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In 1959, Lawson and co-workers published the paper which triggered development of variable
band gap Hg; Cd,Te (HgCdTe) alloys providing an unprecedented degree of freedom in infrared
detector design. HgCdTe ternary alloy has been used for realization of detectors operating under
various modalities including: photoconductor, photodiode, and metal-insulator-semiconductor
detector designs. Over the last five decades, this material system has successfully overcome the
challenges from other material systems. It is important to notice that none of these competitors
can compete in terms of fundamental properties. The competition may represent more mature
technology but not higher performance or, with the exception of thermal detectors, higher operating
temperatures (HOTs) for ultimate performance. In the last two decades, several new concepts for
improvement of the performance of photodetectors have been proposed. These new concepts are
particularly addressing the drive towards the so called HOT detectors aiming to increase detector
operating temperatures. In this paper, new strategies in photodetector designs are reviewed,
including barrier detectors, unipolar barrier photodiodes, multistage detectors and trapping
detectors. Some of these new solutions have emerged as a real competitor to HgCdTe

photodetectors. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4896193]
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The years during World War II saw the origins of the
modern infrared (IR) detector technology. Photon IR
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focus has been on the development of focal plane arrays
(FPAs) rather than on establishing the knowledge base.
Nevertheless, significant progress has been made over last
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five decades. At present, HgCdTe is the most widely used
variable gap semiconductor for IR photodetectors.

The specific advantages of HgCdTe are the direct energy
gap, ability to obtain both low and high carrier concentra-
tions, high mobility of electrons, and low dielectric constant.
The extremely small change of lattice constant with composi-
tion makes growth of high quality layers and heterostructures
possible. HgCdTe can be used for detectors operating under
various modalities (photoconductors, photodiodes, and metal-
insulator-semiconductor (MIS) detectors), and can be opti-
mized for operation within an extremely wide range of the IR
spectrum (from visible region to 30 um) and at temperatures
ranging from that of liquid helium to room temperature.

The main motivations to replace HgCdTe are associated
with technological problems associated with processing of
this material. Many of them originate with the weak Hg-Te
bond, and the resulting bulk, surface and interface instabil-
ities. Uniformity and yield are still issues in need of address-
ing, especially in the LWIR spectral range. Nevertheless,
HgCdTe remains the leading semiconductor for IR detectors.

HgCdTe has inspired the development of the four
“generations” of IR detector devices (see Fig. 1). The late
1960s and early 1970s saw the development of the first-
generation based on photoconductor linear arrays. These sys-
tems relied on scanning optics and did not include multiplex-
ing functions in the focal plane. In the mid-1970s, attention
turned to the photodiodes for passive IR imaging applica-
tions and is generally considered as the onset on the second
generation of IR detectors. In contrast to photoconductors,
photodiodes with their very low power dissipation, inher-
ently high impedance, negligible 1/f noise, and easy
multiplexing on focal plane silicon chip can be assembled
in two-dimensional (2-D) arrays containing more than a
megapixel of elements, limited only by existing processing
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technologies. The main attention turned towards HgCdTe
photodiodes with the idea of an all-solid-state electronically
scanned 2-D IR detector array instigated with the invention
of charge coupled devices (CCDs) by Boyle and Smith.” By
the end of 1970s, the emphasis was directed towards large
photovoltaic HgCdTe arrays in the MW and LW spectral
bands for thermal imaging. Recent efforts have been
extended to short wavelengths, e.g., for starlight imaging in
the SW range, as well as to VLWIR space borne remote
sensing beyond 15 um.

The third generation HgCdTe and type-II superlattice
(T2SL) systems continue to be currently developed, and con-
cept 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, better thermal resolution, as well
as, multicolor functionality and other on-chip functions.
Multicolor capabilities are highly desirable for advanced IR
systems. 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.* For example, Fig. 2 shows
the first demonstration of a monolithically integrated plas-
monic FPA camera in the mid-infrared region, using a metal
with a two-dimensional hole array on top of an intersubband
quantum-dots-in-a-well (DWELL) heterostructure FPA
coupled to a read-out integrated circuit.” This camera opens

FIG. 1. History of the development of infrared detectors and systems. New types of detectors considered in this paper are marked by blue color. Four genera-
tion systems can be considered for principal military and civilian applications: first generation (scanning systems), second generation (staring
systems—electronically scanned) third generation (staring systems with large number of pixels and two-color functionality), and fourth generation (staring sys-
tems with 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).
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FIG. 2. Schematic of the plasmonic DWELL focal plane array. (a) Heterostructure schematic and band diagram of the DWELL absorber. (b) Schematic view
of the surface plasmon (SP) structure defined on one half of the DWELL FPA after hybridization with a read-out integrated circuit and subsequent substrate re-
moval. (¢) Zoomed-in image showing the FPA bonded to the ROIC along with the SP electric field profile. (d) Visible images of the two halves of the FPA
clearly showing the non-plasmonic and plasmonic sections. The orthogonal pitches of the two-dimensional grating are both fixed at 1.79 um (p). The metal
thickness is about 50 nm. The circular aperture size (d) is fixed at 0.5 p. Reprinted with permission from Lee et al., Nat. Commun. 2, 286 (2011). Copyright

2011 Macmillan Publishers Ltd.

the way for development of pixel-level color-vision spectro-
polarimetric imagers.

Cryogenic cooling of detectors has always been the bur-
den of sensitive IR systems. Many efforts have been made to
develop imaging IR systems that would not require cryo-
genic cooling. During the last two decades, we have
observed a revolutionary emergence of FPAs based on ther-
mal detectors, i.e., bolometers and pyroelectric devices. At
present, full television-compatible arrays are used, but they
cannot be expected to replace the high-performance cryo-
genically cooled arrays without a scientific breakthrough. A
response much shorter than that achievable with thermal
detectors is required for many applications. Thermal detec-
tors seem to be unsuitable for the IR thermal imaging sys-
tems, which are moving toward faster frame rates and
multispectral operation. A response time much shorter than
that achievable with thermal detectors is also required for
many non-imaging applications. Photon detectors (photode-
tectors) make it possible to achieve both high sensitivity and
fast response. Recent considerations of the fundamental pho-
todetector mechanisms suggest that, in principle, near-
perfect detection can be achieved in the MWIR and LWIR
ranges without the need for cryogenic cooling.®™®

A number of concepts to improve performance of
high-operating temperature (HOT) photodetectors have been
proposed. Apart from photoconductive detectors and photo-
diodes, three other types of IR photodetectors can operate at
near room temperature; photoelectromagnetic (or PEM)
detectors, magnetoconcentration detectors, and Dember
effect detectors. While significant improvements have been
obtained by suppression of Auger thermal generation in
excluded photoconductors’ and extracted photodiodes,'®!!
these non-equilibrium devices require significant bias cur-
rents and exhibit excessive low frequency 1/f noise that
extends up to MHz range.

Recently, there has been considerable progress towards
new materials development and device design innovations.
In particular, significant advances have been made during
the last two decades in the area of band-gap engineering of
various compound semiconductors that has led to new detec-
tor architectures. New emerging strategies include barrier
structures such as nBn detector, low-dimensional solids
(especially T2SLs) with lower generation-recombination
leakage mechanisms, photon trapping detectors, and multi-
stage/cascade infrared devices.

This review paper presents approaches, materials, and
device structures of the new types of infrared detectors. The
intent is to focus on designs having the largest impact on the
main stream of infrared detector technologies today. A sec-
ondary aim is to outline the evolution of detector technolo-
gies showing why certain device designs and architectures
have emerged recently as technologies alternative to the
HgCdTe ternary alloy. The third goal is to emphasize the
applicability of novel detectors in design of FPAs.

Il. FUNDAMENTAL PERFORMANCE LIMITS OF
INFRARED PHOTODETECTORS

In general, the detectivity (D) of an infrared photode-
tector is limited by generation and recombination rates G
and R in the active region of the device. It can be expressed

12,13
as

Df—_ A 1/2_ (1
C212pe(G 4+ R)VP\A) 1V

where 4 is the wavelength, & is the Planck’s constant, ¢ is the
velocity of light, and # is the quantum efficiency. Here, the
detector is considered as a slab of homogeneous semicon-
ductor with actual “electrical” area, A,, thickness, #, and
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volume, A.t. Usually, the optical (A,) and electrical areas of
the device are the same or similar. However, the use of some
kind of optical coupler/concentrator can increase the A /A,
ratio by a large factor.

For a given wavelength and operating temperature, the
highest performance 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
n/l(G +R)7]">. This means that high quantum efficiency
must be obtained with a thin device.

A possible way to improve the performance of IR detec-
tors 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 effi-
ciency, optical area, and field of view (FOV) of the detector.

The detectivity of an optimized infrared photodetector is
limited by thermal processes in the active region of the

device. It can be expressed as'>'?
l 1/2
D" = 0.31%k<g> , )

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, o/G, is the fundamental figure of merit of
any material intended for infrared photodetection. The o/G
ratio versus temperature for various material systems capable
of band gap tuning is shown in Fig. 3 for a hypothetical
energy gap equal to 0.25 eV (A=5um) (Fig. 3(a)) and
0.124 eV (2= 10 um) (Fig. 3(b)). Procedures used in calcula-
tions of o/G for different material systems are given in
Ref. 14. Analysis shows that the narrow gap semiconductors
are more suitable for high temperature photodetectors in
comparison to competing technologies such as extrinsic
devices, QWIP (quantum well IR photodotector), and QDIP
(quantum dot IR photodotector) devices. The main reason
for high performance of intrinsic photodetectors is high den-
sity of states in the valence and conduction bands, which
results in strong absorption of infrared radiation. Figure 3(b)
predicts that recently emerging competing IR material,
type-II SL, is the most efficient material technology for IR
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detection in long wavelength region, theoretically perhaps
even better than HgCdTe. 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 noticing that theoretically AlGaAs/GaAs QWIP is
also a better material than extrinsic silicon.

Background radiation is frequently the main source of
noise in a detector. Then, background limited infrared per-
formance detectivity, D*BL]p, is

. Ao \"?
DBLIP%((Z,)_B) ) 3)

where ¢p is the background photon flux density. Once
background-limited performance is reached, quantum effi-
ciency, 1, is the only detector parameter that can influence
detector’s performance.

Figure 4 shows the spectral detectivity of a background
limited photodetector operating at 300, 230, and 200K ver-
sus the wavelength calculated for 300K background radia-
tion and hemispherical FOV (0 =90deg). The minimum
Dj,p (300K) occurs at 14 um and is equal to 4.6 x 10"
cmHz'*/W. For some photodetectors which operate at near
equilibrium conditions—such as non-sweep-out photoconduc-
tors, the recombination rate is equal to the generation rate.
For these detectors, the contribution of recombination to the
noise will reduce D}, by a factor of 2"%. Note that D}, ,p
does not depend on area and the A,/A, ratio. As a conse-
quence, the background limited performance cannot be
improved by making A,/A, large.

It is interesting to consider the performance require-
ments of near-room temperature photodetectors for thermal
cameras. Thermal resolution of infrared thermal systems is
usually characterized by the noise equivalent temperature
difference (NETD). It can be shown that'

2A£1/2 | (4
NETD_&U .

D*()dx| “)
AV, )i dT ]

where F is the optics f-number, Af is the frequency band, A,
is the detector area, 1,, is the optics transmission, and M is
the spectral emittance of the blackbody described by the
Planck’s law.

FIG. 3. «/G ratio versus temperature
for (@) MWIR-A=5um, and (b)
LWIR-4 = 10 um photodetectors based
on HgCdTe, QWIP, Si extrinsic, and
type-II superlattice (for LWIR only)
material  technology. From J.
Piotrowski and A. Rogalski, High-
Operating ~ Temperature  Infrared
Photodetectors. Copyright 2007 SPIE
Press. Reproduced by permission of
SPIE.
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FIG. 4. Calculated spectral detectivities of a photodetector limited by the
hemispherical FOV background radiation of 300K as a function of the peak
wavelength for detector operating temperatures of 300, 230, and 200 K.
From J. Piotrowski and A. Rogalski, High-Operating Temperature Infrared
Photodetectors. Copyright 2007 SPIE Press. Reproduced by permission of
SPIE.

