klipstein et all?’?* demonstrated
MWIR HOT InAsSb XBn single-pixel detectors and FPAs which
can operate at 150 K. Soibel et al.* fabricated MWIR InAsSb
nBn detector with potential for temperature operation. The bulk
InAsSb material can be also tailored from MWIR to LWIR spec-
tral bands with different Sb composition, however, the main
challenge is the lack of a suitable lattice matched substrate.
InAsSb bulk also suffers from a high tunneling current which
is due to the lower effective mass that is dependent on the
bandgap energy. Consequently, there is a quest for alternative
materials to replace the current MCT and III-V bulk materials.

1.3. 11l-V Semiconductors Type-ll Superlattice

Type-II superlattice (T2SL) materials have emerged as promising
alternatives to MCT detectors. Ga-based (InAs/GaSb) and Ga-
free (InAs/InAsSb) T2SL detectors are particularly promising
with enormous potential to outperform the current state-
of-the-art MCT due to favorable detector properties which differ
significantly from bulk semiconductors including reduced BTB
tunneling current resulting from larger electron effective mass
and mobility,* broad wavelength spectrum spanning from
the MWIR to VLWIR regime,® and suppressed nonradiative
Auger recombination,*** due to flexibility of bandgap engi-
neering and the spatial separation of electrons and holes in
the T2SL enabling HOT device operation. Although it has been
theoretically predicted that the Auger recombination lifetime of
Ga-based InAs/GaSb SL is suppressed by several orders of mag-
nitude compared to bulk MCT with similar bandgap energy,’
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this is yet to be experimentally demonstrated. The T2SL materials
also possess several intrinsic advantages including excellent
material uniformity over large areas, structural stability owing
to strong chemical bonding,*>*! low fabrication cost,*? avail-
ability of a lattice-matched substrate,*?) and mature material
growth.?? Consequently, T2SL single-pixel PDs and emitters
have been the foci of attention ever since the first theoretical pro-
posals were reported in the early 1970s and late 1980s.2** The
first theoretical investigations of superlattices were reported by
Esaki and Tsu®*! and Sai-Halasz et al.** in the 1970s, followed
by an experimental demonstration of InAs/GaSb T2SL by Sakaki
et al.?® The Ga-based material system was then proposed for use
in IR detection by Smith and Mailhiot.”* InGaSb/InAs SL has
also been widely explored for IR photodetector applications.
This SL structure benefits also from the adjustability of wave-
length and suppression of Auger recombination due to the large
band offsets. However, its application has been hampered by
major extrinsic materials issues, namely, a high density of
SRH centers.’”) The InGaSb/InAs SL structures still require fur-
ther enhancement in photodetector performance which is likely
due to the limitation of minority carrier lifetime. In addition, a
large number of defects have been identified in these structures
owing to interface intermixing which limit their performance. In
contrast, the initial demonstration of Ga-free InAs/InAsSb SL was
in 1994 by Biefeld et al.’® using an InAs/InAsSb strained-layer
SL with low antimony (Sb) content (below 20%), grown by metal-
organic chemical vapor deposition (MOCVD) on InAs substrates
and by molecular beam epitaxy (MBE) on GaAs substrates.*? In
1995, the first Ga-free InAs/InAsSb SL MWIR lasers with the con-
tinuous-wave operation were reported by Zhang which demon-
strates their capabilities for use in IR emitters.*” In the last
two decades, significant progress has been made in the design
and performance of MWIR T2SL for IR photodetection.

An overview of research interests in Ga-free and Ga-based
T2SL in the last five decades is provided in Figure 1. This shows
that there has been increasing research interest in T2SL since the
1970s, although, there were fewer research publications focused
on Ga-free SL (=6%) when compared to Ga-based SL (=11%).
The number of research publications on Ga-free SL between
1990 and 2000 significantly increased by ~38% as against
Ga-based SL (=19%). Conversely, between 2001 and 2010, sig-
nificant advancements were made in the development of SL
detectors with greater emphasis on Ga-based SL (~31.5%).
Over the past decade, it is evident that there are more research
publications focused on Ga-free T2SL (47.5%) compared to their
Ga-based counterparts (38.7%). The use of each SL material
presents certain merits and demerits. Table 1 shows the advan-
tages and disadvantages of Ga-free and Ga-based T2SL PDs.

Given the importance of these two emerging and highly prom-
ising T2SL materials, there is an urgent need for a detailed review
comparing the properties and performance of these materials to
enable easy selection of an appropriate T2SL material depending
on the most important figure of merit required for the applica-
tion. In addition, an update on recent progress made in the devel-
opment of these two emerging T2SL materials is highly essential.
While there are numerous reviews on the history of infrared
detectors and the performance of alternative materials to
HgCdTe,*2°32414] there is a dearth of a detailed comparative
review of Ga-based and Ga-free T2SL photodetector technologies.
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(b) Research Publications in Ga-based InAs/GaSb SL

10.77%

Figure 1. An overview of research publications (in percentage) for both Ga-free InAs/InAsSb a) and Ga-based InAs/GaSb SL b) over the last five decades.
Source: Web of Science search using “InAs/GaSb and InAs/InAsSb Type-Il Superlattices” in titles, subjects, abstracts, and keywords.

Table 1. A summary of the advantages and disadvantages of InAs/InAsSb and InAs/GaSb SL detectors, where MC is minority carrier and QE is the

quantum efficiency.

Material system Advantages References Disadvantages References
InAs/InAsSb SL Longer MC lifetime in the MWIR region [44,45] Weaker optical absorption coefficient especially at longer wavelengths [48-50]
(=1.8-9ps at 77 K) leading to lower QE
Less complicated growth sequence as only one [14,46] More challenging vertical hole transport at longer wavelengths [50-52]
shutter needs to be controlled
Better defect tolerance since defects are localized [47] Smaller conduction and valence band offsets resulting in higher [14]
above the conduction band edge tunneling current rate at HOT
Strong dependence of QE on the carrier diffusion length at longer [48,53]
wavelengths; shorter diffusion length leads to lower QE
Antimony (Sb) segregation issues at the InAs/InAsSb SL interfaces [54,55]
InAs/GaSb SL Stronger optical absorption coefficient [48,56] Shorter MC lifetime in the MWIR region (x0.140 to 0.80 ps at 77 K) [58,59]
Larger conduction and valence band offsets [14] More challenging to grow since four shutters need to be controlled [60,61]
resulting in less tunneling current (In, As, Ga, and Sb)
Larger cut-off wavelengths range can be tailored to [57] More sensitive to elemental intermixing at the InAs/GaSb SL interfaces [62]

cover the SWIR to VLWIR spectral bands

Limited by SRH due to the presence of Ga-element in the GaSb layer

Recently, Rogalski et al.[**! have published a review work with a
section focusing on the characteristics of SL and barrier PDs.
In this article, the fundamental material properties, as well as
the optical and electrical performances of the two emerging
Ga-based (InAs/GaSb) and Ga-free (InAs/InAsSb) T2SL
MWIR photodetector technologies, are comprehensively
compared. Recent advances made in the device designs and per-
formance of these detectors are also provided.

2. Fundamental Material Properties of the type-lI
Superlattice

In this section, the fundamental material properties of the T2SL
including bandgap energy and band structures, minority carrier
lifetimes, and absorption coefficients are discussed in detail.
In addition, materials growth section of Ga-free InAs/InAsSb
and Ga-based InAs/GaSb T2SL is presented.

