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In this paper, issues associated with the recent development third generation detectors are discussed. In this class
of detectors HgCdTe photodiodes, type II superlattice photodiodes, quantum-well infrared photoconductors
(QWIPs), and quantum dot IR photodetectors (QDIPs) are considered. The main challenges facing multicolor
devices concern complicated device structures, thicker and multilayer material growth, and more difficult device
fabrication, especially when the array size gets larger and pixel size gets smaller. Also discussion on the on-going

detector technology efforts is presented.
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1. Introduction

Multispectral infrared (IR) focal plane arrays (FPAs)
are highly beneficial for a variety of applications such
as missile warning and guidance, precision strike,
overhead surveillance, target detection, recognition,
acquisition and tracking, thermal imaging, naviga-
tional aids and night vision, etc. They can also play
many important roles in Earth and planetary remote
sensing and astronomy. Systems that gather data in
separate IR spectral bands can discriminate both
absolute temperature and unique signatures of
objects in the scene [1]. By providing this new
dimension of contrast, multiband detection also
offers advanced color processing algorithms to further
improve sensitivity above that of single-color devices.
This is extremely important for identifying tempera-
ture differences between missile targets, warheads, and
decoys.

In the 1990s third generation IR detectors emerged
after the tremendous impetus provided by detector
developments. The definition of third generation IR
systems is not particularly well established. In the
common understanding, third generation IR systems
provide enhanced capabilities such as larger number of
pixels, higher frame rates, better thermal resolution, as
well as multicolor functionality and other on-chip
signal processing functions. According to Reago et al.
[2], the third generation is defined by the requirement
to maintain the current advantage enjoyed by the U.S.
and allied armed forces. This class of devices includes

both cooled and uncooled FPAs [2,3]:

e high performance, high resolution cooled
imagers having multi-color bands,

e medium to high performance uncooled
imagers,

e very low cost, expendable uncooled imagers.

When developing third generation imagers, the IR
community is faced with many challenges. Current
readout technology is based upon CMOS circuitry that
has benefited from dramatic and continuing progress
in miniaturizing circuit dimensions. Second generation
imagers provide NEDT of about 20-30 mK with f/2
optics. A goal of third-generation imagers is to achieve
sensitivity improvement corresponding to NEDT of
about 1 mK. In a 300K scene in the LWIR region with
thermal contrast of 0.02, the required charge storage
capacity is above 10 electrons. This high charge-
storage density cannot be obtained within the small
pixel dimensions using standard CMOS capacitors [3].

To provide an opportunity to significantly increase
both the charge storage capacity and the dynamic
range, the vertically-integrated sensor array (VISA)
program has been sponsored by DARPA [4-6]. The
approach being developed builds on the traditional
‘hybrid’ structure of a detector with a 2D array of
indium-bump interconnects to the silicon readout.
VISA allows additional layers of silicon processing
chips to be connected below the readout to provide
more complex functionality. It will allow the use of
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smaller and multicolor detectors without compromis-
ing storage capacity. Signal-to-noise ratios will increase
for multicolor focal plane arrays. This will permit
LWIR focal plane arrays to improve the sensitivity by
a factor of 10.

Pixel and chip sizes are important issues in asso-
ciation with multi-color imager formats. Small pixels
reduce cost by increasing the number of readout and
detector dice potentially available from processed
wafers. Small pixels also allow smaller, lightweight
optics to be used.

Recently, the first large format MWIR FPAs with
pixel dimension of 15 um have been demonstrated [7,8].
It will be an extreme challenge to deploy a two- or
three-color detector structure into a small pixel such as
18 x 18 um?. Current two-color simultaneous mode
pixels with two indium bumps per pixel have not been
built with pixels smaller than 25 um on a side.

In the IR regions of interest such as short wave-
length IR (SWI, middle wavelength IR (MWIR) and
long wavelength IR (LWIR), four detector technolo-
gies present multicolor capability: HgCdTe photodi-
odes, quantum well infrared photodetectors (QWIPs),
antimonide based type II strained-layer superlattice
(SLS) photodiodes, and quantum dot infrared photo-
detectors (QDIPs) [1]. In this paper, recent progress in
third generation IR is presented.

2. Dual-band HgCdTe detectors

The standard method to detect multiwavelength simul-
taneously is to use optical components such as lenses,
prisms and gratings to separate the wavelength com-
ponents before they impinge on the IR detectors.
Another simpler method is a stacked arrangement in
which the shorter wavelength detector is placed opti-
cally ahead of the longer wavelength detector. In such
a way, two-color detectors using HgCdTe [9] and InSb/
PbSnTe [10] photodetectors were demonstrated in the
early 1970s. At present, however, considerable efforts
are directed to fabricating a single FPA with multicolor
capability to eliminate the spatial alignment and
temporal registration problems that exist whenever
separate arrays are used, to simplify optical design, and
to reduce size, weight, and power consumption.