As Eq. (4) shows, the thermal resolution improves with
an increase in detector area. However, increasing detector
area results in reduced spatial resolution. Hence, a reasona-
ble compromise between the requirement of high thermal
and spatial resolution is necessary. Improvement of thermal
resolution without detrimental effects on spatial resolution
may be achieved by:

* an increase of detector area combined with a correspond-
ing increase of focal length and the objective aperture,

» improved detector performance, and

* an increase in number of detectors.

Increase of aperture is undesirable because it increases
sizes, 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 multi-
elemental sensor, which reduces each element bandwidth
proportionally to the number of elements for the same frame
rate and other parameters.

Figure 5 shows the dependence of detectivity on the cut-
off wavelength for a photodetector thermal imager with a re-
solution of 0.1K. Detectivities of 1.9 x 10° cmHz"*/W,
2.3 x 10* cmHz'"?/W, and 2 x 10° cmHz'?/W are necessary
to obtain NETD =0.1K for 10 um, 9 um, and 5 um cutoff
wavelength, respectively. The above estimations indicate
that the ultimate performance of the uncooled photodetectors
is not sufficient to achieve a thermal resolution of 0.1 K. The
thermal resolution below 0.1 K is achieved for staring ther-
mal imagers containing thermal FPAs.

lll. TRENDS IN INFRARED FOCAL PLANE ARRAYS

Infrared focal plane arrays are critical components in
many of the military and civilian applications for advanced
imaging systems. In this section, we focus on the continuing

Appl. Phys. Rev. 1, 041102 (2014)

FIG. 5. Detectivity needed to obtain NETD =0.1K in a photon counter de-
tector thermal imager as a function of cutoff wavelength. From J. Piotrowski
and A. Rogalski, High-Operating Temperature Infrared Photodetectors.
Copyright 2007 SPIE Press. Reproduced by permission SPIE.

requirements for extended detector capability to support
applications for future generations of infrared sensor
systems.

Figure 6 illustrates the trend in array size over the past
40 years. Imaging IR FPAs have been developing in-line
with the ability of silicon integrated circuit (ICs) technology
to read and process the array signals, and also to display the
resulting image. The progress in IR arrays has also been
steady mirroring the development of dense electronic struc-
tures such as dynamic random access memories (DRAMS).
FPAs have had nominally the same development rate as
DRAM ICs, which have followed the Moore’s Law with a
doubling-rate period of approximately 18 months; however,
with FPAs lagging 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. 6, which shows for
MWIR FPAs, the log of the number of pixels per array as a
function of the first year of commercial availability. CCDs
with close to 2 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 mar-
ket demand for larger arrays is not as strong as before the
megapixel milestone was achieved. In particular, astrono-
mers were the driving force towards the day when the optoe-
lectronic arrays could match the size of the photographic
film. Since large arrays dramatically multiply the data output
of a telescope system, the development of large format
mosaic sensors of high sensitivity for ground-based astron-
omy 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.

Infrared photodetectors are typically operated at cryo-
genic temperatures to decrease the noise of the detector aris-
ing from various mechanisms associated with the narrow
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band gap. There are considerable efforts to decrease system
cost, size, weight, and power consumption, to increase the
operating temperature in so-called HOT detectors.

Increasing the operating temperature of detector reduces
the cooling load allowing more compact cooling systems
with higher efficiency. For example, for an operating temper-
ature of 150K, the cool-down time and steady state power
dissipation in the standard Selex Hawk integrated dewar
cooler assembly (IDCA) are reduced by around 40% and
55%, respectively, in comparison to operation at 80K (see
Fig. 7). To achieve near background limited infrared photo-
detector (BLIP) performance at temperatures above 150K,
the previously optimized engine cooled configuration

FIG. 7. Selex Hawk IDCA performance in the operating temperature range
of 80-195K (power excludes cooler control electronics losses). Reproduced
with permission from Pillans er al., Proc. SPIE 8353, 83532W (2012).
Copyright 2012 SPIE.
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FIG. 6. Imaging array formats com-
pared with the complexity of silicon
microprocessor technology and
dynamic access memory (DRAM) as
indicated by transistor count and mem-
ory bit capacity. Adapted from Ref. 15
with completions. The timeline design
rule of MOS/CMOS features is shown
at the bottom. CCDs with close to 2
gigapixels offer the largest formats.
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 dou-
bling time of approximately 18
months. Infrared arrays with size
above 100 mega pixels are now avail-
able for astronomy applications.
Imaging formats of many detector
types have gone beyond that required
for high definition television.

consumed 1-2 W in steady state. At present, after improved
processing of MWIR HgCdTe photodiode arrays grown by
MOCVD, similar performance at temperatures in the range
of 200-220K introduces the opportunity for thermoelectri-
cally cooled operation.

Because the cost of the optics made from Ge (the stand-
ard material for IR optics) rises approximately with the
square of the lens diameter, the reduction of the pixel size
results in significantly reduced cost of the optics. These
reductions in optics size would have a major benefit in reduc-
ing the overall size, weight, and cost of portable IR systems.
In addition, the reduction in pixel size allows for larger num-
ber 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 8 presents a trade-off analysis of the
detection range and 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 um 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.

Pixel size as small as 10 um has been demonstrated. A
general trend has been to reduce the pixel size, and this trend
is expected to continue. Systems operating at shorter wave-
lengths are more likely to benefit from small pixel sizes
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FIG. 8. Calculated detection range as a function of sensor optics for increas-
ing detector pixel size and format using NVESD NVTherm IP modeling,
assuming a 35 mK NETD (F/1, 30Hz) for all detectors. Reproduced with
permission from Li et al., Proc. SPIE 7298, 72980S (2009). Copyright 2009
SPIE.

because of the smaller diffraction-limited spot size.
Diffraction-limited optics with low f-numbers (e.g., F/1)
could benefit from pixels down to the order of one wave-
length across; about 10 um in the LWIR. Over sampling the
diffractive spot may provide some additional resolution for
smaller pixels, but this saturates quickly as the pixel size is
decreased. Pixel reduction is also needed for reduction of
system cost (reduction of the optics diameter, dewar size and
weight, power, and increase of reliability). The pitch of
15 pm is used in HgCdTe arrays produced today at Sofradir,
and pitches of 10-um and less will be scheduled in short
term [see Fig. 9(a)].16*18 A similar tendency has been
observed in the case of microbolometers [see Fig. 9(b)]."?

The current trend in FPAs for imaging systems is
reduction of pixel size with improved spatial resolution if
the imaging lens does not limit resolution.”’ Diffraction
constrains the maximum spatial frequency transmitted
through an optical system to be v,,,. = 1/[A(F)], where F is
the system f-number. Table I shows the minimum useful
pixel pitch as a function of maximum wavelength and F
equal to 2 or larger (used in the most high performance
systems).21

The Darpa Nyquist-Limited Infrared Detectors (NIRD)
Program (DARPA-BAA-08-54)** has been launched to

Appl. Phys. Rev. 1, 041102 (2014)

TABLE I. Minimum useful pixel pitch.

Optics F/#
Detection wavelength (um) 2 3 4
5 um 5 ym 7.5 ym 10 um
12 um 12 ym 18 um 24 um

develop 5-um pitch IR detectors. This value, if attained, will
reach diffraction limit on most practical optical systems.

Taking into account the detector size and system
f-number, Driggers et al.>* have recommended LWIR detec-
tors to be fabricated with 5 yum and MWIR with 3 um size,
respectively. 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 rela-
tively large compared with feature size that can be achieved
with state-of-the-art nanofabrication approaches).

IV. COUPLING OF INFRARED RADIATION WITH
DETECTOR-A NEW PERSPECTIVE

Advances in optoelectronics related materials science,
such as metamaterials and nanostructures, have opened doors
for new non-classical approaches to device design methodol-
ogies, which are expected to offer enhanced performance
along with reduced product cost for wide range of applica-
tions. Additionally, plasmonics takes advantage of the very
large (and negative) dielectric constant of metals, to com-
press 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 nano-structured surfaces have
become a widely used design tool to increase light absorp-
tion and enhance the performance of broadband detectors
without employing anti-reflection coatings.

Since absorption coefficient is a strong function of the
wavelength, the wavelength range in which an appreciable
photocurrent can be generated is limited for a given detector
material. So, broadband absorption is usually inadequate due

FIG. 9. Pixel pitch for (a) HgCdTe photodiodes, and for (b) amorphous silicon microbolometes have continued to decrease due to technological advancements.
Reproduced with permission from Destefanis et al., Proc. SPIE 8012, 801235 (2011). Copyright 2011 SPIE and see http://www.sofradir-ec.com/wp-uncooled-

detectors-achieve.asp for ULIS.
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FIG. 10. Cross section through the photonic crystal microcavity.

to quantum efficiency roll-off. Research on photonic crystal
(PC) structures with a periodic refractive index modulation
has opened up several ways for the control of light. Most
existing devices are realized as two-dimensional (2D) PC
structures, as they are compatible with standard semiconduc-
tor processing.>*2°

PC crystal represents a regular array of holes (defects)
that is used to modify the local refractive index to provide
localized modes in the “photonic” band structure (see Fig.
10). By removing a single hole, energy well for photons is
formed similar to that of electrons in a quantum wire struc-
ture. The 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 to the in-plane direction. In addition, a 4/2 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 (3D) confined opti-
cal mode.

An example of metal PC-integrated detector design is
shown in Fig. 11 along with a schematic cross sectional view
of the sample structure.”® The PC is a 100 nm-thick Au film
perforated with a 3.6 um period square array of circular holes
having diameter of 1.65 = 0.05 um. This array of circular
holes couples to surface plasma waves at 11.3 and 8.1 um for
reverse and forward bias, respectively, where InAs QDIPs
exhibit the strongest detectivity (up to thirty-fold
enhancement).

Appl. Phys. Rev. 1, 041102 (2014)

Figure 12 shows the low temperature photoresponse
(I0K) of the metal PC QDIP and reference devices at
—3.0V and 3.4 V.?° The arrows in the figure indicate the ref-
erence devices which exhibit two, rather broad colour
response with indistinct peaks for both —3.0V and 3.4V
cases. The peak shift with applied voltage has been inter-
preted in terms of the quantum confined Stark effect. On the
other hand, the metal PC devices have totally different volt-
age dependent spectral responsivities in both, the peak wave-
lengths and especially the response intensity. They show
four peaks at identical wavelengths but amplitude varying
for both biases. The peak at 11.3 um, which is much stronger
than that of the reference device, is dominant for reverse bias
while the peak at 8.1 um is more intense than any other peak
for forward bias. The two remaining peaks at 5.8 and 5.4 um
are relatively weak.

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 um in diameter for a
response wavelength range of 8—10 um can be defined using
conventional optical lithography. An introduction of straight-
forward modification of a single or multielement defect in
the PC can selectively increase the response of photons with
a specific energy. Thereby, by changing the dimensions of
the defect, the resonance wavelength can be altered leading
to the fabrication of a spectral element in each pixel of the
FPA. This would have a revolutionary impact on multispec-
tral 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 13(a) shows a QWIP fabri-
cated as a PCS structure.”” 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. 13(b). The photoresponse of the
PCS-QWIP shows a wider response peak but additionally
displays several pronounced resonance peaks.

New solutions are arising with the use of plasmonic
structures which open novel avenues for photodetectors de-
velopment. ' The goal of infrared plasmonics is to
increase the absorption in a given volume of detector’s mate-
rial. As mentioned in Sec. II, smaller volumes provide lower

FIG. 11. (a) Optical microscope images
of the metal PC device with 16 times
magnification revealing the details of
the metal PC. The period of the circular
holes is 3.6 um; (b) a schematic cross
sectional structure of the metal PC de-
vice. Reproduced with permission from
Lee et al, Opt. Express 17(25),
2316023168 (2009). Copyright 2009
The Optical Society.
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FIG. 12. Spectral response curves of the reference device (two spectra at the
bottom with the arrows indicating the highest peak in each spectrum) and
the metal PC device (other two spectra with higher responsivity) for —3.0V
and 3.4V at 10K. Reproduced with permission from Lee et al., Opt.
Express 17(25), 23160-23168 (2009). Copyright 2009 The Optical Society.

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 cur-
rently achieved.

Surface plasmons (SPs) are coherent electron oscillations
which exist at the interface between any two materials where
the real part of the dielectric function changes sign across the
interface (e.g., a metal-dielectric interface, such as a metal
sheet in air). When SPs couple with a photon, the resulting
hybridized excitation is called 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.

