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HgCdTe infrared detectors have been intensively developed over the past forty years since the first synthesis of this com-
pound semiconductor in 1958. Today, HgCdTe is the most widely used infrared detector material. This paper reviews key de-
velopments in the crystal growth and device history of this important technology. Projections and challenges for the contin-
ued evolution of this technology are summarized.

Keywords: HgCdTe single crystals and epitaxial layers, HgCdTe photoconductors and photodiodes, focal plane arrays.

1. Introduction

HgCdTe was first synthesized in 1958 by a research group
led by Lawson [1] at the Royal Radar Establishment in
England. This work was the successful outcome of a delib-
erate effort to engineer a direct-bandgap, intrinsic semicon-
ductor for the long wavelength infrared (LWIR) spectral
region (8—14 pm). Early recognition of the significance of
this work led to intensive development in a number of
countries including England, France, Germany, Poland, the
former Soviet Union and the United States [2]. Little has
been written about the early development years — the exis-
tence of work going on in the United States was classified
until the late 60 s. The French pavilion at the 1967 Mon-
treal Expo illustrated a CO, laser system with a photovol-
taic HgCdTe detector. Photoconductive devices had been
built in the US as early as 1964 at Texas Instruments.

Advancement of the crystal growth technology has pro-
ceeded deliberately and steadily for four decades in spite of
the high vapour pressure of Hg at the melting point of
HgCdTe and the known toxicity of the material. The first
section of this paper reviews a key properties of HgCdTe
which are crucial for IR detector functions. Progress made
in growing HgCdTe is then summarized and the capabili-
ties of bulk, liquid-phase, and vapour-phase epitaxy are
then compared.

HgCdTe has inspired the development of three “genera-
tions” of detector devices which are described in the subse-
quent three sections. The first generation, linear arrays of
photoconductive detectors, has been produced in large
quantities and is in widespread use today. The second gen-
eration, two-dimensional arrays of photovoltaic detectors,
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is now in high-rate production — thousands of arrays annu-
ally. Third generation devices, defined here to encompass
the more exotic device structures embodied in two-colour
detectors, avalanche photodiodes, and hyperspectral arrays,
are now fielded in demonstration programs. These devices
offer functionality beyond today’s detectors, but are some
years away from high-rate production.

Even as third-generation detector development pro-
ceeds, device performance is being enhanced in a number
of directions: array size, cooling requirements, long wave-
length application of photovoltaic technology, three-colour,
and readout capability. The direction of this work is sum-
marized in the final section.

2. HgCdTe material

Several properties of HgCdTe qualify it as highly useful for

infrared detection. These are:

e Adjustable bandgap from 0.7 to 25 pm.

¢ Direct bandgap with high absorption coefficient.

*  Moderate dielectric constant/index of refraction.

*  Moderate thermal coefficient of expansion.

e Availability of wide bandgap lattice-matched substrates
for epitaxial growth.

We now discuss each of these key properties.

Infrared detection in HgCdTe begins with the excitation
of an electron from the valence band into the conduction
band. The minimum photon energy required is equal to the
bandgap, E,. The bandgap of Hg,_Cd,Te is a function of
the alloy composition ratio “x” of CdTe to HgTe, and the
temperature of the material. A number of equations have
been developed to summarize the empirically measured re-
lationship. One of these, developed by Hansen et al. [3] is
given by the expression:

E, =-0302+193v —081x* +0832x° + W

+5351-20)1074T.
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Figure 1 illustrates the dependence of this equation for
representative compositions of the alloy, x = 0.2, 0.3, and
0.4, which span the medium-to-long wavelength spectral
regions, 3—14 pm. With higher values of x the spectral re-
sponse can be tailored to wavelengths as short as 0.7 pm,
corresponding to the bandgap of CdTe. Since the bandgap
of HgTe is negative, or inverted, the alloy can be grown to
achieve arbitrarily small bandgaps. In practice, HgCdTe
has not been used significantly beyond about 25 pm.
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Fig. 1. Bandgap and corresponding spectral cutoff for

representative alloy compositions of Hg;_,Cd,Te as a function of
temperature as calculated from Eq. (1).

Direct bandgap semiconductors, such as HgCdTe, have
a sharp onset of optical absorption as the photon energy in-
creases above E - In contrast, indirect semiconductors, such
as silicon or germanium, have softer absorption curves.
The optical absorption coefficient for HgCdTe has been
measured by Scott [4] and is illustrated in Fig. 2 for a wide
range of alloy compositions.

Strong optical absorption allows HgCdTe detector
structures to absorb a very high percentage of the signal
while being relatively thin, on the order of 10-20 pm. Mini-
mizing the detector thickness helps to minimize the volume
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Fig. 2. Optical absorption coefficient of Hg;_,Cd,Te as a function
of composition x (after Ref. 4).
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of material which can generate noise, thermal excess carri-
ers, in the diffusion-limited operating mode.

The difficulties in growing HgCdTe material, signifi-
cantly due to the high vapour pressure of Hg, encouraged
the development of alternative detector technologies over
the past forty years. One of these was PbSnTe, a IV-VI
compound material system that was vigorously pursued in
parallel with HgCdTe in the late 60s and early 70s. PbSnTe
was comparatively easy to grow and good quality diodes
on alloy compositions tailored for the 8—12 pm spectral re-
gion were readily demonstrated. Two factors led to the
abandonment of PbSnTe detector work in the United States
by the mid-70s:

e High dielectric constant of PbSnTe compared with

HgCdTe.

* Large temperature coefficient of expansion (TCE) mis-
match with Si.

The static dielectric constant, &, is about 400 in PbTe
[5] and 1770 in SnTe [6]. The resulting high capacitance of
PbSnTe diodes gave long RC time constants. Scanned in-
frared imaging systems of the 70s required relatively fast
response times so that the scanned image is not smeared in
the scan direction. With the trend today towards staring ar-
rays for many applications, this consideration might be less
important than it was when first generation systems were

being designed.

The second reason that high capacitance photovoltaic
detectors are undesirable is because diode capacitance
drives the noise in the silicon readout circuits which am-
plify the photosignals. This is particularly undesirable for
low-background flux applications where the photon noise
levels are low.