Adv. Photonics Res. 2021, 2100094 2100094 (3 of 23)

2.1. Bandgap Energy and Band Structure of T2SL

The bandgap energy of different semiconductor materials includ-
ing InAs, GaSb, AlSb, and InSb is shown in Figure 2. Among all
I11-V semiconductor materials, the InAs; ,Sby bulk material sys-
tem possesses the narrowest bandgap of ~0.1eV (Sb composi-
tion of 60%) at room temperamre.[63] However, bulk materials
of InAsSb suffer from a high rate of Auger nonradiative recom-
bination and InAsSb with high Sb composition has no available
lattice-matched substrate resulting in high rates of threading dis-
locations and dark currents. Alternatively, material systems such
as strained-layer superlattice are being explored owing to
increased wavelength while preserving a lattice-matched sub-
strate and mitigating the emergence of threading dislocations.
A superlattice is defined as a one-dimensional (1D) periodic
structure which consists of two or more alternating layers.
The thicknesses of these layers are commonly thin, of the order

© 2021 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH
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Figure 2. Bandgap energy as a function of lattice constant for several
semiconductor materials at 0 K. The red line shows the possibility of form-
ing the lowest bandgap energy by selecting a proper Sb composition in the
InAs/InAs1-xSbx T2SL.

of 5-20 atomic monolayers (MLs) each. The advantage of utiliz-
ing the superlattice structure is that strained layers are intro-
duced leading to bandgap energy minimization and tuning
from the MWIR to VLWIR spectral bands.[**®! In addition,
the formation of strained layers results in a break of the degen-
eracy of heavy hole (HH) and light hole (LH) in the valence band
which leads to suppression of nonradiative Auger recombination
processes which is dominant in the bulk materials.**% As a
result of these interesting fundamental properties of SL materi-
als, there has being a flurry of research activities focused on the
design and fabrication of single element and FPA detectors.
Figure 3 shows different possibilities of the band structure
alignments between InAs, InSb, GaSb, and AlSb. The formation
of type-II heterojunction (also called broken gap) is noticed

www.adpr-journal.com

between the InAs and GaSb and attributed to variations of con-
duction and valence band offsets (AEc and AEy) as well as the
electron affinities. As can be seen, the conduction band of InAs is
at a lower energy level than the valence band of GaSb which leads
to spatially separating electrons in the conduction band (Cg) of
InAs layer and holes in the valence band (Vg) of GaSb layer.
Another possibility of heterojunction band alignment is the junc-
tion formed between GaSb and AlSb which is called type-I het-
erojunction. In this case, the smaller bandgap material (GaSb) is
sandwiched between two larger bandgap materials (AISD).
However, both carriers of electrons and holes are here confined
to each respective layer.

The most crucial property of T2SL is the possibility of bandgap
engineering. By varying the Sb composition in the InAsSb alloy
of InAs/InAsSb T2SL and layer thicknesses of barriers and wells,
the specific wavelength can be tuned. Moreover, the electron
effective mass (m,) is independent of the bandgap energy, com-
pared to bulk semiconductor materials, which leads to lower
mobility, and thus; a lower tunneling current.”>*® Figure 4
shows the band structure profile of both T2SL. It can be seen
that the AEc and AEy for the Ga-based SL are significantly larger
than that of the InAsSb layer in the Ga-free SL.1%"] Note that, the
effective bandgap energy of the SL is defined as the difference of
the optical transitions from the first electron miniband in the
conduction band level to the first heavy hole miniband in the
valence band level.

2.2. Minority Carrier Lifetime

The minority carrier (MC) lifetime is a crucial optical character-
istic for the SL material which is considered as a key parameter to
identify the performance of IR PDs. The MC lifetime contributes
directly to the dark current, the detectivity and operating temper-
ature of T2SL detectors and it is dependent on the diffusion
length which is described by

L=+VDr 1)

I Aisb | 4 Ce
AEs=0.49 eV
Cq Gasb I
| [msb | E,=1.70 eV
Eg= 0.23 eV Eg =0.81eV
Ve v
AE=0.50 eV 4 f
l AE=0.15'eV T
AE, = 0.40 eV
imas | 1 AE, = 0.56 eV l
A4 VB

E,=0.41eV l

Figure 3. Band structure alignment of InAs/InSb, InAs/GaSb, and GaSb/AISb at 0 K.
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Figure 4. Band structure alignments for a) Ga-based InAs/GaSb and b) Ga-free InAs/InAsSb T2SL. The effective bandgap energy of the SL (highlighted in
green) is calculated as the difference between the first electron miniband in the conduction band to the first heavy hole miniband in the valence band.

where L is the diffusion length of the minority carrier, D is the
diffusion coefficient, and 7 is the minority carrier lifetime.
The influence of MC lifetime and diffusion length on the
T2SL detector performance is discussed in Section 3.1.
Several recombination processes can contribute to the MC life-
time in the T2SL. These are radiative and nonradiative Auger or
SRH recombination. In a direct bandgap semiconductor mate-
rial, radiative recombination takes place when an electron from
the conduction band recombines with a hole in the valence band
and this process leads to producing a photon (light). In contrast,
nonradiative recombination occurs when the recombination of
electrons and holes does not lead to photon generation, but alter-
natively, the produced energy is converted into phonons. Each of
these recombination processes has its lifetime (r) and depends
on temperature. The overall lifetime can be expressed as follows
1 1 1 1

S —+— 2)
T TRad TAug TSRH

where 7p.d, Taug, and zsgy are the corresponding radiative,
Auger, and Shockley—Read-Hall lifetimes, respectively. The
MC lifetime temperature-dependent measurement is a useful
technique to identify the dominant recombination mecha-
nism.[® In 2013, a study measured the MC lifetimes of Ga-free
SL at temperatures between 77 and 250 K.I*Y Tt was shown that
the radiative recombination mechanism was dominant over the
temperatures range between 77 and 200 K with a corresponding
increase in MC lifetime from 1.8 to 2.8 ps, whereas nonradiative
Auger recombination behavior was dominant at higher temper-
atures above 200 K which limited lifetime. It was demonstrated
that the Auger recombination processes can be suppressed by
using the T2SL with a further modification in the electronic band
structure by adjusting the layer thickness, composition, and
strain. This helps to treat the issue associated with the large split-
ting of HH and LH in the valence band which contributes to
increasing the rate of Auger recombination due to the inter-
sub band transition. It was reported that the Auger recombina-
tion rate of MWIR Ga-free T2SL is an order of magnitude lower
compared to the MCT material system.*® BTB radiative and non-
radiative Auger recombination rates can be identified only by the
intrinsic properties of the material such as absorption spectrum,
band structure, and carrier densities. In contrast, the SRH
recombination process does not occur in a perfectly pure mate-
rial. It usually occurs owing to the intentional or unintentional
introduction of dopants to the semiconductor materials so that
the recombination can happen through defects (trap levels in
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the bandgap of the material). These defects are originally formed
during the growth procedure owing to the formation of strain,
impurities, or dislocations in the structure.

Significantly longer MC lifetimes (10 ps at 80 K”%)) have been
realized in the MWIR range by Ga-free InAs/InAsSb T2SL in
comparison to Ga-based InAs/GaSb T2SL (100ns at
110 K71 #4:45.7072) Thig is attributed to the presence of Ga-
element in the InAs/GaSb contributing to the formation of native
defects during growth which is deleterious to device perfor-
mance.*? A study by Lin et al.”® conducted the MC lifetime
temperature-dependence and PL spectra measurements of
MWIR Ga-free InAs/InAsSb SL. A long MC lifetime of 12.8 ps
at 15K was observed in the MWIR Ga-free SL owing to carrier
localization effect and a decrease in MC was observed with increas-
ing temperature. Another study”* indicated that the influence of
carrier localization is due to variations in the InAsSb composi-
tions, interfaces, and thicknesses of InAs and InAsSb. It was
pointed out that the effect of interface disorder and carrier locali-
zation become more distinct in SL with shorter periods.”*! In the
case of Ga-based SL, it was found that MC lifetime decreases in the
low-temperature range from 11 to 100 K which could be also attrib-
uted to the carrier localization effect, but it is also strongly limited
by the impact of SRH recombination centers.”>”> For a detailed
discussion about the effect of carrier localization and interface dis-
order on minority carrier lifetime and device performance, the
reader is guided to the following references .**7>7% A study by
Aytac et al.”®’? demonstrated that the MC lifetime of Ga-free
InAs/InAsSb SL can be increased by reducing the layer thickness
and increasing Sb composition in the InAs;,Sb, alloy. Several
nondoped MWIR Ga-free T2SL samples were designed to have
the same wavelengths of 5.2 pm at 77 K, but with some variations
in the layer thicknesses and Sb compositions. It was found that
when the Sb compositions are increased and layer thicknesses
are reduced, the MC lifetimes increase from 4.5 to 10 ps. This
was attributed to the decrease in SRH recombination rates which
leads to enhancing the MC lifetimes.