The unit cell of integrated multi-color FPAs
consists of several co-located detectors, each sensitive
to a different spectral band (see Figure 1). 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
transparent to the longer wavelengths, which are then
collected in subsequent layers. In the case of HgCdTe,
this device architecture is realized by placing a longer

Three
band

Silicon ROIC ?

Figure 1. Structure of a three-color detector pixel. Infrared
flux from the first band is absorbed in Layer 3, while longer
wavelength flux is transmitted through the next layers. The
thin barriers separate the absorbing bands. (The color
version of this figure is included in the online version of
the journal.)

wavelength HgCdTe photodiode optically behind a
shorter wavelength photodiode.

Back-to-back photodiode two-color detectors were
first implemented using quaternary III-V alloy
(Ga,In;_,As,P,_)) absorbing layers in a lattice
matched InP structure sensitive to two different
SWIR bands [11]. A variation on the original back-
to-back concept was implemented using HgCdTe at
Rockwell [12] and Santa Barbara Research Center [13].
Following the successful demonstration of multispec-
tral detectors in LPE-grown HgCdTe devices [13], the
MBE and MOCVD techniques have been used for the
growth of a variety of multispectral detectors at
Raytheon [14-20], BAE Systems [21], Leti [22-27]
Selex and QinetiQ [28-31], DRS [32-34] Teledyne and
NVESD [35,36]. For more than a decade steady
progression has been made in a wide variety of pixel
sizes (to as small as 20 um), array formats (up to
1280 x 720) and spectral-band sensitivity (MWIR/
MWIR, MWIR/LWIR and LWIR/LWIR).

Both sequential mode and simultaneous mode
detectors are fabricated from multilayer materials.
The simplest two-color HgCdTe detector, and the first
to be demonstrated, was the bias-selectable n-P-N
triple-layer heterojunction (TLHJ), back-to-back pho-
todiode shown in Figure 2(a) (capital letter means
wider band gap structure). The n-type base absorbing
regions are deliberately doped with indium at a level
of about (I to 3)x10"em ™. A critical step in device
formation is ensuring that the in situ p-type As-doped
layer (typically 1-2 um thick) has good structural and
electrical properties to prevent internal gain from
generating spectral crosstalk. The band gap engineer-
ing effort consists of increasing the CdTe mole fraction
and the effective thickness of the p-type layer to keep
out-of-band carriers from being collected at the
terminal.

The sequential-mode detector has a single indium
bump per unit cell that permits sequential bias
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Figure 2. Cross-section views of unit cells for various back-illuminated dual-band HgCdTe detector approaches: (a) bias-
selectable n-p-n structure reported by Raytheon [13], () simultaneous n-p-n design reported by Raytheon [14], (¢) simultaneous
p-n-n-p reported by BAE Systems [21], (¢ ) simultaneous n-p-p-p-n design reported by Leti [22], (e) simultaneous structure based
on p-on-n junctions reported by Rockwell [35], and (/) simultaneous structure based on n-on-p junctions reported by Leti [26].
(The color version of this figure is included in the online version of the journal.)

selectivity of the spectral bands associated with oper-
ating back-to-back photodiodes. When the polarity of
the bias voltage applied to the bump contact is
positive, the top (LW) photodiode is reverse biased
and the bottom (SW) photodiode is forward biased.
The SW photocurrent is shunted by the low impedance
of the forward-biased SW photodiode, and the only
photocurrent to emerge in the external circuit is the
LW photocurrent. When the bias voltage polarity is
reversed, the situation reverses; only the SW photo-
current is available. Switching times within the detector
can be relatively short, on the order of microseconds,
so detection of slowly changing targets or images can
be achieved by switching rapidly between the MW and
LW modes. The problems with the bias-selectable
device are the following: its construction does not
allow independent selection of the optimum bias
voltage for each photodiode, and there can be sub-
stantial MW crosstalk in the LW detector.

Multicolor detectors require deep isolation trenches
to cut completely through the relatively thick (at least
10 um) LWIR absorbing layer. The design of small

two-color TLHJ detectors of less than 20 um pitch
requires at least 15um deep trenches, which are no
more than 5um wide at the top. Dry etching technol-
ogy has been used for a number of years to produce
two-color detectors. One of the materials technologies
being developed in order to meet the challenge of
shrinking the pixel size to below 20 um is advanced
etching technology. Recently, Raytheon has developed
an inductively coupled plasma (ICP) dry mesa etching
capability to replace electron cyclotron resonance
(ECR) dry mesa etching. The ICP, when compared
to ECR, has shown reduced lateral mask erosion
during etching, less significant etch-lag effects, and
improved etch depth uniformity [37]. For the pseudo-
planar devices the etching step is easier to perform
because of the lower aspect ratio. Moreover, there is
no electrical crosstalk as the pixels are electrically
independent.

