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Abstract

This article reviews the history, the present status and possible future developments of HgCdTe
ternary alloy for infrared (IR) detector applications. HgCdTe IR detectors have been intensively
developed since the first synthesis of this material in 1958. This article summarizes the
fundamental properties of this versatile narrow gap semiconductor, and relates the material
properties to its successful applications as an IR photoconductive and photovoltaic detector
material. An emphasis is put on key developments in the crystal growth and their influence on
device evolution. Competitive technologies to HgCdTe ternary alloy are also presented.

Recent advances of backside illuminated HgCdTe heterojunction photodiodes have
enabled a third generation of multispectral instruments for remote sensing applications and
have led to the practicality of multiband IR focal plane array technology. Finally, evaluation
of HgCdTe for room temperature long wavelength IR applications is presented.

(Some figures in this article are in colour only in the electronic version)
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1. Introduction

In 1959, a publication by Lawson ef al [1] triggered the development of variable band gap
Hg,_,Cd, Te (HgCdTe) alloys providing an unprecedented degree of freedom in infrared (IR)
detector design. HgCdTe is a pseudo-binary alloy semiconductor that crystallizes in a zinc
blende structure. Because of its band gap tunability with x, Hg;_, Cd, Te has evolved to become
the most important/versatile material for detector applications over the entire IR range. As
the Cd composition increases, the energy gap for Hg;_,Cd,Te gradually increases from a
negative value for HgTe to a positive value for CdTe. The band gap energy tunability results in
IR detector applications that span the short wavelength IR (SWIR: 1-3 ;#m), middle wavelength
(MWIR: 3-5 um), long wavelength (LWIR: 8-14 um) and very long wavelength (VLWIR:
14-30 pm) ranges.

HgCdTe technology development was and continues to be primarily for military
applications. A negative aspect of support of defence agencies has been the associated secrecy
requirements that inhibit meaningful collaborations among research teams on a national and
especially on an international level. In addition, the primary focus has been on focal plane
array (FPA) demonstration and much less on establishing the knowledge base. Nevertheless,
significant progress has been made over four decades. At present HgCdTe is the most widely
used variable gap semiconductor for IR photodetectors.

The specific advantages of HgCdTe are the direct energy gap, ability to obtain both low
and high carrier concentrations, high mobility of electrons and low dielectric constant. The
extremely small change of lattice constant with composition makes it possible to grow high
quality layers and heterostructures. HgCdTe can be used for detectors operated at various
modes, and can be optimized for operation at the extremely wide range of the IR spectrum
(1-30 wm) and at temperatures ranging from that of liquid helium to room temperature.

The main motivations for replacing HgCdTe are the technological disadvantages of this
material. One of them is a weak Hg—Te bond, which results in bulk, surface and interface
instabilities. Uniformity and yield are still issues especially in the LWIR spectral range.
Nevertheless, HgCdTe remains the leading semiconductor for IR detectors.

This article summarizes the fundamental properties of HgCdTe versatile alloy
semiconductor, and relates these material properties, which have successful applications as an
IR detector material. The intentis to concentrate on device approaches and technologies that are
having the most impact today mainly in photovoltaic detectors. A secondary aim is to outline
the historical evolution of HgCdTe detector technology showing why certain device designs
and architecture have emerged as more successful and more useful today, especially in FPA
technology and development of third generation IR detectors. Also alternative technologies
competitive to HgCdTe, technology are considered.

2. Fundamental HgCdTe properties

HgCdTe ternary alloy is a nearly ideal IR detector material system. Its position is conditioned
by three key features [2]:

e tailorable energy band gap over the 1-30 m range,
e large optical coefficients that enable high quantum efficiency and
e favourable inherent recombination mechanisms that lead to high operating temperature.

These properties are a direct consequence of the energy band structure of the zinc
blende semiconductor. Moreover, the specific advantages of HgCdTe are the ability to
obtain both low and high carrier concentrations, high mobility of electrons and low dielectric
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Table 1. Summary of the material properties for the Hg_,Cd, Te ternary alloy, listed for the
binary components HgTe and CdTe, and for several technologically important alloy compositions

(after [2]).