Figure 5 summarizes the reported minority carrier lifetimes
over the last 15 years for different semiconductor materials at a
low temperature of 77 K in the MWIR regime. As can be seen,
although the MCT material possesses the longest MC lifetime of
~59 ps, the Ga-free InAs/InAsSb SL has comparable lifetimes.
This is followed by InAs, InSb, and InAsSb with significantly
higher MC lifetimes compared to the GaSb material. The Ga-
based InAs/GaSb SL consistently has the lowest MC lifetimes
of typically <0.1ps at 77 K. In spite of the significantly higher

© 2021 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH
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MC lifetime, MWIR InAs/InAsSb SL PDs still demonstrate infe-
rior performance to that state-of-the-art MCT devices due to the
presence of more SRH recombination active centers.

2.3. Materials Growth of InAs/GaSb and InAs/InAsSb T2SL

The InAs/InAsSb T2SL has several advantages over the more
researched InAs/GaSb T2SL. The Ga-free InAs/InAsSb T2SL
is generally easier to grow, has a longer minority carrier lifetime,
and it is more tolerant to defects. Figure 6 compares the conven-
tional MBE shutter sequence growth used for both a) Ga-based
InAs/GaSb and b) Ga-free InAs/InAsSb T2SL. In principle, the
growth of InAs/InAsSb T2SL involves only turning on and off
the Sb shutter, while the In and As shutters remain open during
the growth. Conversely, the growth of InAs/GaSb requires the
use of four shutters (In, As, Ga, and Sb) which makes it more
challenging to obtain sharp interfaces,***"7! thus a

(a) InAs/GaSb

(b) InAs/InAsSb
|

Shutter Sequence Growth

As
Sh

Growth Time

Figure 6. A conventional shutter sequence during materials growth of
a) InAs/GaSb and b) InAs/InAsSb T2SL.
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complicated interfacial (IF) layer sequence is required to resolve
the issue. Note that InAs has a smaller lattice parameter com-
pared to GaSb which results in the formation of defects due
to tensile strain. This can be overcome by controlling the inter-
facial region between the InAs and GaSb layers which can lead to
a strain-compensated SL layer with a high structural and optical
quality of materials grown. This is mainly dependent on the shut-
ter sequence technique used during the growth, where an InSb
layer “InSb-like” IF, a GaAs layer “GaAs-like” IF or a combina-
tion of InAs and GaSb leading to ternary/quaternary “mixed-like”
IF can be formed. Therefore, when an InSb IF layer is inserted at
the SLinterfaces of InAs and GaSb layers, the tensile strain in the
InAs layers can be compensated by the compressive strain in the
InSb layers. Different techniques have already been demon-
strated to enhance the optical, structural, and device performan-
ces in which the InSb IF layer is inserted between each interface
of the SL. One of these is Sb-As exchange shutters technique
where each SL layer of InAs is exposed to Sb soak for few
seconds.'®”'%" The other technique involves the insertion of an
intentional InSb layer at the SL interfaces either by using a con-
ventional MBE growth procedure (the In and Sb shutters are
asynchronously opened)®? or by migration enhanced epitaxy
(MEE) (the In and Sb shutters are synchronously opened)."**
The interfacial issue is the main obstacle for high-quality
growth of InAs/GaSb T2SL which has a critical impact on the
structural, optical, and device performance. Consequently, the
intentional incorporations of interfacial layers are currently being
employed to circumvent this challenge at the InAs/GaSb inter-
faces including GaAs-like,"*~°”) InSb-like,!"°*'? and ternary/
quaternary mixed-like IFs!"** with demonstrated evidence of
enhanced device performance. Much evidence has proved that
InAs/GaSb T2SL with GaAs-like IFs performs poorly for IR
detection™®*!%! and it is generally avoided. So far, several
research groups have tried to investigate the effect of interfacial
growth control on the structural, optical, and electrical perform-
ances. Huang et al.’°'%”) grew an InAs/GaSb T2SL on an InAs
substrate incorporating a GaAs IF layer at the SL interface by
MOCVD. Deng et al.'® have also tried inserting a 1 ML of
an InSb IF layer between InAs/GaSb T2SL grown on a Si sub-
strate to attain a strain-balanced condition. Jie et al.l"*! also stud-
ied the influence of inserting InSb IF layers at the SL interfaces
grown on GaSb and GaAs substrates. Jie et al.'**! also demon-
strated growth of mixed-like IFs (i.e., GaInAsSb-like IFs) and
found that the PL spectra of SL with mixed-like IFs showed a
stronger PL intensity and narrower full width at half maximum
compared to InSb-like IFs, however, the mixed-like IFs appeared
to be more sensitive to growth temperature than that with InSb-
like IFs as demonstrated by X-ray diffraction (XRD) and atomic
force microscope (AFM) measurements. More recently, Huang
etal."* have performed growth of LWIR InAs/GaSb T2SL using
a modified migration enhanced epitaxial (MMEE) growth tech-
nique to insert an additional Sb soak and InSb IF layers at
the second SL interfaces. In this method, a growth stop and
an additional Sb soak were performed at the second IFs between
InAs layer growth and In deposition. As demonstrated by AFM
and XRD, the use of the MMEE method has shown a better sur-
face morphology of the grown samples and it is more sufficient
for strain compensation compared to the MEE method. Also, the
devices grown by the MMEE method showed enhanced quantum
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efficiency, responsivity and detectivity performance. The dark
current density was also reduced by almost one order of magni-
tude compared to the ones grown by a conventional migration
enhanced epitaxy (CMEE) method. In contrast, Sb segregation
is the main obstacle in the growth of Ga-free InAs/InAsSb
T2SL. A few studies have indicated the main challenges associ-
ated with the growth of Ga-free T2SL through the influence of
surface interfaces and Sb segregation on the structural, optical,
and electrical properties.***> This Sb segregation potentially stim-
ulates undesirable effects on bandgap energy shifts including
broadening of the PL profile as well as weakened absorption****1°]
which could lead to degrade the device performance. Recently,
Jiang et al.l''®! have grown a MWIR InAs/AlAs/InAsSb T2SL
in which the AlAs layers were inserted within the InAs layers
for the growth of high-quality strain balanced superlattice.

The performance of T2SL can be improved with the develop-
ment of advanced, single crystal growth techniques including,
MBE and MOCVD and various chemical passivation processes
which can enhance device performance. MBE is the preferable
growth technique for T2SL materials due to its significantly
low growth rate (=1 um h™?) which is useful for controlling both
SL layer thicknesses and compositions. In addition, it benefits
from low growth temperature, ultrahigh vacuum environment,
in situ characterizations for monitoring crystal-quality, and capa-
bility for controlled doping and interfacial profiles. In compari-
son with MBE, MOCVD could enable low-cost and high-yield
production of Sbs-based SL since the MOCVD is the leading
III-V growth tool in industry. However, due to fundamental
properties such as low melting points and low equilibrium vapor
pressure, the growth of high-quality Sb-based materials by
MOCVD is more challenging.**'"”! The MOCVD growth of
Ga-free InAs/InAsSb T2SL is highly challenging due to the dif-
ference in optimal growth conditions for InAs and InAsSb layers.
Usually, large arsine (AsH3) gas flow is preferred for high V/III
ratio growth of InAs layers. However, this is not the case for As-
rich InAsSb layer growth because the Sb incorporation efficiency
is greatly suppressed by the As component which is preferen-
tially incorporated while excess Sb is rejected and left to float
on the surface of the epitaxial layer. As a result, a low V/III flux
ratio and high trimethylantimony (TMSb)/(TMSb+AsH3) mole
fraction is necessary to achieve high Sb composition during
InAsSb layer growth.'’”! Razeghi et al.''® used diluted AsH;
for the MOCVD growth of the InAsSb layer and pure AsH;
for the InAs layer at a low V/III ratio to enhance Sb incorpo-
ration. Although significant work and progress have been made
in the growth of InAs/GaSb and InAs/InAsSb T2SL materials
and devices by MBEM*16119-1231 3nq MOCVD,[107:124-130]
growth of barrier structures is generally challenging because bar-
rier structures usually contain Al-material such as AlSb, AlAs, or
AlAsSb, and Al-containing materials are challenging to grow and
susceptible to oxidation during both growth and processing
stages. The absence of Al-based barriers could also be associated
with the fact that although the lattice mismatches, within the
6.1 A° family of InAs, GaSb, and AISb are small, they are not
negligible particularly at high growth temperatures. Moreover,
it has been shown that the MOCVD growth of short periods
InAs/GaSb and InAs/InAsSb T2SL structures is further limited
by the possibility of decomposition and degradation of the
interface  quality during growth."*''*!" Consequently,
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Huang et al."**"*) have alternatively demonstrated the first
MOCVD growth of Al-free InAs/GaSb T2SL PNn barrier struc-
ture, which was comprised of a p-type mid-wavelength superlat-
tice (MWSL) contact layer (P-region) and an n-type MWSL barrier
layer (N-region) and an n-type long-wavelength superlattice
(LWSL) absorber layer (n-region), which resulted in high-quality
material growth and high-performance T2SL detectors. For more
details about the difficulties associated with the MOCVD growth
of Sb-based and other III-V semiconductors, the reader is
directed to the review work published by Biefeld.['”!