Schematic representation of an electron density wave
propagating along a metal-dielectric interface is shown in Fig.
14. The charge density oscillations and associated electromag-
netic fields comprise SPP waves. The local electric field com-
ponent is enhanced near the surface and decays exponentially
with distance in a direction normal to the interface.

Surface plasmon photodetectors typically combine a
metallic structure that supports plasmons with photodetec-
tion structure based on internal photoemission or electron-
hole creation.*® Different architectures are used to support
SPPs on metalo-dielectric structures involving planar metal
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FIG. 13. PCS-QWIP design. (a) SEM image of a cleaved PCS, (b) Cross
section through the PCS-QWIP structure. Reprinted with permission from
Appl. Phys. Lett. 98, 011105 (2011). Copyright 2011 AIP Publishing LLC.

waveguides, metal gratings, nanoparticles such as islands,
spheres, rods, and antennas, or optical transmission through
one or many sub-wavelength holes in a metal film. However,
great challenges still remain to fully realize many promised
potentials.

SPs were first studied in the visible region. It appears
that common metals such as gold or silver have plasmon
resonances in blue or deep ultra-violate wavelength ranges.
Recently, an increased research effort is directed to the infra-
red. 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 um in wavelength. Moreover, the integration of
plasmonic structure with active detector region is intrinsi-
cally incompatible due to the low-quality metal deposition
techniques in comparison with high-quality epitaxial growth
of semiconductors or dielectrics. As a result, many intrinsic
plasmonic properties can be masked by the poor metal qual-
ity or poor semiconductor-metal interfaces. In addition,
wavelength tuneability is difficult to realize since the plas-
monic resonance frequency is fixed for a given metal. Thus,
other alternatives to metals such as highly doped semicon-
ductors have been proposed; e.g., InAs/GaSb bi-layer
structure.””

FIG. 14. (a) Schematic illustration of
electromagnetic wave and surface
charges at the interface between the
metal and the dielectric material, and
(b) the local electric field component is
enhanced near the surface and decays
exponentially with distance in a direc-
tion normal to the interface.
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Figure 15 shows schematically the difference in surface-
enhanced between visible and infrared absorption. As shown
in Fig. 15(a), the optical 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,
what is shown in Fig. 15(b). This solution is used for improv-
ing the performance of QWIP and QDIP detectors.****

Different plasmonic techniques are used to enhance
infrared detectors. A technique very popular for THz detec-
tors> involves antenna-like structure to couple incident radi-
ation to surface plasmons.36 Another technique uses a metal
grating coupler like that presented in Fig 11. By confining
the quantum dots in a waveguide structure and using a metal-
lic grating coupler, a considerable increase in absorption is
observed. Very effective alternative approach that is based
on a deep sub-wavelength pitch grating in the surface of the
metal, as schematically shown in Fig. 15(b).*” This design
leads not only to resonance in the grating but also to
extremely tight confinement of light.

Utilizing either a single-metal or a double-metal
plasmon waveguide, Rosenberg et al.** have considered a
plasmonic photonic crystal resonator for use in mid-infrared
photodetectors. Its good frequency and polarization
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FIG. 15. Optical field of SPs and
surface-enhanced infrared absorption.
(a) The optical field of a SPP is closely
bound to the material surface at visible
wavelengths  (700nm, green) but
weakly bound at mid-IR wavelengths
(5 pm, blue). (b) Optical field of spoof
plasmons on gold at a wavelength of
Sum, showing strong confinement
(red). (c) Chemicals (blue stars) on gold
islands exhibit better absorption than an
unstructured substrate. (d) Using surface
plasmons 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 with permission
from R. Stanley, Nat. Photonics 6,
409411 (2012). Copyright 2012
Macmillan Publishers Ltd.

selectivity can be used in hyperspectral and hyperpolariza-
tion detectors. 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 16 shows the proposed schematic struc-
ture of an FPA with double-metal plasmonic photonic crystal
resonators. Only the top metal photonic crystal lithography
step differs from standard fabrication process of hybrid
arrays.

V. PHOTON TRAPPING DETECTORS

As Eq. (1) indicates, the performance of infrared detec-
tor can be improved by reducing volume of detector’s active
region. In this section, we focus our considerations on reduc-
ing the detector material volume via a concept of photon
trapping (PT). Reduction of the dark current should be
achieved without degrading the quantum efficiency. Figure
17 shows the effect of volume reduction on quantum
efficiency and NETD*** using a simple first-order model
consisting of the Bruggeman effective-medium*’ combining
HgCdTe with a composition x ~ 0.3 with 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

FIG. 16. A design schematic for a res-
onant double-metal plasmonic pho-
tonic crystal FPA. Reproduced with
permission from Rosenberg et al., Opt.
Express 18(4), 3672-3686 (2010).
Copyright 2010 The Optical Society.
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FIG. 17. Effect of volume reduction on quantum efficiency and noise equiv-
alent temperature difference. Reproduced with permission from Smith et al.,
Proc. SPIE 8353, 83532R (2012). Copyright 2012 SPIE.

efficiency is increased and the NETD 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 inde-
pendently in I-VI****4! and IMI-V*'™** based epitaxial
materials. Sub-wavelength in size semiconductor pillar
arrays within a single detector have been designed and struc-
tured as an ensemble of 3D photonic structure units using
either a top-down or bottom-up process scheme to signifi-
cantly increase absorption and quantum -efficiency. The
sub-element architecture can be of different shapes such as
pyramidal, sinusoidal, or rectangular.** For example, Fig. 18
shows the 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 cut-off
wavelength of 5 um at 300 K.

Schuster and Bellotti*® have simulated numerically the
crosstalk in reduced pitch HgCdTe PT structures with 6-um
and 8-um pixel pitches in a 3 x 3 array as shown in Fig. 19(a)
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for an array with 8-um pixel pitch. The pillars being 5.0-um
tall, 2.0-um in diameter at the base, and 0.5-um in diameter
just below their tip have nearly sinusoidal profile and are
arranged in a square lattice with 2.0-um sides [see
Fig. 19(b)]. Beneath the pillars, there is a 3.0-um absorbing
layer followed by the cap layer.

Theoretical estimates show that the 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 performance
than non-PT arrays in terms of crosstalk, especially for small
pixel pitches. 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 pixels size reduction, the PT
approach is an effective means of diffusion crosstalk reduc-
tion and an increase of the quantum efficiency without
employing antireflection coatings.

Finite-difference time-domain (FDTD) simulation of
pillar structures indicates resonance between them (Fig. 20)
and confirms the photon trapping process via total internal
reflection, effectively serving as a waveguide to direct inci-
dent energy away from the removed regions and into the
remaining absorber material. For example, Fig. 20 presents
the optical generation rate as a function of wavelength from
0.5 um to 5.0 um for a single HgCdTe pillar and the upper-
most part of the absorber layer beneath the pillars. At wave-
length of 0.5 um, 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
pillars. At 5.0 um, there is very little of optical generation at
the tip of the pillar, but instead, there is significant optical
generation further into the pillar and into the absorber layer.

It has been confirmed experimentally that volume reduc-
tion leads to improved device performance and, conse-
quently, to higher operating temperature of detector arrays.
Process improvements, such as a unique self-aligned contact

FIG. 18. Examples of photon trapping HgCdTe microstructures with test photonic crystal fields with varying fill factor for FTIR demonstration. Reprinted
with permission from Wehner et al., J. Electron. Mater. 40, 1840-1846 (2011). Copyright 2011 Springer Science and Business Media, Fig. 3.
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metal processes and advanced stepper technologies, have
been developed to achieve the critical dimensions and lithog-
raphy alignments required for advanced PT detector designs
with a smaller feature within the unit cell. Figure 21 shows
advanced hexagonal photonic crystal designs with holes in a
standard 30-pum mesa with features on a 5-um pitch. Large
format MBE HgCdTe/Si epitaxial wafer arrays with cut-off
wavelengths ranging from 4.3 um to 5.1 um at 200 K exhibit
improved performance compared to unpatterned mesas, with
measured NETD of 40 mK and 100 mK at temperatures of
180K and 200 K, respectively, with good operability.*!
Utilization of InAsSb absorber on GaAs substrates
instead of HgCdTe absorber enables fabrication of MWIR
low-cost, large-format HOT FPAs. Souza and co-work-
ers*> ™ have described research efforts in developing visible
to mid-wave (0.5 um to 5.0 um) broadband PT InAsSb-based
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FIG. 19. PT detector array. (a) Three
dimensional view of the 3 x 3 pixel array
with 8-um pixels. (b) Schematic repre-
senting the geometry of a single pixel of
an HgCdTe array with 8-um pixels
incorporating a PT structure. Reproduced
with permission from Opt. Express
21(12), 14712 (2013). Copyright 2013
The Optical Society.

detectors operating at high temperature (150-200K) with
low dark current and high quantum efficiency.

The InAsg,Sbg g ternary alloy with 5.25-um cut-off
wavelength at 200K was grown on a lattice-mismatched
GaAs substrate. To compare the detector performance, both
128 x 128/60-um as well as 1024 x 1024/18-um detector
arrays consisting of bulk absorber structures as well as
photon-trap pyramid structures were fabricated. This novel
detector design was based on pyramidal PT InAsSb struc-
tures in conjunction with barrier-based device architecture to
suppress both generation-recombination dark current, as well
as the diffusion current through absorber reduced volume.
The pixel arrays were defined very simply by etching
through the contact layer up to the barrier. Figure 22(a)
shows a 5-um cut-off wavelength nBn detector structure
operated at 200K with AIAsSb barrier and pyramid-shaped

FIG. 20. Optical generation profile of a
single HgCdTe pillar back-illuminated
with planewaves within the wavelength
range of 0.5-5.0 um. Reproduced with
permission from J. Schuster and E.
Bellotti, Opt. Express 21(12), 14712
(2013). Copyright 2009 The Optical
Society.
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FIG. 21. MWIR 512 x 512 30-um pitch MBE HgCdTe/Si array consisting
of photonic crystal holes on a 5-um pitch in a standard mesa. Reproduced
with permission from Smith er al., Proc. SPIE 8353, 83532R (2012).
Copyright 2012 SPIE.

absorbers fabricated in the n-type InAsSb absorber. Based on
optical simulation, the engineered pyramidal structures mini-
mize the reflection and provide >90% absorption over the
entire 0.5 um to 5.0 um spectral range [see Fig. 22(b)] while
providing up to 3 X reduction in absorber volume.

The measured dark current density in the pyramidal
structured diodes is reduced by a factor of 3 in comparison
with conventional diodes with the bulk absorber, which is
consistent with volume reduction due to the creation of the
absorber topology. High detectivity (>10'° cmHz"?/W) and
high internal quantum efficiency (>90%) have been
achieved over the entire 0.5 um to 5.0 um spectral range.

Vi. BARRIER INFRARED DETECTORS

Historically, the first barrier detector was proposed by
White in 1983*® as a high impedance photoconductor. It pos-
tulates an n-type heterostructure with a narrow gap absorber

Appl. Phys. Rev. 1, 041102 (2014)

region coupled to a thin wide bandgap layer, followed by a
narrow bandgap contact region. The concept assumes almost
zero valence band offset approximation throughout the heter-
ostructure, allowing flow of only minority carriers in a pho-
toconductor. Little or no valence band offset was difficult to
realize using standard infrared detector materials such as
InSb and HgCdTe. Situation has changed dramatically in the
middle of first decade of XXI century after the introduction
of 6.1 A III-V material detector family and when the first
high-performance detectors and FPAs were demon-
strated.*”*® Introduction of unipolar barriers in various
designs based on T2SLs drastically changed the architecture
of infrared detectors.*’ 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 photo-
current flow. The ability to tune the positions of the conduc-
tion and valence band edges independently in a broken-gap
T2SL is especially helpful in the design of unipolar barriers.
The term “unipolar barrier” was coined to describe a
barrier that can block one carrier type (electron or hole) but
allows an un-impeded flow of the other (see Fig. 23).
Between different types of barrier detectors, the most popu-
lar is nBn detector shown in Fig. 23. The n-type semiconduc-
tor on one side of the barrier constitutes a contact layer for
biasing the device, while the n-type narrow-bandgap semi-
conductor 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 in the barrier and active
layers is key to maintaining a low, diffusion limited dark cur-
rent. The barrier needs to be carefully engineered. It must be
nearly lattice matched to the surrounding material and have
zero offset in the 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 barrier
arrangement allows photogenerated holes to flow to the con-
tact (cathode) while majority carrier dark current, re-injected
photocurrent, and surface current are blocked (see bottom
right side of Fig. 23). Effectively, the nBn detector is
designed to reduce the dark current (associated with

FIG. 22. Photon trapping nBn detector in the InAsSb/AlAsSb material system: (a) detector architecture with pyramid shaped absorber layer, (b) optical simula-
tion of broadband detector response. Reproduced with permission from D’Souza et al., Proc. SPIE 8353, 835333 (2012), Copyright 2012 SPIE and
Reproduced with permission from N. K. Dhar and R. Dat Proc. SPIE 8353, 835302 (2012). Copyright 2012 SPIE.
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Shockley-Read-Hall (SRH) processes) and noise without
impeding the photocurrent (signal). In particular, the barrier
serves to reduce the surface leakage current. Spatial makeups
of the various current components and barrier blocking in
nBn detector are shown in the bottom right side of Fig. 23.%°

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 that the p-contact is replaced by an
n-contact. It can be stated that the nBn design is a hybrid
between photoconductor and photodiode.