Property HgTe Hg_.Cd,Te CdTe
x 0 0.194 0.205 0.225 0.31 0.44 0.62 1.0
aA) 6.461  6.464 6.464 6.464 6.465 6.468 6.472 6.481

77K 77K 77K 77K 140K 200K 250K 300K
Eq (eV) —0.261 0.073 0.091 0.123 0.272 0.474 0.749 1.490
e (um) — 16.9 13.6 10.1 4.6 26 1.7 0.8
ni (cm™3) — 1.9 x 10 58 x 103 6.3 x 10'2 3.7 x 10?2 7.1 x 10'"" 3.1 x 10'0 4.1 x 10°
me/my — 0.006 0.007 0.010 0.021 0.035 0.053 0.102
e — —150 —118 —84 —-33 —15 —7 -12
£s/€0 200 182 18.1 17.9 17.1 15.9 14.2 10.6
E£00/€0 144 128 12.7 12.5 11.9 10.8 9.3 6.2
ne 379 358 3.57 3.54 3.44 3.29 3.06 2.50
pe cm?V-ls™hy — 45%x10° 3.0x10° 1.0x10° — — — —
i (cm? V-ls™hy — 450 450 450 — — — —
b= e/ ity — 1000 667 222 — — — —
R (US) — 16.5 13.9 10.4 11.3 11.2 10.6 2
a1 (us) — 0.45 0.85 1.8 39.6 453 4.75 x 10°
Ttypical (/LS) — 0.4 0.8 1 7 — — —
Ep (eV) 19
A (eV) 0.93
mhh/mo 0.40-0.53
AE, (eV) 0.35-0.55

7R and 7a; calculated for n-type HgCdTe with Ng = 1 x 10'3 cm™3. The last four material properties are independent
of or relatively insensitive to alloy composition.

Table 2. Some physical properties of narrow gap semiconductors.

E, (eV) ni (cm™3) e (10*em? V=ls™hy  pp (10*em? Vs~
Material 77K 300K 77K 300K e 71K 300K 77K 300K
InAs 0414 0359 6.5x10° 93 x 104 145 8 3 0.07 0.02
InSb 0.228 0.18 2.6x10° 19x10° 179 100 8 1 0.08
Ings3Gaga7As 0.66 075 — 54 x 101 146 7 1.38 — 005
PbS 031 042 3x10’ 1.0x 105 172 15 005 1.5 0.06
PbSe 0.17 028 6x10'"" 20x10'% 227 3 0.10 3 0.10
PbTe 022 031 15x10 1.5x10'% 428 3 0.17 2 0.08
Pb;_,Sn,Te 0.1 0.1  3.0x10% 2.0x 10 400 3 0.12 2 0.08
Hg;_,Cd,Te 0.1 0.1 32x10"% 23x10% 180 20 1 0.044 0.01
Hg,_,Cd,Te 025 025 72x10% 23x10% 167 8 0.6 0.044 0.01

constant. The extremely small change of lattice constant with composition makes it possible
to grow high quality layered and graded gap structures. As a result, HgCdTe can be used
for detectors operated at various modes (photoconductor, photodiode or metal-insulator—
semiconductor (MIS) detector).

Table 1 summarizes various material properties of Hg,_,Cd, Te, while table 2 compares
important parameters of HgCdTe with other narrow gap semiconductors used in IR detector
fabrication.
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Figure 1. The band gap structure of Hg;_,Cd, Te near the I"-point for three different values of
the forbidden energy gap. The energy band gap is defined at the difference between the I'¢ and I'g
band extrema at I = 0.

2.1. Energy band gap

The electrical and optical properties of Hg; _,Cd, Te are determined by the energy gap structure
in the vicinity of the I'-point of the Brillouin zone, in essentially the same way as InSb. The
shape of the electron band and the light-mass hole band are determined by the k - p interaction,
and hence, by the energy gap and the momentum matrix element. The energy gap of this
compound at 4.2 K ranges from —0.300 eV for semimetallic HgTe, goes through zero at about
x = 0.15 and opens up to 1.648 eV for CdTe.