2.4. Absorption Coefficient

It is well known that the incident photons are absorbed when
E> E;, whereas the photons are transmitted when E<E,.
If we consider an incident photon with intensity (I) passes
through a semiconductor material at some depth (x), then the
intensity of photons changes depending on the change in the
distance which can be expressed as follows!'*%

dI(x)
Cdx

al(x) 3)

I(x) = Ipexp™ ) “)
where a corresponds to the absorption coefficient which has a
unit of cm ™. This coefficient depends mainly on the wavelength
of incident photons and material property. It is evident from
Equation (4) that the intensity of the photon decreases exponen-
tially with increasing the depth of the material.

Figure 7 shows the absorption coefficient (@) of Ga-free and
Ga-based T2SL in the MWIR as a function of wavelength at
77 K. Theoretical and experimental investigations by Klipstein
in 20141*® revealed that Ga-free T2SL exhibits a slightly weaker
optical absorption coefficient (<0.2 pm™~") compared to Ga-based
T2SL (>0.2 pm ') near the cut-off wavelength of the photodetec-
tor. This is attributed to the band offsets profile and e-h carrier
spatial separation in Ga-free being responsible for reducing the
absorption coefficient and lowering the QE performance.

The absorption coefficient of T2SL is determined by the layer
thickness, the number of periods and the Sb content of Ga-free
InAs/InAsSb SL. A study by Katayama et al.'*! have shown the
effect of increasing the absorption layer on the QE performance.
In the study, three structures of Ga-based T2SL pin detectors with
different absorber thicknesses (1.5, 3, 5, and 10 pm) are theoreti-
cally compared. It was found that the 10-pm absorber layer has
achieved the highest QE of ~65% at around 4.5 pm, whereas the
lowest QE of ~28% is observed with a thinner 1.5 pm absorber
layer. Another study by Livneh in 2012 demonstrated that
there is perfect agreement between theoretical and experimental
values of the absorption coefficient for the Ga-based SL with dif-
ferent layer thicknesses in the MWIR regime at 77 K. To investi-
gate the impact of layer thickness on absorption coefficient,
various MWIR Ga-based SL with different GaSb width (10.6
and 15.6 MLs) and fixed InAs width (8.6 MLs) were studied.
It was found that when the width of the GaSb layer is increased
by a3 ML, the absorption spectra are shifted to a longer wave-
length of ~0.3 pm. Letka et al.!"*?! studied the effect of increasing
the periods in the MWIR Ga-free InAs/InAsg g,Sbg 15 SL on the
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Figure 7. Experimental (grey) and theoretical (black) results of the absorption coefficients as a function of wavelength at 77 K for a) Ga-based InAs/GaSb
and b) Ga-free InAs/InAsSb T2SL. Reproduced with permission.*®! Copyright 2014, Springer Nature.

absorption coefficients while maintaining the same absorber
thickness (0.7 pm). It was found that the absorption coefficients
are slightly higher for SL with longer periods compared to
shorter periods, specifically near the cutoff wavelengths of the
detectors. However, they have comparable absorption coeffi-
cients in the short wavelength range ~1.5-3 pm. Another
study™*® has attempted to investigate the influence of varying
the Sb compositions in the Ga-free SL from 20% to 40%. It
was observed that the absorption coefficients increase consider-
ably with increasing the Sb compositions from 20% to 25%
which are sensitive to the change in the Sb compositions, partic-
ularly in the MWIR region 3-5 pm. However, it seems that at
higher Sb compositions (above 20%), the absorption coefficient
is roughly insensitive to the Sb concentration. This change in the
absorption coefficients is possibly due to the change in the con-
duction and valence band edges while varying the Sb alloy com-
position in the Ga-free SL material.

3. Optical and Electrical Performance of PDs

In this section, the performance of Ga-free and Ga-based T2SL
PDs are compared including quantum efficiency (QE), detectivity
(D¥), signal-to-noise ratio (SNR), dark current density (J), and dif-
ferential resistance-area product (R4A).

3.1. Quantum Efficiency

Quantum efficiency (QE) is an important characteristic that is
generally defined as the conversion of incident photons (input
light) into output power. The QE can be evaluated from the photo
response measurement using the following equation

124K

QE=— (5)

where R; is the photodetector’s responsivity and 4 is the cut-off
wavelength. There are two primary terms related to QE which
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need to be distinguished. These are internal quantum efficiency
(IQE) and external quantum efficiency (EQE). IQE is the fraction
of incident photons that enter the detector which is converted
into output power at a given energy or wavelength, while EQE
is the fraction of incident photons on the detector that is
converted into output power at a given energy or wavelength.
It can be noticed from Equation (5) that QE is inversely propor-
tional to the cut-off wavelength of the detector, however, the main
technological challenge with the fabrication of T2SL detectors is
the difficulty of growing a high-quality thick absorber layer that
can enhance QE. A recent study™*" has demonstrated that the
EQE of a conventional pin, MWIR InAs/GaSb T2SL photodetec-
tor, with a cut-off wavelength of 6 pm, could be increased from
~25% to ~70% at 4.5 pm by increasing the width of the absorp-
tion layer of the T2SL detector from 1.5 to 10 pm. It was also
suggested that the QE can be further enhanced by employing
an anti-reflection coating for the T2SL detectors. The QE of a con-
ventional photodiode is mainly related to the carrier diffusion
length." Hence, the diffusion length factor should be taken into
consideration when increasing the width of the absorption layer
as increasing the thickness of the absorber layer beyond the
minority carrier diffusion length may reduce the QE of the
device. This is because photogenerated carriers cannot be col-
lected when the absorption layer thickness exceeds the carrier
diffusion length of the photodiode. This challenge can be over-
come with the use of a quantum cascade infrared photodetector
(QCIPD) design which will be discussed in Section 4.2.

The EQE as a function of the absorber thickness of various
T2SL photodetector structures are compared at 150K in
Figure 8. Data in the plot were accumulated from literature
for both barrier and nonbarrier Ga-freel**'**'*¥l and Ga-
based® #7152 T2SL detectors with different absorber thick-
nesses, periods, doping concentrations, and bias operations.
These factors can significantly affect the performance of the
PDs. It is noticeably seen from Figure 8 that the QE of the
T2SL PDs is mainly dependent on the absorber thickness.
This means that by increasing the T2SL absorber thickness,
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Figure 8. Quantum efficiency versus absorber thickness for Ga-free and Ga-based T2SL barrier and nonbarrier PDs at high temperature of 150 K.

the QE of the detectors is enhanced but taking into consideration
the diffusion length factor as demonstrated earlier. It is also evi-
dent that the QE for both Ga-free and Ga-based T2SL detectors is
roughly ranging from 25% to 60% which is dependent on the
T2SL design and absorber thickness.

It is also to be noted that the EQE of T2SL is temperature
dependent, however, the literature includes somehow contradic-
tory arguments regarding temperature dependence of the minor-
ity carrier diffusion length. It has been assumed that the
diffusion length decreases at higher temperatures!’>* which is
possibly attributed to the decrease in minority carrier lifetime
suggested by the known T~'/? dependence of SRH lifetimes.
Other reports indicate that the diffusion length is proportional
to the temperature. Klipstein et al.">* pointed out that the lateral
diffusion length varies linearly from 6.3 to 11 pm over the tem-
perature range 78-130 K. This is also consistent with the temper-
ature dependence of diffusion coefficient (D) as expressed by

KT

D=——u
e

(©)

where Ky is the Boltzmann constant, T'is the temperature, and u
is the mobility. It is to be taken into account that Equation (6) can
be only used to measure the lateral diffusion length but not the
vertical diffusion length which mainly affects the detector perfor-
mance. Recently, Taghipour et al.® have attempted to measure
the vertical diffusion length of InAs/GaSb T2SL over the temper-
ature range 80-170 K utilizing the electron-beam induced cur-
rent technique. It has been found that the diffusion length is
almost constant at ~1.5um over the temperature range
80-140 K and increases to 4.5 pm at 170 K. These results suggest
that the QE of the T2SL can be further improved with taking care
of the T2SL design and diffusion length factor.