Figure 24 shows a typical Arrhenius plot of the dark
current in a conventional diode and in an nBn detector. The

FIG. 24. A schematic Arrhenius plot of the dark current in a standard diode
and in an nBn device. Reproduced with permission from Klipstein et al.,
Opt. Eng. 50, 061002 (2011). Copyright 2011 SPIE.
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FIG. 23. Illustrations of electron- and
hole-blocking unipolar barriers, band
gap diagram of nBn barrier detector
(the valence-band offset, A, is shown
explicitly) and p-n photodiode. Bottom
right side of nBn barrier detector
shows spatial makeups of the various
current components and barrier block-
ing. Reprinted with permission from
Savich et al., Infrared Phys. Technol.,
59, 152-155 (2013), Copyright 2013
Elsevier.

diffusion current typically varies as T3exp(—Eg0/kD, where
Eg is the band gap extrapolated to zero temperature, 7 is the
temperature, and k is Boltzman’s constant. The generation-
recombination current varies as T3/2exp(—Eg0/2k7) and is
dominated by the generation of electrons and holes by SRH
traps in the depletion region. Because in an nBn detector
there is no depletion region, the generation-recombination
contribution to the dark current from the photon-absorbing
layer is totally suppressed. The lower portion of 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 T,., which is defined as the crossover
temperature at which the diffusion and generation-
recombination currents are equal. In low-temperature region,
the nBn detector offers two important advantages. First, it
should exhibit a higher signal-to-noise ratio than a conven-
tional 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 green-dashed line in Fig. 24.

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

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

Klipstein et al.”’ have considered a wide family of bar-
rier detectors, which they divide into two groups: XB,n and
XBp detectors (see Fig. 25). In the case of the former group,
all designs have the same n-type B,n structural unit, but use
different contact layers (X), in which either the doping, ma-
terial, or both are varied. If we take, e.g., C;B,n and nB,n
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devices, C,, is the p-type contact made from a different mate-
rial than the active layer, whereas n is n-type contact made
from the same material as the active leyer. In the case of a
pB.n structure, the p-n junction can be located at the inter-
face 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, desig-
nated as XBp, 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 p-type absorbing layer. This structure can
be realized using, e.g., a p-type InAs/GaSb T2SLs as the
absorbing layer.”®>° In addition, the called pMp device con-
sists of two p-doped superlattice active regions and a thin M-
structure with higher energy barrier. The band gap difference
between 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 conven-
tional p-n photodiode architecture.’®®® There are two possi-
ble locations into which a unipolar barrier can be
implemented: (i) outside of depletion layer in the p-type
layer or (ii) near the junction, but at the edge of the n-type
absorbing layer (see Fig. 26). 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, generation-
recombination, trap-assisted tunneling (TAT), and band-to-
band tunneling (BBT) cannot be blocked. If the barrier is
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FIG. 25. Schematic band profile con-
figurations under operating bias for
XByn (a) and XBpp (b) barrier detector
families. In each case, the contact layer
(X) is on the left, and infrared radiation
is incident onto 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 it is denoted as
C (with the doping type as a subscript).
Reproduced with permission from
Klipstein et al., SPIE Newsroom, 2011.
Copyright 2011 SPIE.

placed in the n-type region, the junction generated currents
and surface currents are effectively filtered out. The photo-
current shares the same spatial makeup as the diffusion cur-
rent, what is shown in Fig. 27.

Unipolar barriers can significantly improve the perform-
ance of infrared photodiodes, as is shown in Fig. 28 for InAs
material system. For InAs, AlAs 13Sbg g is an ideal electron
blocking unipolar barrier material. Theoretical predictions
suggests that the valence band offset (VBO) should be less
than kgT for AlAs,Sb,_, barrier composition in the range of
0.14 <y <0.18. Figure 28 compares the temperature depend-
ent RyA product data for an n-side unipolar barrier photo-
diode with that of a conventional p-n photodiode. The
unipolar barrier photodiode shows performance near Rule 07
with activation energy near the bandgap of InAs indicating
diffusion limited performance and six orders of magnitude
higher RpA value in low temperature range than that of con-
ventional p-n junction.

A. Material considerations for barrier infrared
detectors

The barrier detector can be implemented in different
semiconductor materials. Its practical application has been
demonstrated in InAs,48’50’6O InAsSb,5 1.53.57.61.62 1n A5/GaSb
T2SLs,*%%59 and recently, also in HgCdTe ternary
alloy.63’64

The main requirement which must be met to construct
the barrier detector structure is “zero” band offset in proper

FIG. 26. Band diagrams of a p-side (a)
and an n-side (b) unipolar photodiode
under bias. Reprinted with permission
from Savich et al., Infrared Phys.
Technol., 59, 152-155 (2013). Copyright
2013 Elsevier.
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FIG. 27. Placing the barrier in a unipolar barrier photodiode results in the fil-
tering of surface currents and junction related currents. Diffusion current is
not filtered because it shares the same spatial makeup as the photocurrent.
Reprinted with permission from Savich et al., Infrared Phys. Technol., 59,
152-155 (2013). Copyright 2013 Elsevier.

band correlated to the carrier type which is to be blocked.
For material systems where a large conduction band offset is
not achievable, the pBn architecture may be preferable. The
traditional nBn structure requires biased device operation.
For applications where zero bias operation is crucial, again
pBn architecture may be used.®> The large band offset
requirement in one band and zero offset in the other is not
the only requirement for fabrication of barrier detectors; the
lattice matching between surrounding materials is also
significant.

Table II lists some physical properties of semiconduct-
ing families used for 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 I[I-VI semiconduc-
tors with increasing lattice constant. The chemical bonds
become weaker, and the materials become softer, what is
reflected in the values of the bulk modulus. The materials
with larger contribution of covalent bond are mechanically
more robust, which leads to better manufacturability. This is
evidenced in the dominant position of silicon within elec-
tronic materials and GaAs in optoelectronics materials. 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).

Currently, among the materials used in fabrication of
barrier detectors, 6.1 A II-V family plays decisive role
offering high performance connected with high design flexi-
bility, direct energy gaps and strong optical absorption. This
family is formed by three semiconductors of an approxi-
mately matched lattice constant of around 6.1 A: InAs,
GaSb, and AISb form, with the room temperature energy
gaps ranging from 0.36eV (InAs) to 1.61 eV (AISb).®° Like
other semiconductor alloys, they are of interest principally
for their heterostructures, especially combining InAs with

Appl. Phys. Rev. 1, 041102 (2014)

FIG. 28. RpA product of a conventional InAs photodiode and a comparable
n-side barrier photodiode. Reprinted with permission from Savich et al.,
Infrared Phys. Technol., 59, 152—155 (2013). Copyright 2013 Elsevier.

the two antimonides and their alloys. This combination
offers a band alignment that is drastically different from that
of the more widely studied AlGaAs system, and it is the flex-
ibility in the band alignment that forms are one of the princi-
pal reasons for interest in the 6.1 A family. The most exotic
band alignment is that of InAs/GaSb heterojunctions, which
Sakaki et al.®’ identified as the broken gap alignment in
1977. At the interface, the bottom of conduction band of
InAs is located below the top of the valence band of GaSb
by about 150meV. 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 un-
usual tunneling-assisted radiative recombination transitions
and novel transport properties. As illustrated in Fig. 29, with
the availability of type-I (nested, or straddling), type-II stag-
gered, and type-II broken gap (misaligned, or type III) band
offsets between the GaSb/AlSb, InAs/AlSb, and InAs/GaSb
material pairs, respectively, there is considerable flexibility
in forming a rich variety of alloys and superlattices.

Basic properties of the artificial material, InAs/GaSb
T2SLs, supported by simple theoretical considerations are
given by Ting er al.** Their properties may be superior to
those of the HgCdTe alloys and are completely different
from those of constituent layers. The staggered band align-
ment of T2SL shown in Fig. 30(a) creates a situation in
which the energy band gap of the superlattice can be
adjusted to form either a semimetal (for wide InAs and GaSb
layers) or a narrow bandgap semiconductor (for narrow
layers) material. The band gap of the SL is determined by
the energy difference between the electron miniband E; and
the first heavy hole state HH,; at the Brillouin zone centre
and can be varied continuously in a range between 0 and
about 250 meV. One advantage of using type-II superlattice
in LW and VLWIR is the ability to fix one component of the
material and vary the other to tune the wavelength. An exam-
ple of the wide tunability of the SLs shown in Fig. 30(b).®®

The SL band structure reveals important information
about carrier transport properties. E; band shows strong dis-
persion along both the growth (z) and in-plane direction (x),
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TABLE II. Selected properties of common families of semiconductors used in fabrication of infrared photodetectors. D—diamond, ZB—zincblende, id—indirect, d—direct, L-light hole, H-heavy hole.
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FIG. 29. Schematic illustration of the energy band alignment in the nearly
lattice matched InAs/GaSb/AISb material system. Three types of band align-
ment are available in this material system: type-I (nested) band alignment
between GaSb and AISb, type-II staggered alignment between InAs and
AISb, and type-II broken gap (or type-III) alignment between InAs and
GaSb. Reproduced with permission from Ting et al., Proc. SPIE 7660,
76601R (2010). Copyright 2010 SPIE.

whereas the HH; 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 elec-
tron effective mass. The values estimated by Ting er al.*’ for
LWIR SL material (22 ML InAs/6 ML GaSb) are as follows:
my* = 0.023my, m; =0.022my, my;; =0.04my  and
mj,, = 1055my. The SL conduction band structure near the
zone centre is approximately isotropic in contrary to the
highly anisotropic valence band structure. From this reasons,
we would expect very low hole mobility along the growth
direction what is unfavorable in detector designs for LWIR
FPAs.%” The estimation of effective masses for MWIR SL
material (6 ML InAs/34 ML GaSb) gives: m," = 0.173my,
me* = 0.179mq, ms, = 0.0462, and m3;, = 6.8mg.*

The effective masses are not directly dependent on the
band gap energy, as it is the case in a bulk semiconductor.
The electron effective mass of InAs/GaSb SL is larger com-
pared to m;, = 0.009m in HgCdTe alloy with the same band
gap (E, =~ 0.1eV). Thus, diode tunneling currents in the SL
can be reduced compared to the HgCdTe alloy. Although in-
plane mobilities drop precipitously for thin wells, electron
mobilities approaching 10 cm?/Vs have been observed in
InAs/GaSb SLs with the layers less than 40 A thick.

In the T2SL, the electrons are mainly located in the
InAs layers, whereas holes are confined to the GaSb layers.
This suppresses Auger recombination mechanisms and
thereby enhances carrier lifetime. Optical transitions occur
spatially indirectly, and, thus, the optical matrix element for
such transitions is relatively small. Theoretical analysis of
band-to-band Auger and radiative recombination lifetimes
for InAs/GaSb SLSs showed that Auger recombination rates
are suppressed by several orders of magnitude, compared to
those of bulk HgCdTe with similar band-gap. However, the
promise of Auger suppression has not been observed yet in
practical device material. At present time, the measured car-
rier lifetime is typically below 100 ns and is limited by SRH
mechanism in both MWIR and LWIR compositions. It is
interesting to note that InSb, a member of III-V compound
family, has had a similar SRH lifetime issue since its incep-
tion in 1950s. Recently, an increase in the minority carrier
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lifetime to 157 ns has been observed due to incorporation of
InSb interfacial layer in InAs/GaSb T2SLs.”