Figure 1 plots the energy band gap E(x, T) for Hg;_,Cd,Te versus alloy composition
parameter x at temperatures 77 and 300 K. Also plotted is the cutoff wavelength A (x, T),
defined as that wavelength at which the response has dropped to 50% of its peak value.

A number of expressions approximating E,(x, T') are available at present [3]. The most
widely used expression is due to Hansen et al [4]

Eg, = —0.302+ 1.93x — 0.81x* +0.832x% +5.35 x 107*(1 — 2x)T, 1))

where E, is in electronvolt and T is in kelvin.
The expression which has become the most widely used for intrinsic carrier concentration
is that of Hansen and Schmit [5] who used their own E,(x, T') relationship of (1), the k - p
method and a value of 0.443 m for heavy hole effective mass ratio
Eq

ni = (5.585 — 3.82x + 0.001 7537 — 0.001364xT) x 1014E§/4T3/2 exp (_W) . )

The electron m} and light hole mj;, effective masses in the narrow gap mercury compounds
are close and they can be established according to the Kane band model. Here we used
Weiler’s [6] expression
my Ep 2 1
— =14+2F+ = —+—, 3)
m# 3 \E, Eg+A
where E, = 19eV, A = 1eV and FF = —0.8. This relationship can be approximated by
m%/m ~ 0.071 Eq, where E, is in electronvolts. The effective mass of heavy hole m}, is high;

€
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the measured values range between 0.3 and 0.7my. The value of m}, = 0.55my is frequently
used in modelling of IR detectors.

2.2. Mobilities

Due to small effective masses the electron mobilities in HgCdTe are remarkably high, while
heavy-hole mobilities are two orders of magnitude lower. A number of scattering mechanisms
dominate the electron mobility [7, 8]. The x-dependence of the mobility results primarily
from the x-dependence of the band gap, and the temperature dependence primarily from the
competition among various scattering mechanisms which are temperature dependent.

The transport properties of holes are less studied than those of electrons mainly because the
contribution of holes to the electrical conduction is relatively small due to their low mobility.
Very often in transport measurements, the electron contribution predominates even in p-type
materials unless the electron density is sufficiently low. Comprehensive analysis of different
hole scattering mechanisms in Hg;_,Cd,Te (x = 0.2-0.4) has been carried out by Yadava
etal [9].

The electron mobility in Hg;_,Cd, Te (expressed in cm? V! s7!), in composition range
0.2 < x < 0.6 and temperature range 7 > 50 K, can be approximated as [10]:

9 x 108 0.2\%¢ 0.2\
He = #, where r = <—> and s = (—) . “)
T X X

Higgins et al [11] give an empirical formula (valid for 0.18 < x < 0.25) for the variation of
e with x at 300 K for the very high quality melt grown samples that they studied:

e = 10%(8.754x — 1.044)™" incm?(Vs)~L. (5)

The hole mobilities at room temperature range from 40 to 80cm?(Vs)~!, and the
temperature dependence is relatively weak. A 77K hole mobility is by one order of
magnitude higher. According to [12], the hole mobility measured at 77K falls as the
acceptor concentration is increased and in the composition range 0.20-0.30 yields the following
empirical expression:

S —1/4
p

—o |14+ —L , 6

Mh 'Ud0|:+<1.8x1017>1| (6)

where (o = 440 cm?(Vs)~L.
For modelling IR photodetectors, the hole mobility is usually calculated assuming that the
electron-to-hole mobility ratio b = . /uy is constant and equal to 100.

2.3. Optical properties

Optical properties of HgCdTe have been mainly investigated at energies near the band
gap [7, 13]. There still appears to be considerable disagreement among the reported results
concerning absorption coefficients. This is caused by different concentrations of native defects
and impurities, non-uniform composition and doping, thickness inhomogeneities of samples,
mechanical strains and different surface treatments.