The second drawback to PbSnTe was its large TCE. To-
day’s hybrid detector structures are built with an in-
dium-bump bonded interface between silicon readout and
the detector array. Differences in the TCE between the
readout and detector substrate can lead to failure of the in-
dium bonds after repeated thermal cycling from room tem-
perature to the cryogenic temperature of operation. The
TCE CdTe [7] is about 6x10-°, while that of PbSnTe [8] is
in the range of 20x107°. This results in much greater TCE
mismatch with silicon (TCE about 3x10¢ [9]) readouts for
hybrid structure assemblies. It might be noted that both Ge
and GaAs have TCE values close to HgCdTe, giving detec-
tors based on those materials no significant advantage in
this respect.

How restrictive is the TCE mismatch for hybrid struc-
tures? Large hybrid structures of HgCdTe combined with
silicon readouts, having linear dimensions greater than
1 cm, have been built and tested with thermal-cycle reli-
ability in excess of several thousand cycles. The eventual
progression to larger array sizes will likely lead to increas-
ing emphasis on growth technologies capable of growing
HgCdTe layers directly on silicon substrates.

The final key property we address is the availability of
lattice-matched substrates for epitaxial growth. Epitaxial
growth is now used almost exclusively for HgCdTe detec-
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tor array production. About 15 years ago it was found that
the crystal perfection and surface morphology of the
epitaxial layers was significantly influenced by the sub-
strate-epitaxial layer lattice constant mismatch. This was
discovered when about 4% ZnTe was added to CdTe to
tune the substrate lattice constant to match HgCdTe. A
great advantage of this II-VI alloy system is the narrow
range of lattice constant variation from CdTe to HgTe, as
illustrated in Fig. 3.
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Fig. 3. Comparison of the bandgap vs. lattice constant variation

with alloy composition for Hg;_,Cd,Te and CdZnTe substrates,

with the lattice constant for a variety of III-V compounds (after

Ref. 10). Cd( 9¢Zn o4 Te is a good match for a wide range of MWIR
to LWIR HgCdTe alloys.

By comparison, the availability of lattice-matched sub-
strates for III-V alloys is limited in many cases. InP is suit-
able for InGaAs alloys with a bandgap near 0.75 eV
(1.65 pm) in the short wavelength infrared (SWIR) region.
However, as the alloy is varied to longer wavelengths, the
crystal and device quality of InGaAs degrades so that it is
restricted to wavelengths of about 2.4 ym or shorter. The
close lattice matching of GaAs to AlAs supports the growth
of quantum well structures with good crystal quality. How-
ever, the extrinsic-like properties of quantum well devices
require cooling to lower temperatures than intrinsic semi-
conductors such as HgCdTe, for equivalent spectral wave-
length cutoff response [11-16].

An extensive review of the properties of HgCdTe and
related alloys has been recently published by Capper [17].

3. Growth of HgCdTe

The growth of HgCdTe has evolved along with other semi-
conductor materials technologies over the past 40 years.
Three principal methods have been developed:
e Bulk.
e Liquid phase epitaxy — LPE.
* Vapour phase epitaxy — VPE.
* Metalorganic chemical vapour deposition - MOCVD.
* Molecular beam epitaxy — MBE.
The time line for the evolution of growth technologies
is illustrated in Fig. 4.
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Fig. 4. Evolution of HgCdTe crystal growth technology from 1958

to present. Thin epitaxial layers allow nearly 100% absorption.

Epitaxial methods replaced bulk growth by the early 90s. High

quality substrates for epitaxy had to be developed before this

transition took place. LPE is the dominant production method used

today. MBE is used to grow advanced device structures which are
difficult to realize with LPE.

3.1. Bulk crystal growth

Bulk growth of HgCdTe proved very difficult due mainly
to the high vapour pressure of Hg at the crystal melting
point, about 950°C. Early experiments and a significant
fraction of early production was done using a quench-
-anneal or solid-state recrystallization process. In this
method the alloy was reacted from purified starting materi-
als and then rapidly quenched. Rapid quenching was
needed to prevent segregation of HgTe from CdTe which
have significantly different melting temperatures. The re-
sult of quenching was a highly polycrystalline solid. An-
nealing near the melting point was used to grow larger
grains.

Bridgman growth, under high pressure to contain the
Hg pressure, was attempted for several years near the
mid-70s. At the same time, solvent growth methods were
initiated which could be carried out at reduced temperature.
In one case the solvent used was Te. Solvent growth also
provided an additional purification step through zone refin-
ing as the solution was passed through the solid phase. By
the late 70s bulk growth was sufficiently reproducible to
support the production start-up of first generation LWIR
photoconductive HgCdTe array production.

Bulk growth produced thin rods of HgCdTe material,
generally 8-to-12 mm in diameter and about 20 cm in
length. This material could be used for linear array produc-
tion, but the vision of larger two-dimensional arrays could
not be realized with this method. Another drawback to bulk
material was the need to thin the bulk wafers, generally cut
about 500 um thick, down to the final device thickness of
about 10 pm. Polishing the wafers, mounting them to suit-
able substrates, and polishing to the final device thickness
was labor intensive.

In the early 90s, bulk growth of HgCdTe was phased out
for the routine production of first generation photo-
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conductive devices. Bulk growth has been replaced by liquid
phase epitaxial (LPE) growth which is reviewed following a
description of substrates for epitaxial growth below.

3.2. Substrates for epitaxial growth

Epitaxial growth of thin layers of HgCdTe for infrared de-
tector array fabrication requires a suitable substrate. CdTe
was used initially, since it was available from commercial
sources in reasonably large sizes. Unlike HgCdTe, CdTe
bulk crystal growth is not limited by high Hg overpres-
sures. The <111> crystal orientation was determined to be
favourable for smooth growth by the LPE technique. For
vapour phase growth, the <211> orientation gave preferen-
tial growth with the MBE technique.

CdTe has good physical properties for an infrared de-
tector substrate. First of all it is transparent out to 30 pm, so
that devices with the IR photon-flux incident on the back-
side are readily made without having to remove the sub-
strate. Second, CdTe is not a potential dopant of the
epitaxial film. Third, CdTe is more robust than HgCdTe
crystals, although still much more fragile than silicon or
germanium. The main drawback to CdTe as an epitaxial
substrate is that it has a few percent lattice mismatch with
LWIR and middle wavelength infrared (MWIR) HgCdTe.
This mismatch caused LPE-grown films to be morphologi-
cally rougher than desired.

By the mid-80s it was demonstrated that the addition of
a few percent ZnTe to CdTe could create a lattice-matched
substrate. CdZnTe has been the principal substrate in use
since that time. It is available from a variety of vendors to-
day. Figure 5 illustrates a furnace and controller used to
grow CdZnTe crystals with the modified Bridgman tech-
nique. Figure 6 shows two large boules grown by the tech-

Fig. 5. Furnace and controller for growing CdZnTe boules.
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Fig. 6. CdZnTe boules grown by the modified Bridgman method.