It is also important to note that background doping concentra-
tion (intrinsic carrier concentration — n;) has an effect on the
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minority carrier lifetime and hence the QE performance of
T2SL detectors. It is found that increasing the doping concentra-
tion in the T2SL absorber layer results in a decrease in the QE of
the PDs which is possibly due to a decreased minority diffusion
length of the minority carriers.'*® This is suggested by that the
intrinsic carrier concentration scales inversely with the MC life-
time (n; ~ = ~').*"! For a more detailed study about the effect of
carrier doping concentration on minority carrier lifetime, the
reader is directed to the following reports.[>>~"%!

3.2. Detectivity

Detectivity (D*) is inversely proportional to the noise equivalent
power (NEP) of the photodetector. NEP is defined as the ratio of
the output signal to the input power. However, because the detec-
tivity of the photodetector is influenced by the bandwidth (Af')
and device area (A) measurements, a new term called a specific
detectivity was introduced by Jones™? which normalizes its
detectivity to the device area and bandwidth using the following
expression

VAFA

NEP

D = (7)
The specific detectivity can be then determined from the spec-
tral response measurement of the photodetector using the fol-
lowing equation
R;
e ®)

4II§ZT+2qJ

D*

where R; is the spectral responsivity, RA is the dynamic
resistance-area product, ¢q is the charge of electron, and J is
the dark current density. Here, an analysis of the spectral
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Figure 9. Collected data of detectivity versus cut-off wavelength at a) a low-temperature range from 70 to 80 K and b) a high-temperature range from 150
to 230K for barrier Ga-free,l?712%.144-146.160-166] s nharrier Ga-free, 813977 barrier Ga-based,!'*>1%%17¢] and nonbarrier Ga-based!'%®173177-182 125

PDs.

detectivity (D*) of Ga-free and Ga-based T2SL PDs at low and
high temperatures in the MWIR regime is presented in
Figure 9. Interestingly, T2SL PDs with barrier designs have
slightly higher detectivities compared to nonbarrier structures
particularly at the HOT range, typically in the range of
~3 x 10" to 8 x 10" cm Hz'/*W ™! (see Figure 9b). At a low-
temperature range (Figure 9a), the D* of nonbarrier detectors
varies from ~10° to 10" cm Hz'>W~'. A summary of the
D* values of barriers/nonbarriers T2SL, extracted from
Figure 9, at different applied reverse bias from 30 to 300 mV
at low and high operating temperatures is presented in Table 2.

3.3. Signal-to-Noise Ratio

Signal-to-noise ratio (SNR or S/N) is another important charac-
teristic that is considered as a figure of merit to evaluate the per-
formance of PDs. SNR is defined as the ratio between the input
power of a signal to the output power of background noise and
this can be simply expressed as follows

P signal)
P noise

where Pgigna and Ppise are the input power of signal and output
power of background noise, respectively. It is always desirable to

SNR = < 9)

Table 2. Typical D* values of barrier and nonbarrier T2SL PDs at low and
high operating temperatures under an applied bias from 30 to 300 mV.

Photodetector design Material system D* at LOT D#* at HOT
[em HZ'?W™] [em HZ'2W™]
Barrier Ga-free T2SL  ~9 x 10""-8 x 10'* ~3 x 10'°-7 x 10"
Ga-based T2SL  ~2 x 10'°-8 x 10" ~4 x 10'°-8 x 10"
Nonbarrier Ga-free T2SL ~3 % 10" ~1-3 x 10"
Ga-based T2SL  ~1 x 10%-2 x 102 ~2 % 10"°
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reduce the background noise including noise voltage, noise cur-
rent, and shot noise values so that SNR performance can be
enhanced. Several studies have been conducted to investigate
the SNR ratio of single-pixel PDs based on Ga-free and Ga-based
T2SL. A recent study by Kim et al.***) examined the performance
of Ga-free InAs/InAsSb T2SL photodetector with a barrier struc-
ture, achieved a room temperature cut-off wavelength of 5.5 pm.
The noise spectrum for two large and small single-pixels,
1000 and 250 pm detectors were measured under an applied bias
of 200 x 300 mV with a frequency of 10* Hz. The measured
noise voltage was as low as 2.8 x 1078V Hz * for the
250 pm and 1.8 x 1078V Hz Y2 for the 1000 pm detectors.
The noise current measurements were also performed on an
nBn barrier design-based Ga-containing InAs/GaSb T2SL with
a diameter of 300 pm which exhibited a value of around
1x107°A cm™" Hz"? under an applied bias of 300 mV and
at room temperamre.[183]

3.4. Dark Current Density

Although the T2SL band structure could be used to suppress
Auger nonradiative recombination mechanism,”®°" it is crucial
to further limit the dark current in a photodetector to enable
HOT operation. The dark current is defined as the flow of current
through a detector in the absence of light. This leads to the crea-
tion of a false signal when there is no photon present in the
detector. Therefore, measurement of current—voltage (I-V) char-
acteristics is an important technique to identify the dominant
dark current mechanism within the device. In a photodiode,
the dark current could either flow through the bulk or along
the surface sidewall of the detector. The dark current density
can be expressed as

I I I P
Gt gy 5s(3)
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where Iy and Is are the bulk and surface dark current, Jg and Js
are the bulk and surface dark current density, and P/A is the ratio
of mesa perimeter to the area of the photodiode. In the photodi-
ode, diffusion, generation recombination (G-R) associated with
SRH centers, and BTB tunneling currents contribute to the bulk
dark current which is independent of the P/A ratio. Conversely,
as can be seen from Equation (10), the surface leakage current is
strongly dependent on the P/A ratio. Interestingly, surface leak-
age current can be effectively minimized through the use of var-
ious passivation processes.®* %% Since the MC lifetime impacts
the diffusion current (Igir) of T2SL detectors based on Igg~7 %,
diffusion-limited Ga-free T2SL detectors is supposed to signifi-
cantly perform better than its counterpart Ga-based T2SL detec-
tors because of the longer MC lifetime. However, this has not yet
been realized.

The performance of conventional pin PDs (nonbarrier struc-
tures) at HOT is poor due to the presence of a high dark current
with a significant contribution from G-R SRH current. However,
in the last decade, various barrier structures have been intro-
duced to photodetector designs to suppress or even eliminate
G-R SRH current to enable HOT applications with a significant
reduction in dark current and corresponding enhancement in
QE and responsivity demonstrated. The development of barrier
detectors was initially proposed by Maimon and Wicks in
2006 using nBn InAs and InAsSb bulk structures which rep-
resents a significant advancement in I1I-V semiconductors capa-
bility. Since then, various T2SL barrier designs have been
extensively developed including nBn,12%148168:172,183,191,192]