In high-quality samples the measured absorption in the short-wavelength region is in good
agreement with the Kane model calculation, while the situation appears to be complicated in the
long-wavelength edge by the appearance of an absorption tail extending at energies lower than



HgCdTe infrared detector material 2273

10°* =
%*-—-—-._______________

~ 10’ - Ei———
e
S
=
5 ~ x = 0.205, 80 K, Finkman
£ 107 -~ x = 0.20, 300 K, Baars ||
8 - x = 0.443, 300 K, Kucera
_5 —-- X =0.193, 20 K, Spears (1985)
I -=- x = 0.174, 20 K, Spears (1985)
2
< 10' l

10°

0 5 10 15 20 25 30 35 40 45

Wavelength (pm)

Figure 2. Optical absorption coefficient data for several Hg;_,Cd,Te alloy compositions, for
photon energies near the fundamental absorption edge, plotted versus wavelength (after [2]).

the energy gap. This tail has been attributed to the composition-induced disorder. According
to Finkman and Schacham [14], the absorption tail obeys a modified Urbach’s rule:

O'(E—Eo)
T+T()

where T is in kelvin, E is in electronvolts and o« = exp(53.61x—-18.88), Ey = —0.3424 +
1.838x +0.148x? (in electronvolts), Ty = 81.9 (in kelvin), o = 3.267 x 10*(1 + x) (in kelvin
per electronvolts) are fitting parameters which vary smoothly with composition. The fit was
performed with data at x = 0.215 and x = 1 and for temperatures between 80 and 300 K.

Chu et al [15] have also found an empirical formula for the calculation of the intrinsic
optical absorption coefficient at the Kane region

o = qpexp [ :| incm ™!, (7)

@ =agexp[B(E — E»)]"?, (8)

where the parameter 8 depends on the alloy composition and temperature: B(x,7T) =
—1+40.083T + (21 — 0.13 T')x. Expanding equation (8) one finds a linear term, (£ — Eg)l/z,
that fits the square-root law between « and E proper for parabolic bands.

Optical absorption coefficient data for several alloy compositions of Hg;_,Cd, Te versus
wavelength are plotted in figure 2. We can see that the absorption strength generally decreases
as the gap becomes smaller, due both to the decrease in the conduction band effective mass
and to the A~!/? dependence of the absorption coefficient on wavelength A.

The dielectric constants are not a linear function of x and temperature dependence was
not observed within the experimental resolution [16]. These dependences can be described by
the following relations:

€00 = 15.2 — 15.6x + 8.2x2, )

go = 20.5 — 15.6x +5.7x°. (10)
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2.4. Thermal generation—recombination processes

The generation processes which compete against the recombination processes directly affect
the performance of photodetectors, setting up a steady-state concentration of carriers in
semiconductors subjected to thermal and optical excitation and, frequently determining the
kinetics of photogenerated signals. Generation—recombination (g—r) processes in HgCdTe are
widely discussed in the literature (see, e.g. [3, 17]).

2.4.1. Shockley—Read processes The Shockley—Read (SR) mechanism is not an intrinsic and
fundamental process as it occurs via levels in the forbidden energy gap. The reported positions
of SR centres for both n- and p-type materials range anywhere from near the valence to near
the conduction band.

The SR mechanism is probably responsible for lifetimes in low electron concentration
n-type Hg;_,Cd,Te. At carrier concentrations less than 10'> cm™3, the lifetimes exhibit a
broad range of values (0.4-8 us, x = 0.20-0.21, n &~ 5 x 10'*cm™?) for material prepared
by various techniques [17]. The possible factors are centres associated with native defects
and residual impurities. Dislocation may also influence the recombination time for dislocation
densities >5 x 10°cm~2 [18].

In p-type HgCdTe, the SR mechanism is usually blamed for the reduction of lifetime
with decreasing temperature. The steady-state low-temperature photoconductive lifetimes are
usually much shorter than the transient lifetimes. The low-temperature lifetimes exhibit very
different temperature dependences with a broad range of values over three orders of magnitude,
from Insto 1 us(p ~ 10"°cm=3, x &~ 0.2, T ~ 77K, vacancy doping) [17,19]. This is due to
many factors which may affect the measured lifetime including inhomogeneities, inclusions,
surface and contact phenomena. Typically, Cu or Au doped materials exhibit lifetimes one
order of magnitude larger [13]. It is believed that the increase of lifetime in impurity doped
Hg;_,Cd, Te arises from a reduction of SR centres. This may be due to the low-temperature
growth of doped layers or to low-temperature annealing of doped samples.