These boules are 2.6 and 3.6 inches in diameter (6.7 and 9.2 cm).

The large grain structure of the crystals is visible. The boules are
sawn into wafers for epitaxial growth of HgCdTe films.

nique. Following boule growth the CdZnTe material is
polycrystalline, but with very large grains. An effective
method for seeding the growth to produce oriented sin-
gle-crystal boules had not been developed. The largest
grain is selected and oriented for sawing into wafers. After
sawing, the wafers are polished in preparation for epitaxial
growth. Defect densities of CdZnTe substrates are rou-
tinely in the low 10* cm=2 range as determined by etch pit
counts. Two such wafers are shown in Figure 7.

Sapphire has also been widely used as a substrate for
HgCdTe epitaxy. In this case a CdTe film is deposited on
the sapphire prior to the growth of HgCdTe. Sapphire has
excellent physical properties and can be purchased in large
wafer sizes. It has a fairly large lattice constant mismatch
with HgCdTe which the CdTe buffer layer overcomes to a
great extent. The thermal coefficient of expansion of sap-
phire is a better match to silicon than CdZnTe. Defect den-
sities of sapphire substrates prepared for epitaxial growth
of HgCdTe are typically in the mid-103 cm=2 range. Sap-

Fig. 7. CdZnTe wafers after sawing and polishing. The wafers are
mounted on optical flats.
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phire is transparent from the UV to about 6 um and has
been used for the production of a significant number of
SWIR and MWIR HgCdTe photovoltaic arrays. It is not
applicable to backside-illuminated LWIR arrays because of
the opacity of sapphire beyond 6 pm.

Germanium has been used experimentally, together with
CdTe buffer layers, to grow HgCdTe epitaxial films. Germa-
nium has good physical properties and is transparent from
2 pm out to about 20 pm, falling off gradually at longer
wavelengths. CdTe buffer layers enable epitaxial growth of
reasonable quality HgCdTe. Germanium’s TCE is very close
to that of HgCdTe, and consequently also has a significant
mismatch to silicon readouts. Germanium offers no particu-
lar advantage and only a few examples of its use are known.

Silicon substrates are the “holy grail” of substrate de-
velopment. Silicon is strong, large, and has no thermal co-
efficient of expansion mismatch with silicon readouts. The
rewards for the quest are matched by the substantial diffi-
culties of growing II-VI materials on silicon. Work on sili-
con substrates began in the mid-80s and although progress
has been slow it is still very promising. Buffer layers are
needed to prime the surface prior to epitaxial growth. De-
fect densities of silicon substrates prepared for epitaxial
growth of HgCdTe are typically in the 10° cm2 range —
improved by an order of magnitude from a decade ago.
Still this technology needs additional development for use
in applications which require high pixel operability, partic-
ularly for LWIR alloy compositions.

3.3. Liquid phase epitaxial growth

Liquid phase epitaxial (LPE) growth of thin layers on CdTe
substrates began in the early-to-mid 70s. CdTe substrates
could be grown in large diameters because Hg overpressure
was not a limiting consideration. Initially, Te solutions
with dissolved Cd and saturated with Hg vapour were used
to efficiently grow HgCdTe layers with thickness suitable
for direct device fabrication. Cd has a high solubility in Te.
This allowed small-volume melts to be used with the slider
technique which did not appreciably deplete during the
growth run. Surface wetting and melt decanting were early
problems however.

Experiments with Hg-solvent LPE began in the late
70s, a couple years after the initial work with Te solutions.
Because of the limited solubility of Cd in Hg, the volume
of the Hg melts had to be much larger than Te melts in or-
der to minimize melt depletion during layer growth. This
precluded the slider growth approach. Hg-melt epitaxy has
been developed using large dipping vessels. Two Hg-melt
LPE growth systems are pictured in Fig. 8. Each system in
this photo is capable of growing on a total of 60 cm? of
substrate area per growth run.

LPE growth struggled in the early 80s as growers
learned a series of important lessons in order to reduce sur-
face morphology defects and achieve uniform, smooth
epitaxial layers. One of these was the importance of having
precise substrate orientation. A second was the need for lat-
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Fig. 8. Vertical dipping Hg-melt LPE growth systems employ

vessels containing several kg of Hg saturated with Cd. In addition

to the Cd, dopants are added to produce either n- or p-type HgCdTe
epitaxial films.

tice-matched substrates which were developed by adding a
few percent of ZnTe to CdTe.

Diodes fabricated on early LPE material were made by
ion implantation into p-type layers which had been an-
nealed to generate Hg-vacancy acceptors. By the mid-80s,
LPE growers learned how to achieve extrinsic p-and n-type
doping, allowing the growth of junctions using p- and
n-type doped melts. This resulted in greatly improved de-
vice quality and set the stage for the production of both
first- and second-generation devices from LPE material.

LPE growth technology is now very mature for produc-
tion of both first- and second-generation tactical detectors.
Hundreds or thousands of layers are routinely grown each
year for a wide variety of production programs as well as
technology demonstration and technology development
tasks. Even so, LPE technology is limited for a variety of
advanced HgCdTe structures to be described later in this
paper. These devices require more elaborate layer struc-
tures than a p*-n junction. The gradient in x-value, a conse-
quence of the partial depletion of Cd during the operation,
can generate a barrier to carrier transport in certain cases.
LPE also typically melts off a thin layer of the underlying
material each time an additional layer is grown. These limi-
tations have provided an opportunity for vapour-phase
growth to supplant LPE technology for growing advanced
device structures in the near term. An overview of vapour
phase growth is described in the next section.

3.4. Vapour phase epitaxial growth

Like the Viking expeditions to North America, early
vapour phase researchers left behind very few artifacts.
Vacuum evaporation growth of HgCdTe was explored as
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early as the late 60s at an IBM facility. Bulk HgCdTe was
also assembled into sputtering targets and sputtered films
were evaluated in a number of laboratories. Nothing came
of these early efforts. Temperature-gradient-induced
vapour transport has also been used to grow films in a few
laboratories over the years as well.

The modern vapour phase era began in the early 80s
with parallel efforts using metalorganic chemical vapour
deposition (MOCVD) and molecular beam epitaxy (MBE).
By this time both of these methods had been well estab-
lished in the III-V semiconductor materials arena and were
adapted for growing II-VI compounds and alloys.