From the viewpoint of producibility, III-V materials
offer much stronger chemical bonds and thus, higher chemi-
cal stability compared to HgCdTe. The 6.1 A materials can
be epitaxially grown on GaSb and GaAs substrates. In partic-
ular, 4-in. diameter GaSb substrates became commercially
available in 2009 offering improved economy of scale for
fabrication of large format FPAs arrays.

The most promising materials for barrier detector struc-
tures are InAs(InAsSb)/B-AlAsSb and InAs/GaSb T2SLs due
to nearly zero VBO with respect to AlAsSb barriers. The
InAsSb ternary alloy has a fairly weak dependence of the
band edge on the composition and is used in the MWIR
region. It was shown that in InAsSb nBn devices, the signal
to noise ratio increases as a result of decreasing the valence
band offset.®®> The InAs/GaSb T2SLs can be used as mid- or
long-wavelength infrared absorber. In particular, the ability
to tune the positions of the conduction band and valence band
edges independently in the T2SL is especially helpful in the
design of unipolar devices. This material system is in an early
stage of development. Problems exist in material growth,
processing, substrate preparation, and device passivation.
Optimization of SL growth is a trade-off between interface
roughness and residual background carrier concentrations,
where the former requires high growth temperatures and the
latter benefit from low temperature growth conditions.

B. MWIR InAsSb barrier detectors

Detailed growth procedures and device characterization
of InAsSb/AlAsSb nBn MWIR detectors were the topic of

Appl. Phys. Rev. 1, 041102 (2014)

FIG. 30. InAs/GaSb strained layer
superlattice: (a) band edge diagram
illustrating the confined electron and
hole minibands which form the energy
bandgap; (b) experimental data of type
II SLS cutoff wavelengths change with
changing InAs thickness while GaSb is
fixed at 40 A. Reprinted with permis-
sion from Y. Wei and M. Razeghi,
Phys. Rev. B 69, 085316 (2004).
Copyright 2004 the American Physical
Society.

several papers, e.g., Refs. 51, 52, 62, and 71. 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 sys-
tem.”” The lattice mismatched structures that used
GaAs(100) as the substrate were grown on a 4-um 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 um), a thin n-type AIAsSb
barrier layer (0.2—-0.35 yum), and a thin (0.2-0.3 um) n-type
InAsSb contact layer. The bottom contact layer was highly
doped.

Figure 31 shows an example of such an nBn structure
that was considered theoretically by Martyniuk and
Rogalski,”* along with the /-V characteristics as a function of
temperature that were taken from Ref. 44. The alloy composi-
tion of x =0.09 for the InAs, _,Sb, absorber layer provided a
cutoff wavelength of ~4.9 um at 150K. J ,,« was 1072 Afem?
at 200K and 3 x 107° A/em® at 150K. The detectors are
dominated by diffusion currents at —1.0V bias where the
quantum efficiency peaks.

Recently, 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 um) that were
launched on the market by SCD. It is known as “Kinglet”
and is a very low SWaP integrated detector cooler assembly
(IDCA) with an aperture of F/5.5 and an operating tempera-
ture of 150 K. The complete IDCA has a diameter of 28 mm,
length of 80 mm, and weight of <300 g; its power consump-
tion is about 3 W at a 60 Hz frame rate [see Fig. 32(a)]. The
Kinglet digital detector based on SCD’s Pelican-D ROIC

FIG. 31. InAsSb/AlAsSb nBn MWIR
detector: (a) the device structure and
(b) dark current density vs. bias voltage
as a function of temperature for 18 mm
pitch detectors (4. ~ 4.9 um at 150K)
tied together in parallel. Reproduced
with permission from Sharifi et al.,
Proc. SPIE 8704, 87041U (2013).
Copyright 2013 SPIE.
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contains nBn InAsgo;Sbggo/B-AlAsSb 640 x 512  pixel
architecture with a 15-um pitch. The NETD for F/3.2 optics
and the pixel operability is shown in Fig. 32(b) as a function
of temperature. The NETD was 20 mK at 22 ms integration
time, and the operability of non defective pixels was greater
than 99.5% after a standard two point non uniformity correc-
tion. The NETD and operability begin to change above
170 K, which is consistent with the estimated BLIP tempera-
ture of 175 K.

It should be mentioned that recently, a 1280 x 1024 nBn
InAsSb FPA with 12-um unit cells has been demonstrated by
Lockheed Martin Santa Barbara Focal Plane and Teledyne
Nova Sensors.

C. T2SL batrrier detectors

Building unipolar barriers for InAs/GaSb superlattices is
relatively straightforward because of the flexibility of the
6.1 A TII-V material family—InAs, GaSb, and AlSb. For SLs

Appl. Phys. Rev. 1, 041102 (2014)

FIG. 32. The Kinglet detector: (a) pho-
tograph, and (b) temperature depend-
ence of the NETD (at optics F/3.2) and
the pixel operability. Reproduced with
permission from Klipstein et al., Proc.
SPIE 8704, 87041S (2013). Copyright
2013 SPIE.

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.

The hole-blocking unipolar barrier can be obtained in dif-
ferent ways using complex supercells, such as the four-layer
InAs/GaInSb/InAs/AlGaInSb “W” structure’® and the four-
layer GaSb/InAs/GaSb/AISb “M” structure.”* Their designs
are shown in Fig. 33. In the “W” structure, two InAs electron-
wells are located on either side of an InGaSb hole-well and are
bound on either side by AlGalnSb 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 the near band edge.
Due to flexibility in adjusting of the “W”’ structure, this SL has
been used as hole-blocking unipolar barrier, an absorber, as
well as an electron-blocking unipolar barrier.

FIG. 33. Schematic energy band dia-
grams of (a) InAs/GaSb SL, (b) InAs/
GalnSb/InAs/AlGaInSb "W" SL, (c)
GaSb/InAs/GaSb/AISb "M" SL, and
(d) GaSb/InAs/AISb "N" SL. From
Ting et al, Type-II Superlattice
Infrared Detectors in Semiconductors
and  Semimetals. Copyright 2011
Elsevier. Reprinted by permission of
Elsevier.
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In the “M” structure,”*”” the wider energy gap AlSb-
layer blocks the interaction between electrons in two adja-
cent InAs wells, thus reducing the tunneling probability and
increasing the electron effective mass. The AISb 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 positioning of

TABLE III. Type-II superlattice barrier detectors.

Appl. Phys. Rev. 1, 041102 (2014)
the conduction and valence band energy levels.”®
Consequently, FPAs for imaging within various IR regions,
from SWIR to VLWIR, can be fabricated.””

In the “N” structure,78 two monolayers of AISb are
inserted asymmetrically between InAs and GaSb layers,
along the growth direction, as an electron barrier. This con-
figuration increases significantly electron-hole overlap under
bias, and consequently increases absorption while decreasing
the dark current.

Table III illustrates some flat-band energy band dia-
grams and describes superlattice-based infrared detectors

Flat-band energy diagrams Examples

Description Refs.

Double heterostructure

I

Dual-band nBn

E

DH with graded-gap Junction

Double heterojunction (DH) photodiode 79
The first LWIR InAs/InGaSb SL DH photodiode grown on GaSb
substrates with photoresponse out to 10.6 um. The active region
consisting of n-type 39 AInAs/16 A Gag 65In9355b SL

(2 x 10" em %) is surrounded by barriers made from p-GaSb and
n-GaSb.

p-n-M-n photodiode structure 74-77
The M structure is inserted between the 7 and n regions of a typi-
cal p-m-n structure. The T2SL part is chosen to have nominally
13 ML InAs and 7 ML GaSb for a cutoff wavelength of around
11 pum. The M structure is designed with 18 ML InAs/3 ML
GaSb/5 ML AlSb/3 ML GaSb for a cutoff wavelength of approxi-
mately 6 um. In comparison with standard p-7-n structure, the
electric field in depletion region of p-7-M-n structure is reduced
and the tunneling barrier between the p and the n regions is spa-
tially broadened.

The structure consists of a 250 nm thick GaS:Be p* buffer

(p~ 10" cm™), followed by a 500 nm thick InAs/GaSb:Be p*
(p~ 10" cm™?) superlattice, a 2000 nm thick slightly p-type
doped InAs:Be/GaSb region (n-region p ~ 10" em™), a M-
structure barrier, and a 500 nm thick InAs:Si/GaSb n™

(n~ 10" cm™? region, and topped with a thin InAs:Sin™ doped
(n~ 10" em ™) contact layer.

MWIR/LWIR nBn detector 80
In this dual-band SL nBn detector, the LWIR SL and MWIR SL
are separated by AlGaSb unipolar barrier. The dual band
response is achieved by changing the polarity of applied bias (see
Fig. 34). The advantage of this structure is design simplicity and
compatibility with commercially available readout integrated cir-
cuits. The concerns are connected with low hole mobility and lat-
eral diffusion.

Shallow etch mesa isolation (SEMI) structure 83, 84
It is n-on-p graded-gap “W” photodiode structure in which the
energy gap is increased in a series of steps from that of the lightly
p-type absorbing region to a value typically two to three times
larger. The hole-blocking unipolar barrier is typically made from
a four-layer InAs/GalnSb/InAs/AlGalnSb SL. The wider gap lev-
els off about 10 nm short of the doping defined junction, and con-
tinues for another 0.25 um into the heavily n-doped cathode
before the structure is terminated by an n"-doped InAs top cap
layer. Individual photodiodes are defined using a shallow etch
that typically terminates only 10 nm to 20 nm past the junction,
which is sufficient to isolate neighboring pixels while leaving the
narrow-gap absorber layer buried 100-200 nm below the surface.
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TABLE III. (Continued.)
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Flat-band energy diagrams Examples

Description Refs.

Complementary barrier

Complimentary barrier infrared detector (CBIRD)

This device consists of a lightly p-type InAs/GaSb SL absorber
sandwiched between an n-type InAs/AISb hole barrier (hB) SL
and wider InAs/GaSb electron barrier (eB). The barriers are
designed in a way to have approximately zero conduction and va-
lence band offset with respect to SL absorber. A heavily doped
n-type InAsSb layer adjacent to the eB SL acts as the bottom
contact layer. The N-p junction between the hB InAs/AISb SL
and the absorber SL reduces SRH-related dark current and trap-
assisted tunneling.

52,85

The LWIR CBIRD superlattice detector performance is close to
the “Rule 07" trend line. For a detector having a cutoff wave-
length of 9.24 um, the value of RpA > 10° Qcm? at 78 K was
measured.

pBiBn detector structure

This is another variation of the DH CBIRD structure.

In this design a pin photodiode is modified, such that the unipolar
electron barrier (eB) and hole barrier (hB) layers, are sandwiched
between, respectively; the p-contact layer and the absorber, and
the n-contact layer and the absorber.

86, 87

This design facilitates a significant reduction in the electric field
drop across the narrow-gap absorber region (most of the electric
field drop across the wider bandgap eB and hB layers) leading to
a very small depletion region in the absorber layer, and hence
reduction in the SRH, band-to-band tunneling and trap-assisted-
tunneling current components.

that make use of unipolar barriers including: double hetero-
structure (DH), dual band nBn structure, DH with graded
gap junction and complementary barrier structure. As can be
seen, these structures are based on either the nBn/pBp/XBn
architecture or different double heterostructure designs.

The first LWIR InAs/InGaSb SL double heterostructure
photodiode (see Table III, double heterostructure) grown on
GaSb substrates with photoresponse out to 10.6 um was
described by Johnson et al. in 1996.”° In this structure, the
active SL region was surrounded by barriers made from
p-GaSb and n-GaSb binary compounds. More recently, the
barriers are also fabricated using different types of
superlattices.

The realization of dual band detection capabilities with
nBn design (see Table III, dual-band nBn) is schematically
shown in Fig. 34.*>%! Under forward bias (defined as nega-
tive voltage applied to the top contact), the photocarriers are
collected from the SL absorber with /4, 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 4; cutoff wavelength,
while those from the absorber with 4, cutoff wavelength are
blocked by the barrier. Thus, a two-color response is
obtained under two different bias polarities.