Many applications require true simultaneous detec-
tion in the two spectral bands. This has been achieved in
a number of ingenious architectures shown in Figure
2(b)—~(f). Two different architectures are shown.
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Figure 3. Spectral response curves for two-color HgCdTe detectors in various dual-band combinations of MWIR and LWIR
spectral bands (after [39]). (The color version of this figure is included in the online version of the journal.)

The first one is the classical n-P-N back-to-back
photodiode structure (Figure 2()). In the case of the
architecture developed at Leti (Figure 2(d)), the two
absorption materials are p-type separated by a barrier to
prevent any carrier drift between the two n-on-p diodes.
Each pixel consists of two standard n-on-p
photodiodes, where the p-type layers are usually
doped with Hg vacancies. The shorter wavelength
diode is realized during epitaxy by simply doping part
of the first absorbing layer with In. The longer
wavelength junction is obtained by a planar implanta-
tion process. It should be noted that the electron
mobility is around 100 times greater in n-type material
than holes in p-type material and, hence, the n-on-p
structures will have a much lower common resistance.
This is an important consideration for large area FPAs
with detection in the LW range due to the larger
incident-photon flux.

The last two architectures shown in Figure 2(¢) and
(f), called ‘pseudo-planar’, present a totally different
approach. They are close to the structure proposed by
Lockwood et al. [38] in 1976 for PbTe/PbSnTe
heterostructure two-color photodiodes. They are
based on the concept of two p-on-n (Figure 2(e)) or
n-on-p (Figure 2( f)) diodes fabricated by p-type or n-
type implantation, respectively, but on two different
levels of a three-layer heterostructure. The architecture
developed by Rockwell is a simultaneous two-color
MWIR/LWIR FPA technology based on a double-
layer planar heterostructure (DLPH) MBE technology
(Figure 2(e)). To prevent the diffusion of carriers
between two bands, a wide-band gap 1 um thick layer
separates these two absorbing layers. The diodes are
formed by implanting arsenic as a p-type dopant and
activating it with an anneal. This results in a unipolar
operation for both bands. The implanted area of Band
2 is a concentric ring around the Band 1 dimple.
Because the lateral carrier-diffusion length is larger
than the pixel pitch in the MWIR material, and the
Band 1 junction is shallow, each pixel is isolated by
dry-etching a trench around it to reduce carrier
crosstalk. The entire structure is capped with a layer

of material with a slightly wider band gap to reduce
surface recombination and simplify passivation.

All these simultaneous dual-band detector archi-
tectures require an additional electrical contact from
an underlying layer in the multijunction structure to
both the SW and the LW photodiode. The most
important distinction is the requirement of a second
readout circuit in each unit cell.

It is expected that with the TLHJ architecture, pixel
size could decrease to 15um, and array format could
increase to several megapixels. With the pseudo-planar
architecture, MWIR/LWIR devices should be pro-
duced more easily, with large format arrays having
pixel size around 20 um.

Figure 3 illustrates examples of the spectral response
from different two-color devices. Note that there
is minimal crosstalk between the bands, since the
short-wavelength detector absorbs nearly 100% of
the shorter wavelengths. Test structures indicate that
the separate photodiodes in a two-color detector
perform exactly like single-color detectors in terms of
achievable RypA4 variation with wavelength at a given
temperature.

The best performing bias selectable dual-color
FPAs being produced at Reytheon Vision Systems
exhibit out-of-band crosstalk below 10%, 99.9%
interconnect operability, and 99% response operability
which is comparable to state-of-the-art, single-color
technology. It is predicted that ongoing development
of material growth and fabrication processes will
translate to further improvements in dual-color FPA
performance.

Recently, Raytheon Vision Systems has developed
two-color, large-format infrared FPAs to support the
US Army’s third generation FLIR systems in both
640 x 480) and ‘high-definition” 1280 x 720 formats
with 20 x 20 um unit cells (see Figure 4). The ROICs
share a common chip architecture and incorporate
identical unit cell circuit designs and layouts; both
FPAs can operate in either dual-band or single-band
modes. High-quality MWIR/LWIR 1280 x 720 FPAs
with cutoffs ranging out to 1lum at 78K have
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Figure 4. RVS dual-band MW/LWIR FPAs mounted on dewar platforms: (a) 1280 x 720 format and (b) 640 x 480 format
(after [19]). (The color version of this figure is included in the online version of the journal.)
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Figure 5. Two-color HDVIP architecture is composed to two layers of thinned HgCdTe epoxied to a silicon readout: () side
view, (b) top view (after [34]), and (¢) small hole etched to form junction and to contact the Si readout. (The color version of this

figure is included in the online version of the journal.)