Over the past fifteen years there have been a variety of
groups who have explored MOCVD and MBE techniques.
On the MOCVD front a wide variety of metalorganic com-
pounds were developed along with a number of reac-
tion-chamber designs. MBE technology, in parallel, had to
address specially designed Hg-source ovens to overcome
the low sticking coefficient of Hg at the growth tempera-
ture. A few attempts were made using hybrid systems,
MOMBE for example, where metalorganic sources were
used in an MBE chamber.

At this time, MBE has become the dominant vapour
phase growth method for HgCdTe. Although the quality of
MBE material is not yet on a par with LPE, it has made tre-
mendous progress in the past decade to the point where a
variety of high-background device formats have been suc-
cessfully demonstrated using this growth technique. Keys
to this success have been the ability to dope layers both p-
and n-type, and the reduction of etch pit densities by an or-
der of magnitude or more from a range of 107 cm2 to be-
low 10° cm™2. An MBE system used to grow HgCdTe is
shown in Fig. 9. MBE is now the preferred method for
growing complex layer structures for two- and three-colour
detectors as well as for avalanche photodiodes (APDs). It is
anticipated that MBE will phase into production for a sub-
set of applications in the next few years.

Fig. 9. HgCdTe MBE system. This system has a 5-inch (125 mm)
susceptor to hold large substrates.
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3.5. Comparison of growth techniques

The properties of HgCdTe grown by the variety of tech-
niques discussed above are summarized in Table 1. The
continuing evolution of HgCdTe materials and crystal
growth technology is reviewed at a number of conferences
each year as well as at other conferences held less fre-
quently. A convenient reference is the proceedings of the
U.S. Workshop on Physics and Chemistry of II-VI materi-
als, published by the Journal of Electronic Materials [18].

4. HgCdTe infrared detector devices
4.1. Overview

The popularity of HgCdTe detectors is made possible by
their flexibility in spectral response over a wide span of the
infrared regions of interest. HgCdTe spectral flexibility is
illustrated in Fig. 10 which shows the spectral quantum ef-
ficiency of a variety of HgCdTe devices, including
photoconductors (PC), photodiodes (PV), and avalanche
photodiodes (APDs). Photodiode technology is being vig-
orously extended to wavelengths beyond 12 um. In the
next few years, photodiodes will largely replace photocon-
ductors at wavelengths out to about 20 pm. Single element
photoconductors used in spectrometers to about 25 pm at
liquid nitrogen temperature will continue to occupy that
niche application.

Three generations of HgCdTe devices have been suc-
cessively developed. The time evolution of this develop-
ment is illustrated in Figure 11. Photoconductors, the first
generation of HgCdTe devices, entered production in the
late 70s following the establishment of reproducible bulk
growth techniques and anodic-oxide surface passivation. In
parallel work had begun on photovoltaic device technology
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Fig. 10. Spectral quantum efficiency for HgCdTe devices without
antireflection coating. Photodiodes span all but the longest
wavelengths where photoconductors are still commonly used. At
short wavelengths, avalanche photodiodes are in development.
Antireflection coating raises the quantum efficiency to > 90%.
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Table 1. Comparison of the various methods used to grow HgCdTe.

Bulk
Liquid phase epitaxy Vapour phase epitaxy
Travelling heater method
SSR
HCT melt Te melt Hg melt Te melt MOCVD MBE
Temperature (°C) 950 950 500 350-550 400-550 275-400 160200
Pressure (Torr)| 150 000 150 000 760-8000 | 760-11400 760-8000 300-760 103-104
Growth rate 250 250 80 30-60 560 2-10 1-5
(um/hr)
Dimensions w g ¢ 15 gia | 0.8-12 dia 2.5 dia 5 5 7.5 dia 7.5 dia
(cm)
[ (cm) - - - 6 5 4 4
¢ (cm) 15 15 15 0.0002-0.0030 | 0.0005-0.012 | 0.0005-0.001 | 0.0005-0.001
DISIO‘E?:;O,%; <10° - <10° <105 <105-107 5x105-107 | 5x104-106
Purity (cm™)|  <5x1014 <5x10'4 <5x1014 <5x101 <5x10'4 <Ix10% <Ix1015
n-Type ‘(1(‘:’1‘1’1‘?3% N/A N/A N/A 1x1014-1x1018 | 1x101M4-1x1016 | 5x1014-5x1018 | 5%1014-1x101?
p-Type ‘(‘;’rf:l‘_%g) N/A N/A N/A 1x1015-1x10'8 | 1x1015-5x10'6 | 3x1015-5x10!7 | 1x1016-5x1018
X-ray rocking - - 20-60 <20 <20 50-90 20-30
curve (arc sec)
Compositional | -, ) <0.004 <0.005 <0.002 <0.002 +0.01-0.0005 | +0.01-0.0006
uniformity (Ax)

which took another decade to reach volume production. At
this time, third-generation devices are in development and
demonstration programs. Each of these will be described
below.

4.2. Photoconductors

First generation HgCdTe detectors consist of linear arrays
of photoconductive devices. Good quality photoconductors
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i i PI
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. i Two colour
Third generation
Process technology Avalanche

A Indium bumps

| ZnS A Anodic oxide APhoto-Si0, A CdTe Passivation >
| Wet chemical A\Dry etching Etching

Fig. 11. A time line of the evolution of three generations of
HgCdTe infrared detector devices and key developments in
process technology which made them possible.
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can be fabricated by applying metal electrodes to pure
n-type material, thinned to approximately 10 pm. The basic
photoconductor device structure is illustrated in Fig. 12.
Characteristics of a basic LWIR photoconductive
HgCdTe are:
e 50-100 Q impedance per square.
* 105 V/W at 1 mA bias for a 50x50 pm device.
* D" about 80% of background limit.
* Photon noise level of a few nV/Hz.
These detectors are tractable with low-noise preampli-
fiers, generally having emitter-coupled bipolar front ends.

AR coating Passivation
Contact / Contact
_—\ B4 ;_
n-type
CdZnTe substrate

Fig. 12. Cross section of a basic HgCdTe photoconductor. The

n-type layer of HgCdTe is approximately 10 pm thick. Typical

photoconductors are passivated with anodic oxide and
antireflection coated with zinc sulfide.
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However, because of their low impedance and low noise,
photoconductors have not been deployed with focal plane
readouts operating at 80K — standard silicon bipolar de-
vices do not operate below about 150 K. These factors have
limited the scope of first generation devices to linear arrays
with typically fewer than 200 elements. Within this scope
the industry has produced tens of thousands of thermal im-
aging systems using PC arrays.