Hood er al.®* have modified the nBn concept to make
the superior pBn LWIR device (see Fig. 25). In this struc-
ture, the p-n junction can be located at the interface between
the heavily doped p-type contact material and the lower-
doped barrier, or within the lower-doped barrier itself.
Similar to the nBn structure, the pBn structure still reduces
G-R 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.

A variation of the DH detector structure is a structure
with graded band gap in the depletion region (see Table III,

FIG. 34. Schematic band diagram for dual band nBn detector under (a) for-
ward and (b) reverse bias.
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DH with graded-gap junction). The graded gap region is
inserted between the absorber and the hole barrier to reduce
tunneling and generation-recombination processes. A similar
structure that was developed by The Naval Research
Laboratory and Teledyne enables the shallow-etch mesa iso-
lation (SEMI) structure for surface leakage current reduction.
The junction is placed in the wider gap portion of the transi-
tion 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 band gap surface for ease of passiva-
tion. A modest reverse bias allows efficient collection from
the active layer similar to planar double heterojunction p-on-
n HgCdTe photodiodes.'

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 III, complementary barrier). Such struc-
ture is known as complementary barrier infrared device
(CBIRD) and was invented by Ting and others at Jet
Propulsion Laboratory. An electron barrier (eB) appears in
the conduction band and a hole barrier (hB) 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 eB. The highly doped n-InAsSb layer below
the eB is an alloy. Further at 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 pro-
vides a heuristic predictor of the state-of-the-art HgCdTe
photodiode performance.®® The barriers prove to be very
effective in suppressing the dark current. Figure 35 compares
the /-V characteristics of a CBIRD device to a homojunction

FIG. 35. Dark /-V characteristics for a LWIR CBIRD detector and a super-
lattice homojunction at 77 K. From Ting et al., Type-1I Superlattice Infrared
Detectors in Semiconductors and Semimetals. Copyright 2011 Elsevier.
Reprinted by permission of Elsevier.

Appl. Phys. Rev. 1, 041102 (2014)

device made with the same absorber superlattice. Lower
dark current determines higher RA product.

Usually, RpA 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 effec-
tive resistance-area product. In the case of a detector having
a cutoff wavelength of 9.24 um, the value of RyA > 10°
Qcm? at 78K was measured, as compared with about 100
Qcm? for an InAs/GaSb homojunction of the same cutoff.
For good photoresponse, the device must be biased to typi-
cally —200 mV; the estimated internal quantum efficiency is
greater than 50%, while the RA 4 remains above 10* Qecm?.>?

Rhiger has gathered the 78 K dark current densities ver-
sus detector cut-off wavelengths for nonbarrier (homojunc-
tion) and barrier (heterojunction) T2SL detectors reported in
literature in the period since late 2010 (see Fig. 36).% The
nonbarrier dark currents are generally higher, with the best
approaching Rule 07 to within a factor of about 8. The bar-
rier devices clearly show lower dark currents on average,
and some are close to the curve Rule 07.

D. HgCdTe barrier detectors

The nBn architecture has been also implemented into
HgCdTe, where technological successful attempts show a
prospect for the circumventing of the p-type doping require-
ments in MBE technology.”® The HgCdTe nBn devices oper-
ating in MWIR range were presented by Itsuno er al.*® and
Kopytko et al.** The HgCdTe ternary alloy is a close to ideal
infrared material system. Its position is conditioned by three
key features: composition-dependent tailorable energy band
gap, large optical coefficients that enable high quantum effi-
ciency, and favorable inherent recombination mechanisms
leading to long carrier lifetime and high operating tempera-
ture. In addition, extremely small change of lattice constant
with composition makes it possible to grow high quality lay-
ered heterostructures. However, the existence of valence
bands offset in HgCdTe-based nBn detectors creates several
issues limiting their performance.”’ Depending on the

FIG. 36. The 78 K dark current densities plotted against cut-off wavelength
for T2SL non-barrier 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. Reprinted with permission from D. R.
Rhiger, J. Electron. Mater. 40, 1815-1822 (2011). Copyright 2011 Springer
Science and Business Media, Fig. 8.
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FIG. 37. Detector dark current density as a multiple of Rule 07. The black
line is drawn as a guide to the eye to show the trend line of dark current
reduction with time for single element-detector, and the red line helps to
show the trend for FPAs. Reproduced with permission from Zheng et al.,
Proc. SPIE 7660, 7660 (2010). Copyright 2010 SPIE.

wavelength of operation, a relatively high bias, typically
greater than the bandgap energy, is required to be applied to
the device in order to collect all of the photogenerated car-
riers. This leads to strong band-to-band and trap-assisted tun-
neling due to the high electric field within the depletion
layer.

Further strategy in development of HgCdTe nBn detectors
should focus on decreasing or even removing the valence
band offset in the barrier layer, which will result in lower oper-
ating bias, lower dark current, and ability to operate at higher
temperatures. Ways to eliminate valence band offset have
been proposed’>** and have been undertaken for HgCdTe bar-
rier detectors by appropriate bandgap engineering.”*

E. Imaging arrays

Figure 37 shows tremendous progress made in past few
years in the performance of type-II superlattice single ele-
ment detectors or mini-arrays from USA major institutions:
Northwestern University (NWU), Naval Research Laboratory
(NRL), Jet Propulsion Laboratory (JPL), and Teledyne
Imaging Scientific (TIS).” This figure shows superlattice de-
tector performance through measurements of the dark current
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density as a multiple of Rule 07 versus time. The best SL de-
vice is within three times the value of HgCdTe Rule 07. Most
of the devices cited here have an absorber thickness of
2—4 um, which limits its quantum efficiency to less than 40%.
At the FPA level, the dark current density is about one order
of magnitude higher than that of single-element detectors,
and within a factor of 20 of Rule 07.

In the last few years, the first megapixel MWIR and
LWIR type-II SL FPAs have been demonstrated with excel-
lent imaging.”®*°"*® At about 78 K, an NETD value of below
20 mK has been presented for MWIR arrays and just above
20 mK for LWIR arrays. Figure 38 shows images taken with
MWIR 640 x 512 nBn array and two (MWIR and LWIR)
megapixel photovoltaic arrays.

Multicolor capabilities are highly desirable for advanced
IR systems since gathering data in discrete IR spectral bands
can be used to discriminate for both absolute temperature
and unique signatures of objects in the scene. By providing
this new dimension of contrast, multiband detection offers
advanced color processing algorithms to further improve
sensitivity compared to that of single-color devices. Recent
trends in multi-spectral FPA development have leaned
towards integrating multi-band functionality into single
pixel, rather than combining multiple single-spectral arrays
which requires spectral filters and spectrometers.

Apart from HgCdTe photodiodes and QWIPs, T2SL mate-
rial system has emerged as a candidate suitable for multi-
spectral detection due to its ease in bandgap tuning while
retaining closely-matched lattice conditions.”” Three basic
approaches to achieve multicolor detection have been proposed:
multiple leads, voltage switched, and voltage tuned. They are
shortly described in chapter 16 of Rogalski’s monograph.'

Usually, the unit cell of integrated multicolor FPAs con-
sists of several co-located detectors, each sensitive to a differ-
ent spectral band (see Fig. 39). 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 wave-
lengths, which is then collected in subsequent layers. The de-
vice architecture is realized by placing a longer wavelength
detector optically behind a shorter wavelength detector.

Research group of the Northwestern University has
demonstrated different types of bias-selectable dual-band
T2SL FPAs including combination of SW/ MW, MW/LW,
and LW1/LW2 arrays.””"'%1%2 Eigure 39(b) presents sche-
matic diagram of a dual-band SW/MW back-to-back p-i-n-n-
i-p photodiode structure together with band alignment of
superlattices in two absorption layers.

FIG. 38. Images taken with (a) an nBn
640 x 512 MWIR FPA, as well as with
megapixel (b) MWIR and (c) LWIR Sb-
based photovoltaic FPAs. Reproduced
with permission from Hill et al., Proc.
SPIE 7298, 7294 (2009), Copyright
2009 SPIE and reproduced with permis-
sion from Soibel et al., Proc. SPIE 8353,
83530U (2012). Copyright 2012 SPIE.
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FIG. 39. Multi-color 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 through to the next layers. Thin barriers separate the absorbing bands. (b) Dual-band SW/MW InAs/GaSb/AISb 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 band gaps of superlatti-
ces). Reprinted with permission from Appl. Phys. Lett. 102, 011108 (2013). Copyright 2013 AIP Publishing LLC.

The MW/LW combination uses a back-to-back n-M-n-
p-p-7-M-n structure, where MW active region was achieved
using 7.5 mono-layers (MLs) of InAs and 10 MLs of GaSb
per period with the doping 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 sub-
strate was mechanically lapped down to a thickness of
30-40 pum and polished to a mirror-like surface. Figure 40(a)
shows the detectivity spectrum of both MW and LW chan-
nels at 77 K. The RA product of LW channel at bias voltage
of 0.2V attained a value close to 600 Qcm?. Median NETD
of ~10 mK and ~30 mK were achieved using 10 ms and
0.18 ms integration times for MW and LW channels, respec-
tively. The obtained images are shown in Fig. 40(b).

F. Barrier detectors vs. HgCdTe photodiodes

The nBn detectors are designed to reduce the dark cur-
rent associated with SRH processes and to decrease the influ-
ence of surface leakage current without impeding the
photocurrent (signal). In consequence, absence of a depletion
region in barrier detectors offers a way to overcome the dis-
advantage of large depletion dark currents. So, they are typi-
cally implemented in materials with relatively poor SRH
lifetimes, such as all III-V compounds.

The band gap 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 dark
currents generated within the detector absorber region com-
posed of III-V and HgCdTe material systems.

The dark diffusion current density generated in the
absorber region, J 4,4, is given by

Jaark = th7 &)

where ¢ is the electron charge, G is the thermal generation
rate in the base region, and ¢ is the thickness of active region.
Assuming that the thermal generation is a sum of Auger 1
and SRH mechanisms

n? n?

G=—"—+ . ; (6)
Natar  (Na+ ni)tsgu

and that t4; = 27, /[1 + (Ng/n;)?], the dark current density
of n-type absorber region is

gN gt qn?l
2t (Na+n)tsen

)

Jaark =

In the above equations, »; is the intrinsic carrier concentra-
tion, N, is the absorber doping level, and 7/, is the intrinsic
Auger 1 lifetime. Eq. (7) shows that the contribution of
Auger 1 generation varies as N, whereas the SRH genera-
tion varies as 1/N,. As a result, the minimum dark current
density depends on the absorber doping concentration and on

FIG. 40. Bias selectable dual-band MW/LW T2SL array: (a) detectivity spectrum of both MWIR and LWIR channels at 77 K shown with BLIP detecitivity
limit (2 FOV, 300K background), (b) MWIR and LWIR channels imaging a 11.3 um narrow-band pass optical filter at 81 K. Reproduced with permission

from Razeghi et al., Proc. SPIE 8704, 87040S (2013). Copyright 2013 SPIE.
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the value of the SRH lifetime. This is demonstrated in
Fig. 41. To approach BLIP performance, the detector with
4.8 -um cut-off wavelength operating at 160K with F/3
optics requires a generic IR material SRH lifetime of about
1 us and optimized absorber doping of ~10'®cm ™. A value
of 0.6 us, relatively independent of temperature, for tszy has
been suggested in Ref. 65.

Figure 42 compares the predicted dependence of the
dark current density on operating temperature for different
types of detectors with a 3-um thick absorber and a cut-off
wavelength of 4.8 um.'® In comparison with InAsSb photo-
diode (with built-in depletion region), the benefits of the nBn
structure are evident as it allows operation at considerably
higher temperatures up to 200 K. However, the HgCdTe pho-
todiode enables higher operating temperatures than the
InAsSb nBn detector by ~20 K. The best MWIR III-V devi-
ces are heavily doped with Auger lifetime significantly
reduced. 300-K data from Bewley er al.'® shows that Auger
coefficients for SL devices are 5 to 20 times lower than those
for HgCdTe. To attain their full potential, the detector devel-
opers need to realize Auger-limited devices at doping levels
in the 10" cm ™ range. It should be stated that both ITI-V
and HgCdTe MWIR detector architectures fall short of the
ultimate performance possible with an F/3 optics, namely
operation at about 150 K.

Theoretically, LWIR T2SL materials are predicted to
have lower fundamental dark currents than HgCdTe [see
Fig. 3(b)]; however, their performance has not achieved the-
oretical values. This limitation appears to be due to two main
factors: relatively high background concentrations (about
10'°cm ), and a short minority carrier lifetime (typically
tens of nanoseconds). Up until now, non-optimized carrier
lifetimes limited by 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 realize the predicted performance
of type-II photodiodes.