demonstrated excellent sensitivity and pixel operabil-
ities exceeding 99.9% in the MW band and greater
than 98% in the LW band. Median 300K NEDT
values at f/3.5 of approximately 20 mK for the MW
and 25mK for the LW have been measured for dual-
band time division multiplexed integration (TDMI)
operation at 60 Hz frame rate with integration times
corresponding to roughly 40% (MW) and 60% (LW)
of full well charge capacities. Excellent high resolution
IR camera imaging with f/2.8 FOV broadband refrac-
tive optics at 60 Hz frame rate has been achieved.
The HgCdTe high-density vertically integrated
photodiode (HDVIP) or loophole concept, developed
at DRS and BAE Southampton, represents an alter-
native approach to IR FPA architecture. It differs
from the more entrenched FPA architectures in both
its method of diode formation and the manner of its
hybridization to the silicon ROIC [34]. The monocolor
HDVIP architecture consists of a single HgCdTe
epilayer grown on CdZnTe substrate by LPE or
MBE. After epitaxial growth, the substrate is removed
and the HgCdTe layer is passivated on both surfaces
with interdiffused layers of evaporated CdTe (the
interdiffusion at 250°C on the Te-rich side of the phase
field generates about 10'°cm™ metal vacancies).
During this process the Cu can also be in-diffused

from a doped ZnS source providing an alternative to
doping during growth. This single color architecture
has been extended to two colors at DRS by gluing
two monocolor layers together into a composite, and
forming an insulated via through the lower layer in
order to read out the upper color, as illustrated in
Figure 5. Contact to the Si ROIC is obtained by
etching holes (or vias) through the HgCdTe down to
contact pads on the Si (see Figure 5(c)). The ROIC
used for the dual-band FPA was originally designed
for a single-color 640 x 480 array with 25 pum (square)
pixels. The even-numbered rows of the ROIC have no
detectors attached to them, so the chip is operated in a
mode that only outputs the odd rows. Odd-numbered
columns connect to LWIR detectors, and the MWIR
detectors are on the even columns. This approach
has been utilized to fabricate both MW-LW and
MW-MW 240 x 320 FPAs on a 50 um pitch. Higher
densities are being investigated with dedicated two-
color ROIC designs, enabling pitches of <30pum for
two-color FPAs.

It is well known that, when the detectivity is
approaching a value above 10'°cmHz">W™!, the
FPA performance is uniformity limited prior to
correction and thus essentially independent of the
detectivity. For short wavelength IR (&3 pum) and
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MWIR (&5um) HgCdTe materials, the variation in
cut-off wavelength is not large. However, the non-
uniformity is a serious problem in the case of LWIR
HgCdTe detectors. The variation of x across the
Hg,_,Cd,Te wafer causes much larger spectral non-
uniformity. At 77K, a variation of Ax=0.1% gives a
A). above 0.5um at A.=20pm, which cannot be
corrected by either two or three point corrections. This
cut-off wavelength nonuniformity at the FPA level can
be spectrally corrected by using a cold filter, but the
dark current variation caused by the variation of
cutoff wavelengths will still exist. For applications that
require operation in the LWIR band as well as
two-color LWIR/VLWIR bands, most probably
HgCdTe will not be the optimal solution.

An alternative candidate for third generation IR
detectors is the Sb-based II1I-V material system. These
materials are mechanically robust and have fairly weak
dependence of the band gap on composition (see
Figure 6). One advantage of using type Il superlattice
in LW and VLWIR is the ability to fix one component
of the material and vary the other to tune wavelength
(see Figure 7).

3. Type-1I InAs/GalnSb dual-band detectors

Recently, type II InAs/GalnSb strained-layer super-
lattices (SLSs) have emerged as a third candidate for
third generation infrared detectors [41-46]. Sensors for
the MWIR and LWIR spectral ranges are based on
binary InAs/GaSb short-period superlattices. The
layers needed are already so thin that there is no
benefit to using GalnSb alloys.

The type-II superlattice has staggered band align-
ment such that the conduction band of the InAs layer
is lower than the valence band of the InGaSb layer.
This creates a situation in which the energy band gap
of the superlattice can be adjusted to form either a

3.0 0413
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25 O~ r Directgap [10-496
N N ZnTe =
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Figure 6. The low temperature energy band gap of semi-
conductors versus their lattice constants. (The color version
of this figure is included in the online version of the journal.)

semi-metal (for wide InAs and GalnSb layers) or a
narrow band gap (for narrow layers) semiconductor
material. In the SL, the electrons are mainly located in
the InAs layers, whereas holes are confined to the
GalnSb layers, which suppresses Auger recombination
mechanisms and thereby enhances carrier lifetime. The
band gap of the SL is determined by the energy
difference between the electron miniband and the first
heavy hole state at the Brillouin zone center. As is
described in [8], the InAs/Ga;_,In,Sb SLSs material
system can have some advantages over bulk HgCdTe.