B [146162) gy 87170193 p ) [I540194] ipisy [195] iy, [164,165]
pBiBn,1*17% and complementary barrier infrared detector
(CBIRD)."*1%%1 " Other novel barrier structures include
M-structure!’’¢%72%8 (implemented to suppress the tunneling
current which leads to an increase in the doping concentration
of the active region, and suppression of diffusion current),
W-structure!’®” (incorporated to suppress tunneling and G-R
currents), and N-structure®®2%% (employed to improve the
wavefunction overlap of spatially separated electrons and holes
leading to enhancement in QE). The fundamental principle
behind the incorporation of these barrier layers is the confine-
ment of the electric field zone to the wide bandgap barrier mate-
rial instead of the absorber region so that the SRH process occurs
in the barrier and not in the absorber region.[lgz] In addition, the
barrier blocks majority carriers (electrons) from the absorber
layer while permitting the transport of minority carriers (holes).
Moreover, employing barrier architectures facilities easy imple-
mentation of the passivation processes to minimize surface leak-
age current.'" This has resulted in significant improvements in
the overall T2SL photodetector’s performance with the demon-
stration of HOT of 150 K!'*? and beyond 190 K?%*2°* in the
MWIR region. This could potentially eliminate the need for cryo-
genic cooling leading to reduced cost, increased portability, and
reduction in size, weight, and power consumption (SWaP) of
PDs making them suitable for use in IR space applications.***
The advancement of T2SL PDs has not only successfully sup-
pressed the dark current density resulting in high performance
at HOT but also allowed for the development of
CBIRDsP7166:2062071 31 d multicolor (multiband) bias selectable
devices 1501602082101 A CBIRD is a T2SL structure demon-
strated by Gunapala’s group that utilizes a pair of electron
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and hole blocking SL unipolar barriers to mitigate the G-R
and surface leakage currents and to achieve high performance
devices and enable for the fabrication of HOT FPA detectors.
The multicolor bias selectable devices are multispectral band
infrared PDs which can cover separate atmospheric windows,
including MWIR, LWIR, and VLWIR. The advantages of such
devices are that they can offer better discrimination owing to
the higher signal contrast observed between wavebands. In addi-
tion, the use of multicolor-band devices enables for operating in a
wide range of detection with a selective design from MWIR to
VLWIR regions. For example, the bias selectable dual-band devi-
ces are normally comprised of two T2SL absorber regions or
channels and a thin barrier layer inserted in between the two
channels. The major benefit of using a dual-band structure is that
the two absorption regions can be addressed alternatively by
switching the applied bias voltage. Haddadi and Razeghi!***' have
recently reported three-color multiband detectors based on InAs/
GaSb/AlSb T2SL used to address the short, extended-short, and
mid-wavelength regions with high-performance multispectral
band detectors demonstrated. See the recent review work pub-
lished by Razeghi et al.*'!! for more detail on multicolor bias
selectable devices.

Figure 10 shows various designs of barrier structures used to
improve photodetector performance. The details of barrier
designs and their principles of operation have been reviewed
by Martyniuk et al.**?'% As shown in Figure 10a,b the barrier
layers are sandwiched between two layers having the same or dif-
ferent doping type. Figure 10c shows the M-structure proposed
by Razeghi et al.l'"”® in 2007. A thin AlSb barrier layer is inserted
in the middle of the GaSb layer within the InAs/GaSb T2SL
region to block electrons in the conduction band and create a
double quantum well for holes in the valence band. The main
objective of utilizing the M-structure is to suppress the tunneling
current of the photodetector and attain HOT since the minority
carrier concentration is exponentially dependent on temperature
and minority carrier lifetime decreases with temperature due to
Auger recombination process.”*'* The electrical performances of
these devices were improved by more than an order of magni-
tude compared to a nonbarrier structure in which dark current
density, differential resistance-area product (RoA) and spectral
detectivity of the detectors exhibited values of around
38x10 °A cm?, 5% 10°Q cm® and 1 x 10" cm Hz'/? W'
at 150 K, respectively, in the MWIR regime.'”®?'*! This signifi-
cant improvement in the performance of single-pixel T2SL PDs
has stimulated research interest in FPA PDs (to be discussed in
Section 4.1).

Even though significant progress has been made in the
growth, fabrication, and band structure engineering of MWIR
T2SL for barrier and nonbarrier structures, their performance
has not yet reached the performance level of the current state-
of-art MCT technology. This is evident in Figure 11 which shows
the dark current density as a function of photodetector’s cut-off
wavelength in comparison with “Rule 07! at different temper-
atures for barriers and nonbarriers Ga-free and Ga-based T2SL.
Collected data of dark current density from literature with refer-
ences are shown underneath Figure 11. “Rule 07” is an empirical
expression established in 2007 and updated in 2010 which
depicts the best accumulated diffusion-limited dark current den-
sities of planar p-n MCT MWIR detectors operating at a
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Figure 10. Shows various designs of a) XBn, b) XBp, and c) M-barrier structures. X refers to the contact layers which can be either p-type or n-type as
shown on the left-hand side of each structure, B denotes the insertion of barrier into the structure and the active region is on the right-hand side of each
structure. The M-structure inserts an AlSb barrier layer between the GaSb layers in the SL region of InAs/GaSb. a,b) Reproduced with permission.l?'*!
Copyright 2015, Elsevier. c) Reproduced with permission.?'® Copyright 2020, Elsevier.
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Figure 11. Collected data of dark current density versus cut-off wavelength in the MWIR regime at two different temperature ranges a) from 70 to 99 K and
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“Rule 07.”

temperature above 77K and fabricated at Teledyne Imaging
Sensors. Figure 11a shows the photodetector’s dark current den-
sity at low temperatures between 70 and 99 K. It can be seen that
Ga-free (barriers and nonbarriers based) T2SL studies are limited
compared to their Ga-based counterparts. The dark current den-
sity of the nonbarrier Ga-based T2SL PDs is roughly in the range
of 107°-10 A cm 2 (with some higher outliers) under an
applied bias of 50-200mV for intermediate temperatures of
70-99 K in the MWIR range.['0111:181.215-218] The hest perform-
ing T2SL photodetector was reported by Schmidt et al.?'®! in
2017 using a P* N~ Ga-based T2SL barrier structure with a
cut-off wavelength of ~4.7 ym achieved at 77 K. A very low dark
current density (J~2.6 x 107'° A cm™?) was achieved under an
applied bias of 100 mV. In contrast, nonbarriers, Ga-free T2SL
exhibit a slightly higher dark current density compared to Ga-

Adbv. Photonics Res. 2021, 2100094 2100094 (12 of 23)

based T2SL with dark current density is in the range of 10>~
10> A cm 2 (with some higher/lower outliers) at an applied bias
of 10-300mV at the same operating temperatures.*2°-2%2
Recently, a very low dark current density of around
9.6 x 1078A cm™2 has been reported at an applied bias of
20mV and 77K using a nonbarrier, Ga-free T2SL, for a
Zn-diffused planar photodetector grown by MOCVD.™% It
can be seen from Figure 11a that the lowest dark current density
so far of J~1 x 107'° A cm ™2 has been achieved at an applied bias
of 100mV and 99K using a Ga-free T2SL, nBn design.®’
Generally, the best performing T2SL PDs with low dark current
densities are achieved using barrier structures that are roughly
four to five orders of magnitude higher than “Rule 07” at low
operating temperatures (70-99 K) in the MWIR range. The vari-
ation in dark current density performance, due to changes in
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T2SL designs and growth on nonnative substrates, highlights the
importance of utilizing barrier structures to minimize the con-
tribution of G-R dark current and to assist for surface passivation
which can also be implemented to reduce the contribution of sur-
face leakage current. However, band offsets engineering of the
barrier detector is a crucial aspect that needs to be considered in
designing such a structure. The zero band offsets alignments are
critically important for enhanced device performance without
impending the flow of carriers. Another aspect is the fabrication
and etching process of Al material-based barrier detectors which
could have an effect on the absorber region and limit the device
performance. This means that by etching the Al-based barrier
detectors, Al material is easily oxidized when it is wet etched
and can result in the formation of an oxidation layer at the sur-
face of the absorber layer which can hamper the flow of current
and limit the device characteristics. Consequently, there is an
essential need for Al-free barrier layers with zero band offsets
to improve the performance of InAs/GaSb and InAs/InAsSb
T2SL materials.

Figure 11b shows the dark current densities of the PDs at high
temperatures between 150 and 170 K. It can be seen that there is
high research interest in barriers-based Ga-free compared to Ga-
based T2SL which indicates the potential of Ga-free T2SL to out-
perform Ga-based T2SL at HOT due to the suppression of G-R
SRH related dark current in addition to its appealing fundamen-
tal material properties. The best performing T2SL realized using
barrier designs where the dark current densities are only about
one to two orders of magnitude higher than “Rule 07.”
Particularly, the lowest dark current density reported so far by
using an nBn barrier Ga-free T2SL design with J~5 x 10 °A
cm ™2, obtained at a cut-off wavelength of ~4.9pum at 150 K
and under an applied bias of 100 mV, which is only 5x the
MCT’s “Rule 07.”®¥ These barrier-based T2SL PDs with such
low dark current densities are highly promising for HOT and
can favorably compete with the dominant MCT detectors.