The origin of the SR centres in p-type material is not clear. These centres do not seem to
be the vacancies themselves and thus may be removable [20]. Vacancy doped material with the
same carrier concentration, but created under different annealing temperatures may produce
different lifetimes. One possible candidate for recombination centres is Hg interstitials [21].
Vacancy doped Hg;_,Cd, Te exhibits SR recombination centre densities roughly proportional
to the vacancy concentration.

Measurements at DSR (formerly Texas Instruments) [22] give lifetimes values for extrinsic

material
pitp

Texe = 9 x 10° N, (11)
a
where (E. — E,)
q r
p1 = Nyexp <Tg> (12)

and E, is the SR centre energy relative to the conduction band. Experimentally E, was found
to lie at the intrinsic level for As, Cu and Au dopants, giving p; = n;.
For vacancy doped p-type Hg;_,Cd, Te

T = 5 X 10‘37%, (13)
where
qE;
ny = N.exp T (14)

E, is 30 mV from the conduction band (x = 0.22-0.30).
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As follows from these expressions, doping with the foreign impurities gives lifetimes
which are significantly increased compared with native doping at the same level. Although
considerable research effort is still necessary, the SR process does not represent a fundamental
limit to the performance of the photodetectors.

2.4.2. Radiative processes For along time, internal radiative processes have been considered
to be the main fundamental limit to detector performance and the performance of practical
devices have been compared to that limit. The role of radiative mechanism in the detection of
IR radiation has been critically re-examined [23,24]. Humpreys [23] indicated that most of the
photons emitted in photodetectors as a result of radiative decay are immediately re-absorbed,
so that the observed radiative lifetime is only a measure of how well photons can escape from
the body of the detector. Due to re-absorption the radiative lifetime is highly extended, and
dependent on the semiconductor geometry. Therefore, combined recombination—generation
processes in one detector are essentially noiseless. In contrast, the recombination act with
cognate escape of a photon from the detector, or generation of photons by thermal radiation
from outside the active body of the detector are noise producing processes. This may readily
happen for a case of detector array, where an element may absorb photons emitted by another
detectors or a passive part of the structure [24]. Deposition of the reflective layers (mirrors)
on the back and side of the detector may significantly improve optical insulation preventing
noisy emission and absorption of thermal photons.

As follows from the above considerations, the internal radiative processes although of
fundamental nature, do not limit the ultimate performance of IR detectors.

2.4.3. Auger processes  Auger mechanisms dominate generation and recombination
processes in high-quality narrow gap semiconductors such as Hg;_,Cd, Te and InSb at near
room temperatures [3]. The band-to-band Auger mechanisms in InSb-like band structure
semiconductors are classified in 10 photonless mechanisms. Two of them have the smallest
threshold energies (Et ~ E,) and are denoted as Auger 1 and Auger 7. In some wider band gap
materials (e.g. InAs and low x InAs;_,Sb, ) in which the split-off band energy A is comparable
to Eg, the Auger process involving split-off band (AS process) may also play an important role.

The Auger 1 generation is the impact ionization by an electron, generating an electron—
hole pair, so this process involves two electrons and one heavy hole, and is dominant in n-type
material. An interesting feature is the behaviour of Auger 1 generation and recombination
with degenerate n-type doping. Due to the low density of states the Fermi level moves high
into the conduction band with n-type doping, so the concentration of minority holes is strongly
reduced and the threshold energy required for the Auger transition is increased. This results
in suppression of Auger 1 processes in heavy doped n-type material.

Auger 7 generation is the impact generation of electron hole pair by a light hole, involving
one heavy hole, one light hole and one electron [25,26]. This process may dominate in p-type
material. Heavy p-type doping does not have such a dramatic effect on the Auger 7 generation
and recombination rates due to the much higher density of states. The corresponding Auger
recombination mechanisms are inverse processes of the electron—hole recombination with
energy transferred to the electron or the hole. Strong temperature and band gap dependence is
expected, since lowered temperature and increased band gap strongly reduces the probability
of these heat-stimulated transitions.