InAs/GalnSb SL photodiodes are typically based
on p-i-n structures with an unintentionally doped,
intrinsic region between the heavily doped contact
portions of the device. A cross-section scheme of a
completely processed mesa detector is presented in
Figure 8. The layers are usually grown by MBE at

Wavelength (um)
4030 20 15 10

10’

100:-

=66A

Photoresponse (arb. units)
InAs

25 50 75 100 125 150 175 200 225
Energy (meV)

Figure 7. Dependence of the SLS cut-off wavelength with
the InAs thickness while GaSb is fixed at 40 angstroms (after
[40]). (The color version of this figure is included in the online
version of the journal.)
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n-type InAs

Sidewall passivation

Bottom ohmic contact

p-GaSb buffer

p-GaSb substrate

2 0§ ¢

Incident radiation

Figure 8. Cross-section schematic of p-i-n InAs/GaSb super-
lattice photodiode. (The color version of this figure is
included in the online version of the journal.)



02: 40 18 February 2011

Downl oaded By: [CAS Chi nese Acadeny of Sciences] At:

1722 A. Rogalski

substrate temperatures around 400°C on undoped
(001) oriented two-inch GaSb substrates. With the
addition of cracker cells for the group V sources, the
superlattice quality becomes significantly improved.
The lower periods of the SLs are p-doped with
1 x10"”7cm™ Be in the GaSb layers. These acceptor
doped SL layers are followed by a 1 to 2um thick,
nominally undoped, superlattice region. The width of
the intrinsic region does vary in the designs. The width
used should be correlated to the carrier diffusion
lengths for improved performance. The upper of the
SL stack is doped with silicon (Ix10" to
1x10"®cm™) in the InAs layers and is typically
0.5 um thick. The top of the SL stack is then capped
with an InAs:Si (n~ 10"®cm™2) layer to provide good
ohmic contact.

The main technological challenge for the fabrica-
tion of photodiodes is the growth of thick SLS
structures without degrading the materials quality.
High-quality SLS materials thick enough to achieve
acceptable quantum efficiency is crucial to the success
of the technology. Surface passivation is also a
serious problem. Considerable surface leakage is
attributed to the discontinuity in the periodic crystal
structure caused by mesa delineation. Several materials
and processes have been explored for device
passivation. Some of the more prominent thin films
studied have been silicon nitride, silicon oxides,

ammonium sulfide, and aluminium gallium antimonide
alloys. The best results have been recently obtained
using inductively coupled plasma dry etching and
polyimide passivation [40].

The growth sequence of high quality two-color
MWIR type-11 SLS FPAs fabricated at the Fraunhofer
Institute in Freiburg starts with a 200nm lattice
matched AlGaAsSb buffer layer followed by a
700 nm thick n-type doped GaSb layer. Next, the
‘blue channel’ consisting of 330 periods of p-type of a
7.5 ML InAs/10 ML GaSb is deposited. After the ‘blue
channel’ follows a common ground contact layer
comprising 500nm of p-type GaSb follows. The
detection of the ‘red channel’ is realized using 150
periods of a 9.5ML InAs/10 ML GaSb superlattice.
Finally, 20nm thick InAs layer terminates the
structure. The thickness of the entire vertical pixel
structure is only 4.5 pm, which significantly reduces the
technological challenge in comparison to dual-band
HgCdTe FPAs with a typical total layer thickness
around 15 um.

The first dual-band 288x384 MWIR InAs/GaSb
camera has already been demonstrated [42]. Figure 9
illustrates the device processing. In the first step via
holes to the common p-type contact layer and to the
n-type contact layer of the lower diode are etched by
chlorine-based chemically assisted ion beam etching.
Next, another chemical etching is used to fabricate

Figure 9. SEM images illustrating the processing of 288 x 384 dual-color InAs/GaSb SLS FPAs. At a pixel pitch of 40 um,
three contact lands per pixel permit simultaneous and spatially coincident detection of both colors (after [42]).
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Figure 10. Bispectral infrared image of an industrial site taken with a 384 x 288 dual-color InAs/GaSb SL camera. The two color
channels 3-4 pm and 4-5um are represented by the complementary colors cyan and red, respectively (after [45]). (The color
version of this figure is included in the online version of the journal.)

deep trenches for complete electrical isolation of each
pixel (see Figure 9(a)). After deposition of the diode
passivation, a reactive ion etching is employed to
selectively open the passivation to provide access to the
contact layers (see Figure 9(b)). Next, the contact
metallization is evaporated (see Figure 9(c)). A fully
processed dual-color FPA is shown in Figure 9(d).