3.5. Differential Resistance-Area Product

Differential resistance-area product (R44) is the well-known fig-
ure of merit of a photovoltaic detector and can be expressed as

RoA — (@) o (11)

oV

where Ry is the resistance at zero-bias and Jq,, is the dark cur-
rent density. R4A product is the dynamic resistance-area product
thatis used for barrier detectors where an applied bias is required
to achieve proper responsivity. Figure 12 compares the R;A prod-
uct to “Rule 07” for barrier and nonbarrier PDs based on Ga-
freel’®3-16>238 and Ga-containing!®®2174182:239 T281, at HOT
of 300 K in the MWIR spectral range. Generally, it can be seen
that the RA performance of T2SL PDs is approaching the perfor-
mance level of the current state-of-the-art MCT detectors. It is
seen that the best RA product is achieved using a barrier-based
Ga-free T2SL PD,'****® with a cut-off wavelength of 5.8 um
under an applied bias of 200 mV, which slightly exceeds the
MCT’s “Rule 07” at 300 K.In contrast, the RA performance of
nonbarriers Ga-based T2S1[°®112182] i Jower than that of barrier
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Figure 12. Collected values of RdA product versus cut-off wavelength for
barrier and nonbarrier Ga-free and Ga-based T2SL PDs compared to MCT
experimental data and Rule 07 at HOT of 300 K.

detectors and it is roughly less than an order of magnitude com-
pared to “Rule 07.”

4. Recent Advances in IR Detection Technologies

Several advances in IR detection technologies have been devel-
oped to realize HOT detection that circumvents the need for
cryogenic cooling and satisfy the essential requirement of
SWaP. III-V HOT IR detectors are potentially less expensive with
high-performance, significantly reduced dark current density,
high spectral detectivity and quantum efficiency. In this section,
we briefly discuss novel technologies and future approaches of
HOT IR photodetection including FPAs and QCIPDs.

4.1. Focal Plane Arrays

A FPA is an array detector that is typically a two-dimensional (2D)
array of many pixels. The FPA is commonly used for imaging
purposes, but it can also be used for applications in spectrometry
and light detection and ranging. Currently, the two main MWIR
FPA technologies are either based on InSb or MCT materials,
each with its distinct advantage. InSb dominates the MWIR
FPA market due to its superior manufacturability and its appli-
cability on PDs systems. In contrast, HgCdTe (MCT) semicon-
ductor can achieve low dark current and higher operating
temperature which is, therefore, a detector of choice for more
demanding applications. FPA based on T2SL can combine the
advantages of III-V semiconductors and the high performance
of MCT.

Over the last decade, there has been much progress and devel-
opments using the Sb-based IR III-V semiconductors as single-
pixel and FPA detectors based on barrier structures which have
shown promising results in reducing the G-R dark current
enabling HOT with improvement in photodetector’s perfor-
mance.”' 723190240241 Eor the FPA detectors, it is a crucial
requirement to not only reduce the cooling power by enabling
the noncryogenic operation but also to achieve good operability,
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Figure 13. Schematic plots show a) quantum efficiency and b) dark current density performance of current state-of-the-art technologies including XBn,
MCT, QWIP, and T2SL single-pixels and FPAs in the MWIR spectral band (3-6 um). Reproduced with permission.?*% Copyright 2019, Elsevier.

uniformity, stability, reproducibility, and scalability via fabricat-
ing large format and small pitch FPAs. In recent years, develop-
ments of Ga-based InAs/Ga(In)Sb and Ga-free InAs/InAsSb
T2SL have been carried out by several groups targeted at
MWIRE7226:244=2471 3y d LWIRI**7-2*% FPAs. Figure 13a summa-
rizes the quantum efficiency of current state-of-the-art detector
technologies including MCT, QWIP, nBn, and T2SL FPAs in
the MWIR regime. It is clearly shown that the performance of
T2SL can compete favorably with these technologies, specifically
with the MCT, with the QE of T2SL s in the range of 30-80%.12°%
Although the demonstrated dark current density of SL detectors
is reducing and approaching that of MCT detectors, it has still not
reached the MCT’s “Rule 07” performance level®*% as shown in
Figure 13b. Theoretically, it is believed that this SL has the poten-
tial to considerably exceed the performance of MCT.[®

To evaluate the FPAs sensitivity performance, the noise equiv-
alent temperature difference (NETD) characteristic is considered
as a primary figure of merit to investigate the reproducibility and
stability of the fabricated detectors. As an illustration, the tempo-
ral noise is measured via the signal-to-time ratio, whereas the
spatial noise is determined by the deviation of pixels in the arrays
when illuminated by a uniform and stable black body source. The
temporal NETD is defined as the average temporal noise of all
pixels in the array with the response per temperature. The spatial
NETD is defined as the average spatial noise of deviation values
divided by the response per temperature. Hence, a photodetector
can achieve good thermal sensitivity when the NETD is mini-
mum. The NETD can be calculated using the formula adduced
by Kinch®®

NETD x \/]dark +.]photonﬂux
QE

The NETD is a dark current density-dependent which means
that the FPA detector attains lower NETD when the dark current

(12)
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density is minimal. Recently, IR FPAs based on Ga-containing
InAs/GaSb MWIR T2SL barrier structures have been manufac-
tured by the group at IRnova with pixel formats of 320 x 256 and
640 x 512 on 30 and 15 pm pitch, respectively, utilizing a readout
integrated circuit (ROIC).**>**! The PDs exhibited a cut-off
wavelength of 5.1pm and a low dark current density of
1x 10 °A cm 2 with QE of 53% measured under an applied
bias of 50 mV at 120 K. The temporal and spatial NETD have
been measured for these fabricated FPAs with a demonstration
of relatively low NETD values of 12 and 4 mK for the 320 x 256
and 25 and 10 mK for the 640 x 512 with averaged FPAs opera-
bility of 99.8% (see Figure 14a,b). The 320 x 256 MWIR FPAs
detector showed the capability of detecting harmful gases at
HOT, such as methane (see Figure 15a). Another study by
Zhou et al®? in 2016 demonstrated HOT FPAs using
384 x 288 pixels MWIR, Ga-based pin T2SL with a small pitch
of 25 um. The fabricated FPA detectors were isolated using a
combination of dry and wet etching processes and passivated
with SiNy layer with a fill factor of more than 85% achieved.
The detectors with cut-off wavelengths of 4.1 and 5.6 ym exhib-
ited a low dark current density of 5 x 107*° A cm ™2 under an
applied bias of 20 mV with NETD of ~18 mK obtained in the
temperature range of (77-100 K) and 10 mK at 77 K. The fabri-
cated FPA exhibited high-quality imaging capability at HOT
which demonstrates the good temperature tolerance of the device
(see Figure 15b).

Ga-free InAs/InAsSb T2SL has been utilized to fabricate FPA
detectors. A recent study by Ting et al.’”) in 2018 reported a HOT
MWIR FPA based on CBIRD with a cut-off wavelength of 5.4 pm
at 150 K. The detector pixels were defined by a dry etch process
into a 640 x 512 format on 24 pm pitch using ROIC. The FPA
exhibited alow NETD of 18.5 mK and a highly stable-NETD oper-
ability of 99.7% in the temperature range of (80-150K).
Figure 16 shows the images taken with the FPA at 160-170 K
in the MWIR range. The Vital Infrared Sensor Technology
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Figure 14. Measurements of a) temporal and spatial NETD of the fabri-
cated FPAs at IRnova showing NEDT values and b) operability of FPAs
showing a value of around 99.8%. Reproduced with permission.??¢!
Copyright 2017, Elsevier.

Acceleration (VISTA), a program developed by the USA govern-
ment, has recently fabricated large-format dual-band FPA detec-
tors (1280 x 720) on 12pm pitch which showed excellent
manufacturability and high uniformity!®>® (see Figure 17).
The NETD value of the FPA was 27.44 mK with operability of
99.09%. These results demonstrate that T2SL detectors with bet-
ter uniformity over a large area and good performance at a high
temperature can favorably compete with the current MCT
detectors.

()

www.adpr-journal.com

Aim Infrarot-Module GmbH (AIM) has recently manufac-
tured FPAs based p-on-n planar MCT detectors with a cut-off
wavelength of 5.2pum achieved at 80 K.*** These detectors
were fabricated into 640 x 512 and 1024 x 768 pixel formats with
a 20- and 10-pm pitch, respectively. The NETD performance
obtained for the 640 x 512 FPA detector showed slightly higher
values of 24 mK at 160 K with a significant increase to about 40
mK at 180 K. This increase was attributed to the impact of ther-
mal generation dark current which affects the NETD detector’s
performance and leads to a reduction in integration time.
The operability of the FPA detectors was in the range of
99.8-99.5% at 160-170 K. Figure 18 shows the quality of the
images taken by the 640 x 512 pixel on a 20-um pitch MCT detec-
tor array. As shown, for operating temperatures from 120 to
180K, the quality of images is good, but when temperature
was increased above 200 K the dark current contribution became
apparent with a considerable increase in noise.