The net generation rate due to the Auger 1 and Auger 7 processes can be described as [27]

2 _
Gpo— Rp = o "p |: n +i:| s (15)

5 -
2n; (A +an)ty, 14
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where 7}, and 7, are the intrinsic Auger 1 and Auger 7 recombination times and n; is the
intrinsic concentration. The last equation is valid for a wide range of concentrations, including
degeneration, which easily occurs in n-type materials. This is expressed by the finite value
of a. According to [27], a = 5.26 X 108 cm3. Due to the shape of the valence band, the
degeneracy in p-type material occurs only at very high doping levels, which is not achievable
in practice.

The Auger 1 lifetime for intrinsic material is equal [28]

hel 21+ )2 (1 +2p) expl(1 +2w) /(1 + ) Eg /kT]
2327 12g%mg (m%/m)|F\F>|>(kT | Eg)3/?

where w is the ratio of the conduction to the heavy-hole valence-band effective mass, &5 is the
static-frequency dielectric constant and | F; F;| are the overlap integrals of the periodic part of
the electron wave functions. The overlap integrals cause the biggest uncertainty in the Auger 1
lifetime. Values ranging from 0.1 to 0.3 have been obtained by various authors. In practice it
is taken as a constant equal to anywhere between 0.1 and 0.3 leading to changes by almost an
order of magnitude in the lifetime.

The ratio of Auger 7 and Auger 1 intrinsic times

, (16)

1 __
Tal =

y =N (17)
TAl
is another term of high uncertainty. According to Casselman and co-workers [25, 26, 29], for
Hg,_,.Cd,Te over the range 0.16 < x < 0.40 and 50K < 7 < 300K, 3 < y € 6. As
y is higher than unity, higher recombination lifetimes are expected in p-type materials when
compared to n-type materials of the same doping.

Accurate calculations of the Auger lifetimes have been reported by Beattie and White [30].
The flat valence band model has been used to obtain a simple analytic approximation that
requires just two parameters to cover a wide range of temperature and carrier Fermi levels,
both degenerate and non-degenerate. Recent direct measurements of carrier recombination
show y = 8 for x =~ 0.2 at 295 K [31].

Kinch [22] delivered a simplified formula for the Auger 1 intrinsic recombination time
which is

. B g \3/2 qE
=83 x 107 B2 (L) Texp (222, 18
Al e \kT Pt (18)

where E, is in electronvolts.
As equations (16) and (18) show, the Auger generation and recombination rates are
strongly dependent on temperature via dependence of carrier concentration and intrinsic time
on temperature. Therefore, cooling is a natural and a very effective way to suppress Auger

processes.

2.5. a/G ratio and detectivity

The detectivity D* as the main parameter of detector, characterizes the normalized signal-to-
noise performance of the device and is defined as

_ Ri(AAf)'V?

D* , 19
I (19)
where R; is spectral current responsivity
An
Ri = —qg, (20)

he
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Figure 3. Comparison of the D* of various commercially available infrared detectors when
operated at the indicated temperature. Chopping frequency is 1000 Hz for all detectors except
the thermopile (10Hz), thermocouple (10Hz), thermistor bolometer (10Hz), Golay cell
(10Hz) and pyroelectric detector (10Hz). Each detector is assumed to view a hemispherical
surrounding at a temperature of 300 K. Theoretical curves for the background-limited D* (- - - -)
for ideal photovoltaic and photoconductive detectors and thermal detectors are also shown.
PC—photoconductive detector, PV—photovoltaic detector, PE—photoemissive detector
and PEM—photoelectromagnetic detector.

Ay is the optical area of detector, Af is the frequency band, A is the wavelength, /4 is Planck’s
constant, c is the light velocity, ¢ is the electron charge and g is the photoconductive gain.

Spectral detectivity curves for a number of commercially available IR detectors are shown
in figure 3. Interest has centred mainly on the wavelengths of the two atmospheric windows
3-5 pm (MWIR region) and 814 m (LWIR region) (atmospheric transmission is the highest
in these bands and the emissivity maximum of the objects at T & 300K is at the wavelength
A =~ 10micron), though in recent years there has been increasing interest in longer wavelengths
stimulated by space applications.