In the above approach, simultaneous detection in a
40 um pixel has been achieved. With f/2 optics, 2.8 ms
integration time and 73 K detector temperature, the
superlattice camera achieves an NEDT of 29.5mK for
the blue channel (3.4pm<A<4.1um) and 16.5mK
for the red channel (4.1pm<A<5.1pum). As an
example, the excellent imagery delivered by the
288 %384 InAs/GaSb dual-color camera is presented
in Figure 10. The image is a superposition of the
images of the two channels coded in the complimentary
colors cyan and red for the detection ranges of 3—4 um
and 4-5 um, respectively. The red signatures reveal hot
CO, emissions in the scene, whereas water vapor, e.g.
from steam exhausts or in clouds, appear blue due to
the frequency dependency of the Rayleigh scattering
coefficient.

As one of the first representatives of a third
generation system, the dual-color SLS technology is
commercialized in a missile approach warning system
[44]. These very promising results confirm that the
antimonide SL technology is now a direct competitor
to MBE HgCdTe dual-color technology.

4. Multiband QWIPs

QWIPs are ideal detectors for the fabrication of pixel
co-registered simultaneously readable two-color IR
FPAs because a QWIP absorbs IR radiation only in a
narrow spectral band and is transparent outside of that
absorption band. Thus, it provides zero spectral
crosstalk when two spectral bands are more than a
few microns apart. Individual pixels in a multiband
QWIP detector array are fabricated using a process
similar to that used for their single band counterparts,

except for the via holes that need to be added to
electrically connect with the silicon ROIC.

Sanders was the first organization to fabricate two-
color, 256 x 256 bound-to-miniband QWIP FPAs in
each of four important combinations: LWIR/LWIR,
MWIR/LWIR, near-IR (NIR)/LWIR, and MWIR/
MWIR - with simultaneous integration [47,48]. At
present multicolor QWIP detectors are fabricated at
Jet Propulsion Laboratory (JPL) [49-55], Army
Research Laboratory [56-58], Goddard [58,59],
Thales [60—64], and AIM [42,65,66] with the majority
being based on bound-to-extended transitions.

Devices capable of simultaneously detecting two
separate wavelengths can be fabricated by vertical
stacking of the different QWIP layers during epitaxial
growth. The long-wavelength-sensitive stack (red
QWIP) is grown above the shorter-wavelength-sensi-
tive stack (blue QWIP). As shown in Figure 11(b), the
carriers emitted from each multi-quantum well (MQW)
region are collected separately using three contacts.
The middle contact layer (see Figure 11(c)) is used as
the detector common. The electrical connections to the
detector common and the LWIR connection are
brought to the top of each pixel using via connections.
Electrical connections to the common contact and the
LWIR pixel connection are brought to the top of each
pixel using the gold via connections visible in Figure
11(d). This elaborate processing technology could lead
to 2D imaging arrays that can detect three separate
bands on a single pixel.

The gaps between FPA detectors and the readout
multiplexer are backfilled with epoxy. The epoxy
backfilling provides the necessary mechanical strength
to the detector array and readout hybrid prior to array
thinning. The initial GaAs substrate of dual-band
FPAs is completely removed leaving only a 50 nm thick
GaAs membrane. This allows the array to accommo-
date any thermal expansion by eliminating the thermal
mismatch between the silicon readout and the detector
array. It also eliminates pixel-to-pixel crosstalk and,
finally, significantly enhances the optical coupling of
IR radiation into the QWIP pixels. Using the above-
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Figure 11. Two-color MWIR/LWIR QWIP FPA: (a) 48 FPAs processed on a 4 inch GaAs wafer, (b) 3D view of pixel structure,
(¢) electrical connections to the common contact, (d) the pixel connections are brought to the top of each pixel using the gold via
connections (after [67]). (The color version of this figure is included in the online version of the journal.)

described fabrication process, significant progress has
been made towards development of a megapixel dual-
band QWIP FPA [53,54,67].

Development of dual-band QWIP FPAs has been
undertaken over the last decade. One of the key issues
has been the scarcity of appropriate read-out multi-
plexers. To overcome this problem, JPL has chosen to
demonstrate initial dual band concepts with existing
multiplexers developed for single-color applications,
and use a waveband-interlaced CMOS readout archi-
tecture (i.e. odd rows for one color and even rows for
the other color). This scheme has the disadvantage that
it does not provide a full fill factor for both wavelength
bands, resulting in an approximate 50% fill factor for
each wavelength band. At present, QWIP FPA with
pixel co-llocation and simultaneous operation in
MWIR and LWIR are fabricated. Typical operating
temperatures for QWIP detectors are in the range of 60
to 80 K. The bias across each QWIP can be adjusted
separately, although it is desirable to apply the same
bias to both colors.