4.2. Quantum Cascade Infrared Photodetectors

Quantum cascade infrared photodetectors (QCIPDs) are multi-
stage IR detectors designed to increase quantum efficiency
and achieve HOT with low SNR. As discussed previously in
Section 3.1, the QE of the photodetector can be enhanced by
increasing the thickness of the absorber layer. However, as ear-
lier pointed out, the QE of a conventional photodiode is limited
by the carrier diffusion length.'"¥ Hence, the diffusion length
factor has to be considered when increasing the absorber thick-
ness since increasing the thickness of the absorber layer beyond
the carrier diffusion length might not result in the desired
parameters enhancement. This means a collection of carriers
can only occur when the photogenerated carriers travel a distance
less than or equal to the diffusion length of the carriers. In the
QCIPDs, each absorber layer is engineered to be ultimately
shorter than the diffusion length to enable the collection of all
photogenerated carriers. QCIPDs are classified into two groups:
1) Inter-band quantum cascade infrared photodetectors
(IB-QCIPDs) and 2) inter-subband quantum cascade infrared
photodetectors (IS-QCIPDs). Figure 19 is a schematic diagram
of the IB-QCIPDs with absorbers based on Ga-containing
InAs/Ga(In)Sb. As shown, there are different zones, and each
zone has its mechanism: 1) The excitation zone (absorbing layer)

(b)

Figure 15. a) An image captured by IRnova camera with the fabricated 320 x 256 MWIR FPA on a 30-um pitch showing detection of methane gas. It can
be seen that the methane cloud (seen as a black cloud in the image) is observed around the nozzle. Reproduced with permission.?*"! Copyright 2016,
SPIE. b) An image was taken by the fabricated 384 x 288 MWIR FPA on a 25-pm pitch. Reproduced with permission.[*?l Copyright 2016, Elsevier.
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Figure 16. Images captured by the fabricated Ga-free T2SL 640 x 512 MWIR FPA on a 24-pum pitch. It can be seen that good-quality images are obtained
in the MWIR domain at HOT of 160170 K. Reproduced with permission.["®® Copyright 2018, AIP Publishing.

Figure 17. Animage captured with 1280 x 720 dual-band FPA detector on
a 12-um pitch based on Ga-free T2SL. The image was taken at 80 K with /4
optics. Reproduced with permission.”**! Copyright 2017, SPIE.

N
220K

~0.1ms

200K

~0.2ms

Figure 18. Images captured by MWIR MCT FPA 640 x 512 with a 20-pm
pitch at operating temperatures from 120 to 220 K. Reproduced with per-
mission.”**! Copyright 2017, Springer Nature.

where electrons are excited from the valence band to the conduc-
tion band by the absorption of photons. 2) The intraband relaxa-
tion zone has electron and hole barriers consisting of digitally
graded AISb/GaSb multi-quantum wells (MQWs) barrier for
electrons and InAs/AISb MQWs barrier for holes. In this region,
electrons are transported, and holes confined to zones (1) and (3).
In region (3), the inter-band tunneling zone, electrons return to the
valence band of the absorbing layer via the tunneling mechanism.
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Figure 19. A schematic diagram shows the IB-QCIPDs using Ga-based
T2SL absorbers. Reproduced with permission.”** Copyright 2010, AIP
Publishing.

The main difference between 1S-QCIPDs and IB-QCIPDs is
that the transition in IS-QCIPDs occurs within the same band
(e.g., the conduction band), whereas the transitions occur
between the conduction band and the valence band in the IB-
QCIPDs. Fundamentally, the IB-QCIPDs and IS-QCIPDs are
very different in terms of activated processes and distinct carrier
lifetimes, that is, IS-QCIPDs have a fast rate of phonon scattering
in the range of picosecond while nanosecond range for Auger
and SRH recombination in IB-QCIPDs.**® Based on more than
two decades of investigations on IS-QCIPDs and IB-QCIPDs, it is
well known that the IB-QCIPDs have a relatively much longer
minority carrier lifetime which has led to a significantly lower
dark current density and higher performance compared to the
IS-QCIPDs at room temperature.p“] IB-QCIPDs T2SL have
shown promising results including HOT above 290K and up
to 450 K,2*5257725% high spectral detectivity of >10° Jones at
300 K22 and QE of 55% at 200 K.**!J A recent published
review work has compared the PDs’ performances of IB-
QCIPDs based on SL, IS-QCIPDs, and QWIPs in the MWIR
and LWIR regions at 300 K.*®! This comparative study of elec-
trical performances including spectral responsivity and peak
detectivity showed that the photodetector performance of the
IB-QCIPDs is much higher than that of IS-QCIPDs. Another
study®®? has experimentally demonstrated that the RoA
products of the IB-QCIPDs T2SL are higher than the MCT
photodiodes. Figure 20 compares the RyA product as a function
of cut-off wavelength for IB-QCIPDs based on InAs/GaSb
T2SL,1255:257:259,262-264] 1. QCIPDs based on InGaAs/InAlAs
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Figure 20. Collected values of ROA product versus cut-off wavelength of
IB-QCIPDs based on InAs/GaSb T2SL, IS-QCIPDs SL based on InGaAs/
InAlAs and InAs/AlAsSb in comparison with MCT photodiodes at 300 K.

SL26526¢) and InAs/AlAsSb SL,?*”) and MCT photodiodes!**? at
300 K. It can be seen that RoA for the IB-QCIPDs is higher than
that for IS-QCIPDs and it is significantly exceeding the MCT’s
“Rule 07” at 300 K.

5. Conclusion

In this review, the fundamental optical properties of T2SL mate-
rial systems have been evaluated including bandgap energies,
band heterostructure alignments, absorption coefficients, and
minority carrier lifetimes. In addition, materials growth method
of Ga-free and Ga-based T2SL has been compared. Moreover, the
photodetector’s optical and electrical performances for both Ga-
free and Ga-based T2SL have been compared with respect to
quantum efficiency, detectivity, dark current density, and differ-
ential resistance-area product in the MWIR domain. It has been
shown that the QE of Ga-free and Ga-based, barriers-based T2SL
is typically in the range of 25 to ~60% at high temperature
(150K). This QE performance is comparable to the current
state-of-the-art MCT detectors at HOT. It has been also
highlighted that the QE of T2SL detectors can be increased by
increasing the absorber thickness but not beyond the diffusion
length. Furthermore, the dark current densities of nonbarriers
based, Ga-containing T2SL are slightly lower (1077-10°A
cm~?) than that of Ga-free T2SL (107°-107> A cm?) at low tem-
peratures (70-99 K). However, barriers-based, Ga-free T2SL have
shown slightly lower dark current densities compared to Ga-
based T2SL at HOT (150-170 K) with more research focused
on Ga-free T2SL in this temperature range. A rule of thumb
called “Rule 07” has been used to compare the dark current den-
sities of both T2SL with MCT detectors at low and high operating
temperatures. It has been shown that the best performing bar-
riers based T2SL dark current densities are as far as four to five
orders of magnitude higher than “Rule 07” at low operating tem-
peratures, whereas they are only about one to two orders of
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magnitude closer to “Rule 07” at high operating temperatures
in the MWIR spectral range. In addition, the differential resis-
tance-area products of both T2SL at HOT have been compared.
It has been shown that RA products of Ga-free T2SL barrier
detectors are slightly exceeding “Rule 07.” In contrast, the RA
products of nonbarrier Ga-based T2SL detectors are only a
few times the MCT’s “Rule 07” at 300 K.

Due to the interesting material properties of T2SL and the out-
standing optical and electrical performances demonstrated, they
are emerging as a highly promising material for use in the future
generation of IR detectors and as an alternative to the current
state-of-the-art MCT. As a result, new designs and approaches
are currently being explored including FPAs and novel multi-
stage detector architectures such as QCIPDs. T2SL have demon-
strated enormous promise with the potential to outperform the
current state-of-the-art HOT MCT detectors. They have the
potential to operate at HOT and satisfy the SWaP requirement
to avoid the need for cryogenic cooling which is the primary lim-
iting factor for the MCT detectors.
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