Assuming that the current gain for photocurrent and noise current is the same, the current
noise due to the generation and recombination processes is [32]

12 =2(G + R)Act Afqg?, 2D

where A. is the electrical area and ¢ is the thickness of detector.
It can be shown that assuming equilibrium conditions (G = R) and Ay/A. = 1 [33]

A a\1/2
D* =031k (—) , (22)
he \G
where 1 < k < 2 is dependent on the contribution of recombination and backside reflection.
The ratio of the absorption coefficient to the thermal generation rate, «/G, is the
fundamental figure of merit of any material intended for IR photodetectors. It determines
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Figure 4. «/G ratio versus temperature for MWIR—XA = 5 pum (@) and LWIR—A = 10 um
(b) photon detectors.

directly the detectivity limits of the devices. Any potential material should be compared on
this basis.

The o/ G ratio versus temperature for different types of tunable materials with hypothetical
energy gap equal to 0.25eV (A = 5um) and 0.124eV (A = 10 um) is shown in figure 4.
Procedures used in calculations of «/G for different material systems are given in [34].
Estimation of «/G ratio for InAs/GalnSb strained layer superlattices (SLSs) are based on
several theoretical papers published previously [35-39]. Early calculations showed that a
LWIR type-II InAs/GalnSb SLS should have an absorption coefficient comparable to a HgCdTe
alloy with the same cutoff wavelength [35]. Figure 4(b) predicts that type-II SLs is the most
efficient detector of IR radiation in long wavelength region. It is an even better material
than HgCdTe; it is characterized by a high absorption coefficient and relatively low thermal
generation rate. However hitherto, this theoretical prediction has been not confirmed by
experimental data (see section 8.4). We can also notice that AlGaAs/GaAs quantum well
IR photoconductor (QWIP) is a better material than extrinsic silicon.

The total generation rate is a sum of the optical and thermal generation

G = G + Gop. (23)

The optical generation may be due to the signal or background radiation. For IR detectors,
background radiation is usually higher compared to the signal radiation. If the thermal
generation is reduced much below the background level, the performance of the device is
determined by the background radiation (BLIP conditions for background limited infrared
photodetector). This condition can be described as

ndpt

> N, 24

where ny, is the density of thermal carriers at temperature T, t is the carrier lifetime and &g is
the total background photon flux density (unit cm~2s~!) reaching the detector. Rearranging
we have for the BLIP requirements
Gop = 1% o (25)
t T
i.e. the photon generation rate per unit volume needs to be greater than the thermal generation
rate per unit volume. The carriers can be either majority or minority in nature.
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Figure 5. Estimation of the temperature required for background limited operation of different
types of photon detectors. In the calculations FOV = 30° and 7 = 300 K are assumed.

The background limited detectivity, or the so-called ‘photovoltaic’ BLIP detectivity, is

given by [40]
) Al 12
Dy p = e \ 2o, . (26)

D}, p for photoconductors is +/2 times lower than that for photodiodes. This is attributable
to the recombination process in photoconductors, which is uncorrelated with the generation
process, which contributes to the detector noise. The background photon flux density received
by the detector depends on its angular field of view (FOV) of the background and on its ability
to respond to the wavelengths contained in this source.

BLIP temperature is defined as the device operating at a temperature at which the dark
current equals the background photocurrent, given a FOV and a background temperature. In
figure 5 plots of the calculated temperature required for background limited operation in 30°
FOV are shown as a function of cutoff wavelength. We can see that the operating temperature
of ‘bulk’ intrinsic IR detectors (HgCdTe and PbSnTe) is higher than for other types of photon
detectors. HgCdTe detectors with background limited performance operate with thermoelectric
coolers in the MWIR range, but the LWIR detectors (8 < A, < 12 um) operate at ~100 K.
HgCdTe photodiodes exhibit a higher operating temperature compared with extrinsic detectors,
silicide Schottky barriers and QWIPs. However, the cooling requirements for QWIPs with
cutoff wavelengths below 10 um are less stringent in comparison with extrinsic detectors and
Schottky barrier devices.