Thales selected the ISC0208 Indigo ROIC for
demonstration of a prototype dual band QWIP
camera. Since this read-out is not designed for dual
band applications, the QWIP demonstrator cannot be
a temporally coherent MWIR/LWIR array. MWIR/
LWIR imagery is based on a two stack quantum
structure (see Figure 12) and is described in [68].

The processing is the same as the one developed for in
situ skimming FPAs [69]. One band is read when the
second one is integrated, hence the two QWIP biases
are modulated between two frames. The QWIP wafers
were processed with the 25 um pitch, 384 x 288 format
of the ISC0208 ROIC. The SEM picture in
Figure 12(b) illustrates details of the processing.

To cover the MWIR range, a strained-layer
InGaAs/AlGaAs material system is used. InGaAs in
the MWIR stack produces high in-plane compressive
strain, which enhances the responsivity.

Recently, the research group from Jet Propulsion
Laboratory has implemented a MWIR/LWIR pixel
co-registered simultaneously readable 1024 x 1024
dual-band device structure that uses only two indium
bumps per pixel (Figure 13) compared to three indium
bumps per pixel with pixel co-located dual-band
devices. In this device structure the detector common
(or ground) is shorted to the bottom detector common
plane via a metal bridge. Thus, this device structure
reduces the number of indium bumps by 30% and has
a unique advantage in large format FPAs, since more
indium bumps require additional force during the FPA
hybridization process. The pitch of the detector array
is 30 um and the actual MWIR and LWIR pixel sizes
are 28 x 28 um?. The estimated NEDT based on single
pixel data of MWIR and LWIR detectors at 70K
are 22 and 24mK, respectively. The experimentally
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Figure 12. Dual band QWIP array: (a) cross-section of two different sections and (b) details of a dual band QWIP array with
25 pm pitch (after [64]). (The color version of this figure is included in the online version of the journal.)

Figure 13. 3D view of dual-band QWIP device structure
showing via connects for independent access of MWIR and
LWIR devices. The color code is as follows, orange —
isolation layer; green — LWIR QWIP; light blue — MWIR
QWIP; gray — contact layer; dark blue — metal bridges
between MQW regions; yellow — indium bumps (after [55]).
(The color version of this figure is included in the online
version of the journal.)

measured NEDT values were 27 and 40 mK for MWIR
and LWIR, respectively.

The potential of QWIP technology is connected with
multicolor detection. A four-band hyper spectral
640 x 512 QWIP array was successfully developed
under a joint Goddard—Jet Propulsion Laboratory—
Army Research Laboratory project funded by the Earth
Science Technology Office of NASA (see Figure 14).
The device structure consists of a 15-period stack of 3 to
5 um QWIP structure, a 25-period stack of 8.5 to 10 pm
QWIP structure, a 25-period stack of 10 to 12 pm QWIP
structure, and a 30-period stack of 14 to 15.5um
QWIP structure [52]. The four bands of the QWIP
array were defined by a deep trench etch process and the
unwanted spectral bands were eliminated by a detector
short-circuiting process using gold-coated reflective 2D
etched gratings as shown in Figure 14(a). The VLWIR
QWIP structure has been designed to have bound-to-
quasibound intersubband absorption, whereas the other
QWIP device structures have been designed to have
bound-to-continuum intersubband absorption, since
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Figure 14. Four-band QWIP device structure: (a) layer diagram and the deep groove 2D-periodic grating structure (each pixel
represents a 640 x 128 pixel area of the four-band FPA); (b) normalized spectral response (after [52]). (The color version of this

figure is included in the online version of the journal.)

the photocurrent and dark current of these devices are
small in comparison to those of the VLWIR device.

Recently, a novel four-band IR imaging system
with simultaneously readable co-located pixels has
been proposed [55]. The FPA is divided into 2 x 2 sub-
pixel areas that function as superpixels marked as QI,
Q2, Q3 and Q4 in Figure 15, each sensitive to one of
four specific wavelength bands.

The above results indicate that QWIPs have shown
significant progress in recent years, especially in their
applications to the multiband imaging problem. It is a
niche in which they have an intrinsic advantage due to
the comparative ease of growing multiband structures
by MBE with very low defect density.