Two such systems have accounted for most of the pro-
duction. The first of these is the Army Common Module.
Imaging systems built with this approach were based on a
family of arrays having 60, 120, or 180 elements, all with
approximately 50 um pixels. Figure 13 illustrates such an
array.

Pp | Tl. |l|l.lllll.j' i
i 115

Fig. 13. 180 element Common Module linear array of HgCdTe
photoconductive detectors. The array is mounted on the end of a
glass cold finger and wire bonded to metallized leads which
interface to warm preamplifiers and bias circuits through a vacuum
interface. Over 200 wire bonds are required on the surface shown.

The Maverick system was designed for a compact mis-
sile seeker and uses a comparatively smaller array of 16 el-
ements. These elements are arranged in four groups of four
to provide four parallel scan lines, each with four detectors
in a time-delay-integration circuit to increase the sig-
nal-to-noise ratio. Figure 14 shows a group of Maverick ar-
rays on HgCdTe wafer.

LWIR HgCdTe photoconductors have also been widely
used in NASA and NOAA applications for a variety of
earth satellite missions. Atmospheric sounders based on the
absorption edge of the 14 pm CO, band have employed PC
HgCdTe devices operating at 90K for more than 20 years.
Recently, attention has been focused on monitoring
long-term changes to the climate and weather. The Moder-
ate Resolution Imaging Spectrometer — MODIS — instru-
ment has been built to cover 36 spectral bands from visible
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Fig. 14. Maverick arrays on a HgCdTe wafer. These arrays have 16
elements arranged in four groups of four.

through LWIR. Operating at 90K, the six longest bands are
covered using PC HgCdTe. The MODIS LWIR focal plane
is shown in Fig. 15.

A novel variation of the standard photoconductor — the
SPRITE detector — was invented in England [19] and a
family of thermal imaging systems now utilize this device.
The SPRITE detector provides signal averaging of a
scanned image spot. This is accomplished by synchroniza-
tion between the drift velocity of minority carriers along
the length of photoconductive bar of material and the scan
velocity of the imaging system. The drift velocity is tuned
by varying the detector bias. With the two velocities syn-

Fig. 15. PC HgCdTe arrays configured in this focal plane are used
for six MODIS LWIR spectral bands.
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chronized, the image signal builds up a bundle of minority
charge which is collected at the end of the photoconductive
bar, effectively integrating the signal for a significant
length of time and thereby improving the signal-to-noise
ratio. The SPRITE device structure is illustrated in Fig. 16.

n-type P —— Drifting minority holes

CdZnTe substrate

Fig. 16. Cross section of a SPRITE photoconductive detector. The

drift velocity of minority carriers is synchronized with the velocity

of the scanned image. This integrates the photosignal for an
extended length of time and improves the signal-to-noise ratio.

Although first-generation devices are now being widely
supplanted by second-generation photovoltaic detectors,
the production of these devices will continue for many
years to come in support of the large number of systems
now in the field.

4.3. Photodiodes

Second-generation HgCdTe devices are two-dimensional
arrays of photodiodes. Photodiodes having modest imped-
ance (resistance-area product or RyA) of 10 Q cm? can be
mated to silicon readout arrays with indium bump bonds at
the pixel level. First demonstrated in the mid-70s [20], in-
dium bump bonding of readout electronics provides for
multiplexing the signals from thousands of pixels onto a
few output lines, greatly simplifying the interface between
the vacuum-enclosed cryogenic sensor and the system elec-
tronics. In a general sense, the signal-to-noise ratio of a
sensor will improve with the square root of the number of
detector elements in an array — to the extent that they can
collect proportionally more signal from the scene. Today,
millions of pixels are connected to millions of amplifi-
ers/integrators in the unit cells of readout circuits. Fig-
ure 17 shows a region of pixels on a 1024x1024 HgCdTe
array with indium bumps deposited for bump bonding to
readout.

In spite of the tremendous impetus offered by large PV
array development, photovoltaic HgCdTe took many years
to emerge from laboratory demonstrations. The structure of
a mesa-etched photodiode is illustrated in Fig. 18.

The key technology needed to make photovoltaic de-
vices possible was surface passivation. Based on silicon’s
success, passivation efforts were initially focused mainly
on oxides. Anodic oxide was adequate for photocondu-
ctors, but the resulting surfaces were heavily accumulated
with fixed positive charge. Although the surface shunt this
produced did reduce the photoconductive signal, the posi-
tive charge minimized surface recombination of minority
carriers and that was beneficial. Applied to photodiodes on
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Fig. 17. HgCdTe photovoltaic array with indium bumps. This
scanning-electron microscope image shows a portion of an array of
1024x1024 pixels on 17 pm centres.

the other hand, anodic oxide shorted out the devices by in-
verting the p-type surface.

Silicon oxide was employed for passivation of HgCdTe
in the early 80s based upon low-temperature deposition us-
ing a photochemical reaction. SiO, could be deposited with
low surface state densities and excellent PV device proper-
ties were demonstrated with this passivation material.
However, the excellent surface properties could not be
maintained when the devices were heated in vacuum for
extended periods of time, a procedure required for good
vacuum packaging integrity. These oxides were also sub-
ject to surface charge buildup when operated in a
space-radiation environment.

ZnS, a common antireflection coating for PC HgCdTe,
was used with intermittent success but also lacked stability
during vacuum baking. Many other materials were also

Contact Passivation

ey

CdZnTe substrate

Fig. 18. Cross section of a mesa-etched HgCdTe photodiode. An
n-type layer of HgCdTe is grown on a CdZnTe substrate, followed
by a p*-layer to form the junction. Mesa etching defines the
individual diodes. The surface is passivated to prevent surface
accumulation or inversion. Contacts are made to the p*-layer in
each pixel and to the n-type layer at the edge of the array (not
shown). Infrared flux is incident through the IR-transparent
substrate.
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(@)

Fig. 19. Examples of second-generation PV HgCdTe detectors which are configured in both scanning (a) and staring (b) formats.

tried with varying success, including oxides, sulfides, and
fluorides.