FIG. 41. Dependence of absorber dark current density on doping concentra-
tion for various values of SRH lifetime at an operating temperature of 160 K
and a cut-off wavelength of 4.8 um, operating at an F/3 background flux.
Reproduced with permission from Kinch et al., Proc. SPIE 7660, 76602V
(2010). Copyright 2010 SPIE.
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FIG. 42. Comparison of the dark current density vs temperature for InAsSb
photodiode and nBn detector, as well as an HgCdTe p-on-n photodiode with
cut-off wavelength of 4.8 um.

To date, LWIR T2SL photodiodes perform slightly
worse than HgCdTe photodiodes. For example, Fig. 43 com-
pares the predicted dependence of dark current density on
operating temperature for InAs/GaSb pBp and HgCdTe pho-
todiode with cut-off wavelength of 10 um.'®® The BLIP per-
formance with F/1 optics for HgCdTe photodiode is
achieved at about 130K, about 15K higher than for InAs/
GaSb pBp detector.

NETD can be determined knowing the dark current den-
sity, Jgar, the background flux (system optics), ¢, and inte-
gration time, T;,,, according to relations'®

_ 1+Jdark/JB
NETD _—W T dgg)’ ®)
¢p dT
Jp = qnop, ©)
N — (Vdark ‘;]B)Tim, (10)

where N is the well capacity of readout, Jz =n¢pA, is the
background flux current, and A, is the detector area.

FIG. 43. Comparison of dark current density vs temperature for InAs/GaSb
T2SL pBp detector and HgCdTe n-on-p photodiode with cut-off wavelength
of 10 um.
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Figure 44 shows the temperature dependence of the
NETD for barrier detectors and HgCdTe photodiodes with
cut-off wavelength of 4.8 um and 10 um.' At the low tem-
perature range, the figure of merit of both material systems
provide similar performance because they are predominantly
limited by the readout circuits.

Figure 45 compares the performance of optically
immersed MWIR photovoltaic HgCdTe detectors with
InAsSb, InAs/GaSb T2SLs, and HgCdTe nBn HOT detec-
tors. Properly designed, optically immersed HgCdTe devices
(green solid line) approach BLIP limit (for 2n FOV) with
thermoelectric (TE) cooling using 2-stage Peltier coolers. In
this case, the detectivity is proportional to 1%, where n is the
refractive index equal 3.4 for GaAs substrates/lenses.
Without optical immersion MWIR HgCdTe photovoltaic
detectors are sub-BLIP devices.

The detectivity of nBn T2SLs InAs/GaSb (10 ML/10 ML)
and B-Alj,GaygSb is presented for 7= 300 K. The maximum
D" =4 x 10® cmHz"%/W and quantum efficiency of 15% were
estimated.®® D" =2 x 10° cmHz">/W was reported for nBn
InAsSb/AlAsSb detectors.”” nBn and complementary barrier
HgCdTe detectors operating in the MWIR range at T=200K
reach detectivity of 6 X 10° and 2x 10" cmHzZ"Z/W s
respectively.”!

FIG. 45. Comparison of spectral detectivities of optically immersed MWIR
photovoltaic HgCdTe detectors and different types of XBn detectors: nBn
T2SLs InAs/GaSb and nBn InAsSb/B-AlAsSb operated at 7=300K; nBn
HgCdTe/B-HgCdTe and complementary barrier HgCdTe detectors operated
at T=200K.
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FIG. 44. Temperature dependence of
the NETD for barrier detectors and
HgCdTe photodiodes with cut-off
wavelength of (a) 4.8um and (b)
10 pum.

From the above considerations, it seems that despite
numerous advantages of III-V barrier detectors over present-
day detection technologies, including reduced tunneling and
surface leakage currents, normal-incidence absorption, and
suppressed Auger recombination, the promise of superior
performance of these detectors has not been realized yet.
The dark current density is higher than that of bulk HgCdTe
photodiodes, especially in MWIR range. Essential techno-
logical limitations need to be overcome in order to attain
their full potential. These include short carrier lifetime, pas-
sivation, and heterostructure engineering.

VII. MULTI-STAGE INFRARED DETECTORS

In a conventional photodiode, the responsivity and diffu-
sion length are closely coupled and an increase in the
absorber thickness much beyond the diffusion length may
not result in the desired improvement in signal to noise (S/N)
ratio. This effect is particularly pronounced at high tempera-
tures, where diffusions lengths are typically reduced. Only
charge carriers that are photogenerated at distance shorter
than the diffusion length from 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 diffu-
sion length and to effectively increase the absorption
efficiency, novel detector designs based on multi-stage
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 nar-
rower 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
only over one cascade stage before they recombine in the
next stage, and every individual cascade stage can be signifi-
cantly shorter than the diffusion length, while the total thick-
ness of all the absorbers can be comparable or even longer
than the diffusion length.

In this case, the S/N ratio and the detectivity will con-
tinue to increase with multiple discrete absorbers resulting in
improved device performance at elevated temperatures
compared to a conventional p-n photodiode. In addition,
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flexibility to vary the number and thicknesses of the discrete
absorbers result in the ability to tailor the CID designs for
optimized performance in meeting specific applications.

Different types of multi-stage IR detectors have been
proposed and are now grouped into two main classes: (i) so
called intersubband (IS) unipolar quantum cascade IR detec-
tors (QCIDs), and (ii) interband (IB) ambipolar CIDs.
Intersubband QCIDs have evolved from the quantum cas-
cade lasers (QCLs) research and have been built for about 15
years.'®1% A schematic comparison between the band
structure of a photoconductive QWIP and a photovoltaic
QCID is shown in Fig. 46. 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 con-
sists of identical QWSs separated by thicker barriers.
Electrons are excited from the quantum wells by either pho-
toemission (red arrows) or by thermionic emission (black
arrows). In contrast, the QCIDs are usually designed to be
photovoltaic detectors. They consist of several identical peri-
ods 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 cas-
caded levels. Figure 46(b) shows the conduction band of one
period. Incident photon induces an electron to go from the
ground state E; to the excited level E, which is next trans-
ferred 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.""" A theoretical model is presented in, e.g.,
Refs. 106, 107, and 110.

The detectivity of QCID, including Johnson noise and
electrical shot noise components, is determined by'“®

FIG. 46. Schematic conduction band diagram of (a) a QWIP and (b) a
QCID. In the QWIP, electron transport is accomplished by an external volt-
age bias whereas an internal potential ramp ensures carrier transport in
QCID. Reproduced with permission from Buffaz et al., Proc. SPIE 7660,
76603Q (2010). Copyright 2010 SPIE.
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where rgA, is the resistance at zero bias times the detector

area corresponding to one period of QCID, T is the detector

temperature, N is the number of periods, and 1, is the dark

current. Eq. (11) shows that the signal-to-noise ratio is
oc v/N.

The promising technology of IS QCDs has been proven
in the wavelength range from the near IR to the terahertz
(THz) region, and the attained detectivity is presented in
Fig. 47. At present, well established semiconductor material
systems and processing methods are available. Early QCDs
have been demonstrated in the near-IR using InGaAs/
AlAsSb, in the mid-IR using InGaAs/InAlAs, and in long-IR
up to THz-region using GaAs/AlGaAs materials. These
detectors have been cryogenically cooled. 8109

A. T2SL interband cascade IR detectors

It has been demonstrated recently that bipolar devices
based on type-II InAs/GaSb interband (IB) SL absorb-
ers'™ 17 are a good candidate for detectors operating
near-room temperature. These interband cascade detectors
combine the advantages of interband optical transitions with
the excellent carrier transport properties of the interband cas-
cade laser structures. Thermal generation rate at any specific
temperature and cut-off wavelength in these devices is usu-
ally orders of magnitude smaller than that for corresponding
intersubband QCIDs, and devices with good performance
have been recently demonstrated.

Hinkley and Yang''® have shown that multiple-stage
architecture is useful for improving the sensitivity of high
operating temperature detectors, where the quantum effi-
ciency is limited by short diffusion length. In the case of
HgCdTe photodiodes at room temperature, the absorption
depth for long wavelength IR radiation (4> 5 pum) is longer
than the diffusion length. Therefore, only a limited fraction
of the photogenerated charge contributes to the quantum

FIG. 47. Detectivity as function of wavelength for different types of CIDs.
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FIG. 48. Backside illuminated 4-cell stacked HgCdTe photovoltaic detector.

efficiency. Calculations considering the example of an
uncooled 10.6-um photodiode show that the ambipolar diffu-
sion length is less than 2 um while the absorption depth is
~13 um. This reduces the quantum efficiency to ~15% for
single pass of radiation through the detector.

Similar situation occurs in the case of HOT T2SL inter-
band cascade IR detectors (IB CIDs). For detector designs
where the absorber lengths in each stage are equal, the multi-
ple stage architecture offers the potential for significant
detectivity improvement when ol <0.2, where o is the
absorption coefficient and L is the diffusion length.''® This
theoretical prediction has been confirmed by experimental
data as is shown in Fig. 47.

The operation idea of IB cascade photodetectors is simi-
lar to that described by Piotrowski and Rogalski (see Fig.
48).7''® Earlier attempts to realize this type of devices 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 p-type
doped narrow gap absorber and heavily doped N* and P*
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 differen-
tial resistance and fast response. A practical problem is asso-
ciated with electrical conductivity through the adjacent N*
and P" layers, however, this is generally overcome by
employing tunnel currents through the N* and P" interface.

The T2SL material system is a natural candidate for
realizing multiple-stage IB devices. Figure 49 shows the gen-
eral design structure for a T2SL cascade detector.''” Each
stage is composed of a n-period InAs/GaSb T2SL
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sandwiched between an AISb/GaSb quantum well (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. As an exam-
ple, two types of detector designs are shown and shortly
described below.

Tian et al. have proposed a structure shown schemati-
cally in Fig. 50.""® The detector consists of a 0.5 um p-type
GaSb buffer layer, on which a 7-stage interband cascade
structure is grown that uses a finite InAs/GaSb T2SL as the
absorber, and finally, a 45-nm-thick n-type InAs the top con-
tact layer. Each cascade stage is composed of a thin InAs/
GaSb (7 ML/9 ML) T2SL absorber, where GaSb is sand-
wiched between the electron relaxation and the interband-
tunneling regions that serve also as the hole and the electron
barriers, respectively. The barriers act as a means for sup-
pressing leakage current. The electron-relaxation region is
designed to facilitate the extraction of photogenerated car-
riers 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/AISb multi-QWs form a staircase,
with energy separations comparable to the 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.
Figure 50(b) shows two channels through which an electron
can tunnel through to the next stage: interband tunneling
through the type-II broken gap, and intraband tunneling
across or thermionic emission over the electron barrier. The
enhanced electron barriers suppress intraband-tunneling
current between stages and p-type type-II InAs/GaSb super-
lattice absorbers.

Figure 51 presents the Johnson-noise limited detectivity
spectra at various temperatures, extracted from the measured
responsivity spectra and RypA product for the above described
detector structure. The dark current density at 50mV
and 300K is 2.8 x 1072 A/em?, and the extracted RoA is

FIG. 49. Schematic illustration of an
IB CID device with multiple stages.
Each stage is composed of a SL
absorber sandwiched between electron
and hole barriers. E, and Ej, denote the
energy for electron and hole mini-
bands, respectively. The energy differ-
ence (E,—E,) is the bandgap, E,, of
the SL. Reprinted with permission
from Appl. Phys. Lett. 102, 211103
(2013). Copyright 2013 AIP
Publishing LLC.
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FIG. 50. Schematic illustration of the interband cascade type-II InAs/GaSb
superlattice photodetector: (a) photocarrier dynamics, and (b) dark current
dynamics. Reprinted with permission from J. Appl. Phys. 111, 024510
(2012). Copyright 2012 AIP Publishing LLC.