5. Multiband QDIPs

QDIP devices capable of detecting several separate
wavelengths can be fabricated by vertical stacking of

a
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1
| !
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i “

Figure 15. SEM picture of processed four-band array (after
[55]). (The color version of this figure is included in the online
version of the journal.)
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Figure 17. Spectral response from a DWELL detector with
response at Vy==+1V and +2 V. Note the response in the
two MWIR and LWIR bands can be measured using this
detector. The relative intensities of the bands can be altered
by the applied bias (after [74]). (The color version of this
figure is included in the online version of the journal.)

the different QWIP layers during epitaxial growth.
The schematic structure is shown in Figure 16.
In the case of a structure, described by Lu et al.
[70], each QDIP absorption band consists of
10-periods of InAs/InGaAs QD layers sandwiched
between the top and bottom electrodes. The bias
voltage seclection of the detection bands originates
from the asymmetric band structure. At low bias
voltage, the high energy GaAs barrier blocks the
photocurrent generated by LWIR radiation and
only responds to the MWIR incidence. Conversely,
as the bias voltage increases, the barrier energy
decreases, allowing LWIR signals to be detected at
different bias voltage levels.

The first two-color quantum dot FPA demonstra-
tion was based on a voltage-tunable InAs/InGaAs/

GaAs DWELL structure [71,72]. In this type of
structure, InAs QDs are placed in an InGaAs well,
which in turn is placed in a GaAs matrix.

Figure 17 shows the multicolor response from a
DWELL detector. Typically, the MWIR response
dominates at low to nominal voltages due to higher
escape probability. With increasing voltage, the
LWIR and eventually VLWIR responses are enhanced
due to the increased tunneling probability of lower
states in the DWELL detector. The bias-dependent
shift of the spectral response is observed due to the
quantum-confined Stark effect. This voltage-control
of spectral response can be exploited to realize
spectrally smart sensors whose wavelength and band-
width can be tuned depending on the desired applica-
tion [73,74].

Recently, Varley et al. [75] have demonstrated a
two-color, MWIR/LWIR, 320 x 256 FPA based on
DWELL detectors. Minimum NEDT values of 55mK
(MWIR) and 70mK (LWIR) were measured (see
Figure 18).

To develop an increased functionality at the pixel
level for next generation FPAs, the concept of an
infrared retina has been proposed [74,76]. In this
concept, an array can work similarly to the human eye
that has a ‘single’ FPA but multiple cones. Krishna has
discussed this concept considering plasmonic tailoring
of the resonance or bias dependent dynamic tuning
based on the quantum confined Stark effect or
incorporation of avalanche gain to achieve embodi-
ments of the infrared retina [76].

6. Conclusions

Third generation infrared imagers are beginning a
challenging road to development. For multiband
sensors, boosting the sensitivity in order to maximize
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Figure 18. NEDT in the MWIR and LWIR bands at 77 K.
Irradiance levels for MWIR and LWIR are 3-5 um ( f/2) and
812 um (f/2.3), respectively (after [75]). (The color version
of this figure is included in the online version of the journal.)

the identification range is the primary objective. The
goal for dual-band MW/LW IR FPAs are 1920 x 1080
pixels, which due to lower cost should be fabricated
on silicon wafers. The challenges to attaining those
specifications are material uniformity and defects,
heterogeneous integration with silicon and ultra well
capacity (on the order of a billion in the LWIR).

It is predicted that HgCdTe technology will
continue in the future to expand the envelope of its
capabilities because of its excellent properties. Despite
serious competition from alternative technologies and
slower progress than expected, HgCdTe is unlikely to
be seriously challenged for high-performance applica-
tions, applications requiring multispectral capability
and fast response. However, the nonuniformity is a
serious problem in the case of LWIR and VLWIR
HgCdTe detectors. For applications that require
operation in the LWIR band as well as two-color
MWIR/LWIR/VLWIR bands most probably HgCdTe
will not be the optimal solution. Type II InAs/GalnSb
superlattice structure is a relatively new alternative IR
material system and has great potential for LWIR/
VLWIR spectral ranges with performance comparable
to HgCdTe with the same cutoff wavelength.

Based on the breakthrough of Sb-based type I SLS
technology it is obvious that this material system is in a
position to provide high thermal resolution for short
integration times comparable to HgCdTe. The fact
that Sb-based superlattices are processed close to
standard III-V technology raises the potential to be
more competitive due to lower costs in series produc-
tion. The potential low cost compared to HgCdTe is
that it can leverage investments in lasers and transis-
tors in the Sb-based industry, and has potential
commercial market applications in the future.

QDIP detector technology is at a very early stage of
development. The bias-dependent spectral diversity
of this type of detector can be exploited to realize
spectrally smart sensors whose wavelength and band-
width can be tuned depending on the desired applica-
tion. Optimization of the QDIP architecture is still an
open area. Improving QD uniformity is a key issue in
increasing the absorption coefficient and improving the
performance.
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