With the advent of CdTe passivation in 1987, HgCdTe
photodiodes could finally be reliably passivated. CdTe
passivation is stable during vacuum packaging bake cycles
and shows little effect from the radiation found in space ap-
plications. Diodes passivated with CdTe have been demon-
strated which do not show a variation in RyA with diode
size, indicating that surface perimeter effects can be incon-
sequential. This development has made possible the
full-scale production of second-generation devices.

Second-generation HgCdTe photodiodes are now being
demonstrated and produced in both scanning and staring
formats. Figure 19 illustrates an example of both configura-
tions. For scanned infrared imaging systems the two-di-
mensional format allows signal averaging through time-
-delay-and-integration (TDI) signal processing, either on or
off the focal plane. Scanning second-generation sensors
improve both sensitivity and spatial resolution through the

512x512

(b)

use of more detector elements in both scan and cross-scan
directions. Scanning array configurations have increased
pixel counts by a significant factor over first-generation ar-
rays — with arrays of 240x4, 288x4, and 480x4 replacing
60, 120, or 180 element arrays.

Staring array configurations have increased the number
of pixels even more dramatically over first-generation infra-
red systems. This has the largest impact on short- and me-
dium-wavelength applications where most or all of the
frame time can be used for signal integration. In the long
wavelength spectral region, the photon flux from earth
scenes will typically fill the unit cell charge storage capaci-
tor in just a fraction of the frame time, limiting the full signal
averaging advantage of staring technology. Even so, the im-
provement over LWIR scanned sensors is significant. Star-
ring array size progression is summarized in Fig. 20 which
compares the growth of pixel count over time for a variety
of detector technologies with the exponential increase in
production DRAM computer memory bits per chip.

1010
4 megapixel infrared
100 b focal plane arrays _
before 2000

108 D)
2
S 107 -
I
o
£ 108 L DRAM 2Kx2K |
g production
5 480x640
x 105 _
o V¥ InGaAs

10* - 7

4K
108 L .
102 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
72 74 76 78 80 82 84 86 838 90 92 94 96 98 2000 02 04 06 08 2010
Year

Fig. 20. Progress in infrared staring focal plane array pixel count for a variety of detector materials, including HgCdTe, compared with the
exponential increase in DRAM bits per chip since 1972.
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Both computer memory chips and infrared focal planes
rely on the progression of silicon integrated circuit process-
ing technology because silicon readouts have paced the de-
velopment of large focal planes. Focal plane pixel count re-
mains below the DRAM growth curve for a two main rea-
sons. First, DRAM technology requires only one transistor
per bit, while focal plane readouts require a minimum of
three. Second, the market for focal planes is a tiny fraction
of that for computer memory and the foundries available
for readout fabrication are typically one or two upgrades
behind those used for state-of-the-art memory chip build-
ers.

Large staring focal plane evolution has been driven by
astronomy applications. This is somewhat surprising given
the comparative budgets of the defence market and the as-
tronomical community. The reason astronomers fund large
focal plane development is the payback they get in tele-
scope throughput. Large arrays dramatically multiply the
data output of a telescope system — in the past decade focal
planes designed for astronomy have gone from 64x64 to
2052x2052 an increase of over 1000! Figure 21 shows ex-
amples of several large readout wafers from the largest as-
tronomy-array configurations.

The quality of HgCdTe photodiodes — measured by the
RyA product or by leakage current — has improved steadily
over the past twenty years as materials and device process-
ing science evolved. There is a recognition that longer
wavelength devices are typically more difficult to produce
than medium or short wavelength diodes. A decade ago the
technology was established to begin production of tactical
long wavelength (10 pm) arrays with RyA products on the
order of 10-to-100 Q cm?. Today such devices are routinely
produced with very high yield. Diode performance repre-
sentative of average array quality for a spectrum of
HgCdTe alloys is illustrated in Fig. 22.

ALIRT
g2t

1514 mm

ALADDIN
1024%
31x30 mpl

STAR
an52!
5355 mm

Fig. 21. Readouts for large astronomy array, utilize ever increasing

wafer dimensions of 4, 5, and 8 inches (100, 125, and 200 mm).

Unlike DRAM, the unit cell size of readouts does not shrink

substantially with each design iteration because the pixel size is

constrained by the wavelength of infrared radiation and the limits

of optical focusing. These readouts are used with both InSb and
HgCdTe detector arrays.

Opto-Electron. Rev., 10, no. 3, 2002

P. Norton

Invited paper

§ 200 100 67 50 40 33 29 25
10 .6 47 37 .30 I. |.213 I
108 ’
il / / /
< l
§ 10
S /////
< 10
ae]

MIIRy/a
W7
N 1/A—

20 30 40
1000/T (K1)

Fig. 22. Performance of a variety Hg;_,Cd,Te photodiodes made
from a range of alloy compositions, as illustrated by the RyA of the
average array diode as a function of inverse temperature.

To appreciate the accomplishments reflected in Fig. 22,
one needs to know the relationship between detectivity, D*
and RyA. D* is a figure-of-merit for infrared detectors
which is independent of system parameters such as the op-
tical configuration, and independent of detector element
size [21]. Ideal detectors are limited by statistical fluctua-
tions of the background radiation incident on the detector —
assuming the detector noise itself is insignificant compared
with the quantum fluctuations in the arrival of photons.
State-of-the-art HgCdTe and InSb infrared detectors ap-
proach this limit within a factor of two or better over a
wide range of photon-flux conditions. For the detector
noise to be insignificant, the detector leakage current must
be low, or conversely the detector impedance must be high.
The detector impedance required to achieve a certain D* is
given by the expression:

D* _ ng ROA

S 2
2E, VKT @

where 1) is the quantum efficiency, ¢ is the electronic charge,
E) is the energy of the photon, and & is Boltzmann’s constant.
This relationship is plotted for short, medium, and long wave-
length examples in Fig. 23 for a representative temperature of
80 K. Note that D* varies with the square root of RyA and the
inverse square root of temperature.

Second-generation PV HgCdTe technology is now ca-
pable of being produced for a variety of low-background
strategic applications as well higher-background flux tacti-
cal applications. Work is still underway to push the perfor-
mance of long wavelength detectors — 14 pm and greater —
to higher levels for critical applications such as monitoring
the earth’s atmosphere from spacecraft. In parallel with
these efforts, a third generation of HgCdTe devices has
emerged as described in the following section.
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Fig. 23. D" as limited by RyA product, illustrated for photon

energies representative of short, medium, and long wavelengths,

and at a temperature of 80 K. D* may be limited by other

mechanisms than RyA in practice, such as statistical fluctuations in
the arrival of background photons.