1.9 Qcm?, corresponding to a Johnson-noise limited D* of
2 x 10” Jones at 4.5 um.

Modification of the MWIR detector structure has been
proposed by Gautam er al.''* A schematic representation
of a single stage of the reported cascade detector is shown
in Fig. 52(a) and includes (1) the absorber region, (2) the
interband tunneling region, and (3) the transport region.
Due to built-in electric field, photo-generated electron-hole
pairs in the absorber region (1) move in opposite direc-
tions: electrons to the right, while the holes to the left. The
separation between the quantized energy level in the GaSb
QW of region (2) and the valence band in region (1) is
designed to be equal to the LO-phonon energy in AlSb (to
make the tunneling of holes a phonon-assisted process).
The hole and electron barriers represented by the relaxa-
tion region (3) and the interband tunneling region (2) also
act as the hole and the electron barriers, respectively, and
block the flow of dark carriers from one cascade stage into
the other.
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FIG. 51. Johnson-noise limited detectivity spectra of interband cascade
type-II InAs/GaSb superlattice photodetector at various temperatures.
Reprinted with permission from J. Appl. Phys. 111, 024510 (2012).
Copyright 2012 AIP Publishing LLC.

The heterostructure schematic of the QCD structure is
illustrated in Fig. 52(b). It consists of a bottom n " -type InAs/
AlSb T2SL contact layer (doped with GaTe to a level of
3 x 10" cm ) followed by seven cascade stages, which pre-
cede a 2-nm thick AISb tunneling barrier, and then the top
contact layer (doped at 3 x 10" cm ™ with Be). The
absorber, non-intentionally doped region, is made from 9ML
InAs/9ML GaSb T2SL. The total thickness of the absorber is
about 1pum. The devices were passivated with silicon
dioxide.

In the presented design, the total thickness of the
absorber is about 1 um, and theoretically, the absorption
quantum efficiency could be increased by increasing the num-
ber of stages. However, the conversion quantum efficiency is
lower than that of the absorption quantum efficiency by a fac-
tor of N.

The dark current density as a function of bias voltage
for different temperatures in the range of 225-380K is
shown in Fig. 53(a). Its value at 300K is about 1072 AJem?
at 5mV of applied voltage. Since the dark current compo-
nents scale rapidly with an increase in applied bias, operation

FIG. 52. MWIR T2SL interband cas-
cade detector: (a) a schematic repre-
sentation of a single stage and (b) a
schematic of the detector layered struc-
ture. Reprinted with permission from
Gautam et al., Infrared Phys. Technol.
59, 72-77 (2013). Copyright 2013
Elsevier.
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FIG. 53. Dark characteristics of T2SL MWIR cascade detector as a function of bias voltage for different operating temperatures: (a) dark current density and
(b) R A product. Reproduced with permission from Pusz et al., Proc. SPIE 8868, 88680M (2013). Copyright 2013 SPIE.

close to zero bias is important for focal plane array high
temperature operation. The maximum value of R A product
exceeds 10 Qcm® for 225K operation and appears for
0.8-0.9'V bias voltage, and decreases by about two orders of
magnitude for 380 K operation with a shift of applied voltage
to 0.2 V.

The spectral responsivity of MWIR T2SL cascade de-
tector has been observed up to 380K. The 100% cut-off
wavelength of 6 um and 7 um is measured at 225K and
380K, respectively (see Fig. 54). At room temperature, for a
wavelength ~ 5 um, the Johnson noise limited detectivity is
3 x 10° Jones. The performance of the device can be further
improved by optimizing the doping in the absorber and bar-
rier regions.

Using the equation for spectral responsivity, R;= (i#/
hc)qg, (where h, ¢, and g are Planck’s constant, speed of light,
and photoconductive gain, respectively) and the experimental
data gathered in Fig. 54(a), we can estimate room-temperature
conversion quantum efficiency at a wavelength of 5 um, as
ng ~ 2.5%. Since the device has seven stages, one would esti-
mate a gain of 1/7 (0.14). This leads to the absorption quantum
efficiency of 17.5%. The absorption quantum efficiency would

be increased by increasing the number 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 com-
parable to the diffusion length). However, the conversion
quantum efficiency remains lower than that of the absorption
quantum efficiency by the factor of number of absorbers
(stages).

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 depend-
ing on wavelength). Therefore, the lateral diffusion transport
may not be significant over such a short distance, and thus,
the deeply etched mesa structures for confining photoexcited
carriers may not be necessary in QCDs in contrast to conven-
tional photodiodes. Moreover, significant wave function
overlap of energy states in the multiple QW region (relaxa-
tion region) causes that the intersubband relaxation time
(e.g., optical-phonon scattering time ~ 1 ps) is much shorter
than the interband recombination time (=& 1ns, or &~ 0.1 ns at
high temperatures with significant Auger recombination).
Consequently, the photoexcited electrons in the active region

FIG. 54. Spectral characteristics of T2SL MWIR cascade detector: (a) current responsivity and (b) Johnson-noise limited detectivity. Reproduced with permis-

sion from Pusz et al., Proc. SPIE 8868, 88680M (2013). Copyright 2013 SPIE.
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FIG. 55. Response time of T2SL MWIR cascade detector: (a) at zero bias voltage versus temperature and (b) versus negative bias voltage at 225K, 293 K, and
380 K. Reproduced with permission from Pusz et al., Proc. SPIE 8868, 88680M (2013). Copyright 2013 SPIE.

are transferred to the bottom of the energy ladder with a very
high efficiency. This mechanism enables the quick and effi-
cient removal of carriers after photoexcitation.

Figure 55 presents the experimentally measured
response time of a cascade detector versus temperature at
zero bias (see Fig. 55(a)) and versus bias voltage for three
temperatures of operation: 225K, 293 K, and 380K (see Fig.
55(b)). These results confirm short response time of inter-
band cascade detectors. At zero bias, in a temperature range
of 225-280K, 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. 55(b)). The negative correlation
between the response time and the applied voltage for tem-
peratures of 225 and 293 K is probably related to drift com-
ponent decreasing with increasing bias as the electric field
increases across the absorber region. In this context, behav-
ior 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 raises 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
AISb which is responsible for tunneling of holes by phonon-
assisted process. In addition, ambipolar mobility is reduced
which in turn influences detector’s time response.

Recently, the first 5-stage MWIR interband cascade de-
tector 320 x 256 focal plane array has been demonstrated
with pixel size of 24 x 24 um and a pitch size of 30 ym.'*°
This device demonstrated BLIP performance above 150K
(300K, 21 FOV).

B. 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 long wavelength IR
region is very low due to high thermal generation. For exam-
ple, small sized uncooled 10.6-um photodiodes
(50 x 50 ,um2) exhibit less than 1Q zero bias junction resist-
ance which is well below the series resistance of a diode.
Consequently, the performance of conventional devices is
very poor and they are not usable for practical applications.

Figure 56 compares the RypA product of HgCdTe photo-
diodes with room-temperature experimental data for inter-
band CIDs fabricated with type-II InAs/GaSb SL absorbers.
It is evident that at the present early stage of the CID tech-
nology, the experimentally measured RpA values at room
temperature are higher than those for the state-of-the-art
HgCdTe photodiodes. However, their quantum efficiencies
are low, typically below 10%, resulting in lower detectivity
for interband T2SL cascade detectors in comparison to
HgCdTe photodiodes.

FIG. 56. RoA product of HgCdTe photodiodes (solid lines) in comparison
with room-temperature experimental data for IB CIDs with type-II InAs/
GaSb SL absorbers. Reproduced with permission from Pusz et al., Proc.
SPIE 8868, 88680M (2013). Copyright 2013 SPIE.
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FIG. 57. Typical spectral detectivity of HgCdTe detectors with 2-stage TE
coolers (solid lines). The best experimental data (white dots) are measured
for detectors with FOV equal to 36 degrees. BLIP detectivity is calculated
for FOV =2n. Black dots are measured for detectors with 4-stage TE
coolers.

Figure 57 shows the performance of the HgCdTe devi-
ces. Without optical immersion MWIR photovoltaic detec-
tors are sub-BLIP devices with performance close to the
generation-recombination limit. However, well designed
optically immersed devices approach the BLIP limit while
thermoelectrically cooled with 2-stage Peltier coolers.
Situation is less favorable for >8-um 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 non-
equilibrium devices were not successful due to large 1/f
noise extending to ~100 MHz in extracted photodiode.

Figure 58 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 220K and room temperature.

FIG. 58. Response time versus wavelength for zero-biased and reverse bi-
ased (as indicated) HgCdTe photodiodes and a T2SL MWIR cascade detec-
tor operating in the temperature range between 220 and 300 K. “Stacked”—
double-stacked photovoltaic  detector; PVM-multiple heterojunction
photovoltaic detector. Reproduced with permission from Pusz et al., Proc.
SPIE 8868, 88680M (2013). Copyright 2013 SPIE.
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Most of the zero-biased LWIR photodiodes are characterized
by response times below 10ns. The device response time
decreases under reverse bias achieving value below 1ns. In
this comparison, the response time of T2SL cascade detec-
tors is comparable or even shorter than that of HgCdTe
photodetectors.

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

VIIl. CONCLUSIONS

It is predicted that in the IR region, the capabilities of
HgCdTe-based technology will continue to expand because of
the excellent material properties. Despite serious competition
from alternative technologies, HgCdTe is unlikely to be seri-
ously challenged for high-performance applications or appli-
cations requiring multispectral capability and fast response.
However, the composition non-uniformity is a serious prob-
lem in the case of LWIR and VLWIR HgCdTe detectors. For
applications that require operation in the LWIR band as well
as in two-color MWIR/LWIR/VLWIR bands, HgCdTe, most
probably, will not be the optimal solution. The type II InAs/
GalnSb superlattice structure is a relatively new alternative
for an IR material system and has great potential for LWIR/
VLWIR spectral ranges with performance comparable to
HgCdTe with the same cutoff wavelengths. The fact that
Sb-based superlattice fabrication processing is based on stand-
ard III-V technology raises the potential of being more com-
petitive due to lower costs of mass production.

Advances in optoelectronic related materials science,
such as metamaterials and nanostructures, have opened doors
for new non-classical approaches to device design methodol-
ogies improving light coupling with detector active region.
In particular, research on plasmonic techniques and on pho-
tonic crystal structures has revealed several new ways for the
control of light leading to enhancement of IR detector
performance.

In the last two decades, several new concepts for
improving the performance of photodetectors have been pro-
posed. They are particularly addressing the drive towards the
so called HOT detectors aiming to increase detector operat-
ing temperatures. New strategies in photodetector designs
include barrier detectors, unipolar barrier photodiodes, multi-
stage detectors, and trapping detectors. Some of these
solutions have emerged as real competitors to HgCdTe pho-
todetectors. The superior performance of barrier detectors in
comparison to conventional p-n junction photodiodes is due
to fact that the nBn structure is not limited by generation-
recombination and tunneling currents.

Absence of a depletion region in barrier detectors offers
a way to overcome the disadvantage of large depletion dark



041102-33 Martyniuk et al.

currents. Consequently, they can be implemented in materi-
als with relatively poor SRH lifetimes, such as all -V
compounds. In addition, one can simultaneously harness the
fully developed III-V material technology with its superior
uniformity over large area and use bulk materials for HOT
detection in MWIR range (e.g. InAsSb ternary alloy). At
present time, theoretical predictions place T2SLs InAs/GaSb
at the forefront of IR systems development, and these A"™BY
material systems being grown on the GaAs/GaSb substrates
are very promising candidates for future integration with Si
technology.

Despite numerous advantages of III-V barrier detectors
over present-day detection technologies, the promise of
superior performance of these detectors has not materialized
to date. In particular, the dark current density is persistently
higher than that of bulk HgCdTe photodiodes, especially in
the MWIR range. Essential technological limitations need to
be overcome in order to attain their full potential. These
include short carrier lifetime, passivation, and heterostruc-
ture engineering.

Further strategy in development of barrier detectors
should be focusing on the decreasing or even removal of the
valence band offset in the barrier layer (especially in
HgCdTe nBn detectors) what will result in lower operating
bias, lower dark current, and ability to operate at higher tem-
peratures. Ways to eliminate valence band offset have been
proposed and are being developed for HgCdTe barrier detec-
tors by appropriate bandgap enegineering.

Currently, the only commercially available fast room
temperature detectors in the IR range are based on the
HgCdTe material. A novel HOT detector design, the so-
called interband cascade T2SL detector design, has demon-
strated the capability to provide high performance in terms
of high detectivity and a response time below 1 ns. The cas-
cade detectors have demonstrated high operating tempera-
tures, up to 400K, which is not possible to achieve by
photodetectors based on the HgCdTe material.
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