5. Third generation HgCdTe devices

The definition of third-generation devices is not particu-
larly well established. Here it is taken to mean device struc-
tures that have substantially enhanced capabilities over an
ordinary photodiode. We will describe three such exam-
ples:
* Two colour detectors.
* Avalanche photodiodes.
* Hyperspectral arrays.

The technical developments which are key to third-
-generation devices include dry etching, vapour-phase epi-
taxy, optical coatings, and advanced readout concepts.

5.1. Two colour detectors

The virtues of colour vision are easily appreciated in the visi-
ble because colour is a powerful discriminator of everyday
objects. For infrared systems, sensitivity in dual spectral
bands has been demonstrated to have similar virtues [22].
Dual band sensors have been demonstrated using two
focal planes and a beam splitter. This works, but there is

Band 2 absorber: n-type — Eg2

Barrier: p-type — Eg3

Band 1 absorber: n-type — Eg1

? CdZnTe substrate
%

Wavelength
)»1 7\42 > 7\,1

Energy bandgap
Egs>Eg¢ > Ego

MEAVAVAVAVANANZS <

Fig. 24. Structure of a HgCdTe two-colour detector pixel. Infrared

flux from the first spectral hand is absorbed in the Band 1 epitaxial

layer, while longer wavelength flux is transmitted through the Band

1 layer and absorbed in the Band 2 layer. A thin p-type barrier layer
separates the two absorbing bands.

considerable difficulty in optical alignment to a precision
such that the exact same image feature can be accurately
compared on the two focal planes at the pixel level. It also
has the drawbacks of dual vacuum enclosures and cooling
systems.

Two colour detectors are a remarkable solution to the
problem of pixel registration in dual band sensors [23].
Two-colour detectors are made with a stack of two detector
layers separated by a common electrode, in the case of
HgCdTe, a p-type layer. Figure 24 illustrates the structure.
The Band 1 and Band 2 alloy compositions can be any two
x-values as long as Band 1 has a higher x-value than
Band 2. Although this structure can be grown by LPE
methods, vapour phase growth is the preferred method.

At this time two colour detectors have been success-
fully demonstrated in a variety of spectral combinations.
Figure 25 shows three such examples.

There are two variations of the two-colour detector
structure. The first type, the sequential two-colour detector,
has just one indium bump per pixel. Each band is read in
turn by reverse biasing the diode from which the signal is
desired. The device structure appears as a floating-base npn
transistor, and care must be taken to avoid bipolar gain due
to injection into the base.

10 10¢ 10
- 11.4 pm
[0] () .9 pum )
@ 0.8 @ 0.8+ cutoff @ 0.8
2 2 2
§0.6- 50.6- @0.6-
204} 204t 204}
B 3 I
(0]
£0.2 co2!l c02f
0.0 ' : ' 0.0 L‘ 0.0
2 3 4 5 6 > 4 6 8 10 12 14 > 4 6 8 10 12 14

Wavelength (um)

Wavelength (um)

Wavelength (pm)

Fig. 25. Examples of HgCdTe two-colour detectors. Note that the high absorption coefficient of HgCdTe in Band 1 limits the spectral
crosstalk from Band 2 to low values.
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The second type of two-colour detector has two indium
bumps per pixel and is called a simultaneous two-colour
detector. Signals are read from the Band 2 layer and from
the p-type barrier layer, allowing extraction of the signals
from both bands simultaneously. The meaning of “simulta-
neously” must be defined by the system user, since it is fre-
quently the case that the length of signal integration may be
different for each band. Figure 26 shows the structure of a
simultaneous two-colour pixel.

Fig. 26. Structure of a simultaneous two-colour pixel. One indium
bump contacts the n-type layer of Band 2. The other bump contacts
the p-type layer between Band 1 and Band 2.

In addition to the importance of vapour phase epitaxy in
growing the three-layer HgCdTe structure for two-colour
detectors, the development of anisotropic dry etching was
important in being able to make these devices in smaller
pixel sizes. This is because the mesa etch of a two-colour
detector is relatively deep — on the order of 12 pm — as may
be seen in Fig. 26. Without anisotropic etching, much of
the mesa would be consumed in isolating adjacent pixels.

Two-colour detectors in both sequential and simulta-
neous modes have been demonstrated in imaging systems.
Figure 27 illustrates a two colour infrared image in which a
circular filter is opaque in one band (on the left) and trans-

Fig. 27. Two-colour infrared camera image. A circular filter being

held in the hand is opaque in Band 1 shown on the left, and

transparent in Band 2 on the right allowing the finger tip to be seen
through the filter.

Opto-Electron. Rev., 10, no. 3, 2002

P. Norton

Invited paper

parent in the other band (on the right). The wide variety of
applications made possible by these devices is anticipated
to inspire the development of many future systems based
on this technology.

5.2. Avalanche photodiodes

Short-wavelength HgCdTe avalanche photodiodes (APDs)
are able to exploit a very favourable property in the band
structure of the alloy when the bandgap is about 0.90 eV.
For materials of this alloy composition, the energy required
to excite an electron from the top of the valence band to the
bottom of the conduction band is identical to the energy for
the excitation of an electron from the top of the split-off va-
lence band to the top of the valence band. For the
right-brained reader, the somewhat complicated description
just stated is illustrated in Fig. 28.

Conduction
band

Heavy

holes Valence

band

Light
holes

Split-off
band

Fig. 28. Band structure of HgCdTe for alloy compositions at which

the bandgap is about 0.90 eV, corresponding to 1.37 pm. At this

composition, the split-off band is separated from the top of the

conduction band by the same energy. This resonance condition
allows very favourable multiplication of holes.

The avalanche effect in the high-field region of an ava-
lanche photodiode multiplies the number of photoexcited
carriers by the avalanche gain. This raises the signal level,
which itself may be highly useful for raising low signal
levels above the amplifier noise. A second consideration is
the amount by which the noise is increased by the ava-
lanche process. Here it is advantageous to have a large
asymmetry between the avalanche gain of holes and elec-
trons. The band structure of HgCdTe gives k-values of 0.1
or less — a highly favourable ratio of hole to electron multi-
plication during avalanche conditions, resulting in very lit-
tle noise gain.

171



HgCdTe infrared detectors

These properties give HgCdTe APDs a figure of merit
four times better than InGaAs APDs. Applied to systems,
the result is detection range twice that for competing III-V
devices, giving them significant leverage for many applica-
tions.

A number of avalanche structures have been built and
demonstrated in HgCdTe for detection at 1.06, 1.3, and
1.55 pm. Initial demonstrations utilized LPE grown struc-
tures, but MBE growth is now chiefly used. Figure 29 illus-
trates one such APD structure which consists of six
MBE-grown layers [24]. Complex HgCdTe device struc-
tures such as those grown for two-colour arrays and APDs
are a testimony to the recent maturation of vapour phase
growth technology.

p** narrow-gap contact

p** wide-gap contact

n gain layer

n~ absorber

n* ground contact

Fig. 29. Avalanche photodiode structure consisting of six HgCdTe

layers. The alloy composition of the avalanche gain layer is tuned

to the energy resonance condition illustrated in Fig. 28. Layers

adjacent to the absorber layer typically block wavelengths shorter

than the absorption-layer peak response, giving a spectrally-narrow
response as shown in Fig. 10.

A photo of a 5x5 array of 50 ym APDs is shown in
Fig. 30. HgCdTe APDs are especially attractive for array
applications. This is because the material properties favour
uniform avalanche gain across an array compared to the
properties of competing devices. More specifically, the
fractional variation in gain as a function of electric field is
lower in HgCdTe than in silicon or InGaAs. Array applica-
tions are also attractive because the device yield is compar-
atively high in HgCdTe material. An example of this for a
5X5 array is illustrated in Fig. 31, showing a tight distribu-
tion of voltages at which a gain of 10 is achieved and high
yield of working diodes.

APDs must have low dark currents, since the dark cur-
rent will be multiplied in the device along with any
photocurrent. Figure 32 shows the dark current, the gain,
and the normalized dark current as a function of bias for
HgCdTe APD with a 1.65 pm cutoff measured at 295 K.
Gain as high as 100 was measured in this device. Note that
the dark current normalized to the gain decreases above
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Fig. 30. 25-element HgCdTe array of avalanche photodiodes.

75 V. This is indicates that the dark current at low gain is
dominated by surface leakage which is not subject to the
avalanche effect.

HgCdTe APDs are attractive for specialized applica-
tions where maximum detector performance leverages the
utility of system. Table 2 summarizes the properties and
performance for a variety of APD sizes from 50 to 300 pm
diameter measured at 1.55 pm. Single elements together
with both linear and two-dimensional arrays of these de-
vices are currently being demonstrated in advanced appli-
cations. With a bandwidth exceeding 1 GHz and with
near-ideal avalanche properties, these devices will find a
variety of applications in future systems in which detector
performance has high leverage on the system cost and ca-
pability.

LPE wafer 8-1217.1, Lot 1-B 1995, 6/4/97
5x5 mini array, 50 ym pitch, 32 pm

12 T T I
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s [ Std Dev 1.615
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;-é I
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i T
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Voltage to achieve gain of 10X

70 72
Fig. 31. Good uniformity of bias voltage to achieve a gain of 10 for

a 5x5 array of 1.65 pm cutoff HgCdTe APDs.
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Table 2. Properties and performance of a variety of HgCdTe APDs ranging in size from 50 to 300 pm diameter.

Diameter Bias Responsivity G Noise Total 1, NEP Capacitance
(nm) V) (A/W) (pA/NHz) (nA) (nW) (pF)
50 77.7 13.1 10.6 1.9 66 0.92 0.2
100 72.9 124 9.9 1.4 120 0.72 0.3
200 76.9 12.8 10.2 3.6 580 1.8 0.8
300 68.9 12.5 10 3 810 1.6 1.6
IR&D 98 Lot#1 Wafer 1351-2A IR
P Die Q5 Diode S26 A, = 2.68x10~° cm? 3
10 —— 10 Wedged ,
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Fig. 32. Gain (right scale), dark current density (J4,), and dark

current density normalized to gain (J 4,,4/Gain) for a 1.65 um cutoff

HgCdTe APD. Gain up to 100 is achieved in this device together
with low normalized dark current density.

5.3. Hyperspectral arrays

When a second-generation array is combined in a scanning
imager having a means to selectively illuminate each row
with a different spectral band we have a hyperspectral
imager. Such instruments can image a scene in hundreds of
spectral bands per frame, generating a hypercube image.
Such a capability is anticipated to revolutionize disciplines
such as land resource utilization which today rely on just a
handful of spectral bands.

In a hyperspectral application, standard second-gene-
ration HgCdTe arrays are enhanced with more elaborate
optical coatings and/or proximal filters. One example is the
wedge-filter spectrometer hyperspectral array. In this case
a narrow-band spike filter is deposited with the thickness of
each coating layer uniformly graded across one dimension
of the filter substrate. The gradation is designed to achieve
a specific variation in wavelength across the detector rows.
Figure 33 illustrates the assembly configuration. When
used with a grating or prism as the spectral-dispersing ele-
ment, the wedge filter is replaced with a wedged antireflec-
tion coating.

Hyperspectral arrays have been built to cover the visi-
ble through LWIR spectral regions [25]. HgCdTe and other
detector materials such as silicon and InSb have been used
in hyperspectral assemblies.
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6. Summary and conclusions

HgCdTe has emerged as the most widely used infrared de-

tector today because of its excellent properties, including:

* The alloy composition can be optimised for any wave-
length in the range of 0.7-20 pm.

* Quantum efficiency is very high.

e Minimal cooling is required because the detection
mechanism relies photoexcitation across an intrinsic
bandgap.

e The RyA product (or inversely the leakage current) re-
sponds to cooling.

* D" varies with the background flux, improving as the
flux is lowered from high to low background levels.

* Growth technology has matured.

e Compositional uniformity is excellent, even in the
VLWIR region [26].

* Sophisticated device structures can be grown by vapour
phase for third-generation applications.

In the future, HgCdTe technology will continue to ex-
pand the envelope of its capabilities. Progress is anticipated
in the development of:

e Larger arrays — this will be possible with the growth of
HgCdTe directly on silicon substrates.

* Longer wavelength response — current efforts should
firmly establish the capability to produce second-gene-
ration arrays in the very LWIR range of 14-20 pm for
demanding space applications.

* Reduced cooling requirements with no loss of perfor-
mance for HgCdTe detectors are anticipated with im-
proving material properties and innovative device de-
signs.

* Faster readouts will improve the effective duty-cycle
(ratio of integration time to frame time) of LWIR arrays
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at high background levels, improving the sensitivity for
many applications.

* Three colour arrays will provide additional flexibility to
the system user.
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