3. Photodiodes—principle of operation and figure of merit

The most common example of a photovoltaic detector is the abrupt p—n junction prepared in
the semiconductor, which is often referred to simply as a photodiode. The operation of the p—n
junction photodiode is illustrated in figure 6. Photons with energy greater than the energy gap,
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Figure 6. p-n junction photodiode: (a) structure of abrupt junction, (b) energy band diagram,
(c) electric field and (d) I-V characteristics.

incident on the front surface of the device, create electron—hole pairs in the material on both
sides of the junction. By diffusion, the electrons and holes generated within a diffusion length
from the junction reach the space—charge region. Then electron—hole pairs are separated by the
strong electric field; minority carriers are readily accelerated to become majority carriers on
the other side. In this way a photocurrent is generated which shifts the current—voltage (I-V)
characteristic in the direction of negative or reverse current. The total current density in the
p-n junction is usually written as

J(V, ®) = Ja(V) — Jpn(P), 27)

where the dark current density, Jq, depends only on the bias voltage, V and the photocurrent
depends only on the photon flux density, .

Generally, the current gain in a simple photovoltaic detector (e.g. not an avalanche of
photodiodes) is equal to 1, and the magnitude of photocurrent is equal

In =ngAd. (28)

The dark current and photocurrent are linearly independent (which occurs even when these
currents are significant).

If the p—n diode is open-circuited, the accumulation of electrons and holes on the two
sides of the junction produces an open-circuit voltage (figure 6(d)). If a load is connected to
the diode, a current will be conducted in the circuit. The maximum current is realized when an
electrical short is placed across the diode terminals and this is called the short-circuit current.

The open-circuit voltage can be obtained by multiplying the short-circuit current by the
incremental diode resistance R = (31/0V) ' at V = V.

Von = ngADR, (29)

where V;, is the bias voltage and I = f(V) is the /-V characteristic of the diode.
In many direct applications the photodiode is operated at zero-bias voltage:

R ( o )1 (30)
o=\ .
WV /\v=o
A frequently encountered figure of merit for IR photodiode is the RyA product
AN
RoA=|(— , €1y
WV /) =0

where J = I /A is the current density.
In the detection of radiation, the photodiode is operated at any point of the /-V
characteristic. High reverse bias may or may not shorten charge collection time, but it generally
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reduces capacitance. Both result in a faster response. On the other hand, increased reverse
bias causes increased noise, so that a tradeoff exists between speed and sensitivity.

The intrinsic noise mechanism of a photodiode is shot noise in the current passing through
the diode. It is generally accepted that the noise in an ideal diode is given by

12 = [2q (14 +21,) + 4kT (Gj — Go)]Af, (32)

where Iy = I[exp(qV /kT) — 1] is the dark current of the ideal diode (diffusion current), Gj is
the conductance of the junction and G is the low-frequency value of G;. In the low-frequency
region, the second term on the right-hand side is zero.

Photodiodes are typically operated at zero bias to minimize the heat load and for zero 1/f
noise. In this case

12 = 2(2G + n®p)g AAS. (33)

Frequently, the performance of photodiodes is discussed in terms of zero bias resistance-
area product. As follows for the ideal diode /-V plot (see equation (31))

RoA = KT _ T (34)
0T qJs B q*Gt’
since J; = qGt, where ¢ is the thickness of the photodiode’s active region.
Taking into account the Auger 7 mechanism in extrinsic p-type region of n*-on-p

photodiode, we receive
2kTt},
% N,t
and the same equation for P-on-n photodiode (with dominant contribution of Auger 1
mechanism in n-type region)
2kTt),
q 2Ngt ’
where N, and Ny are the acceptor and donor concentrations in the base regions, respectively.

As equations (35) and (36) show, the RyA product can be decreased by reduction of the
thickness of the base layer. Since y = ti,/t\, > 1, a higher RyA value can be achieved in
p-type base devices compared to that of n-type devices of the same doping level. Detailed
analysis shows that the absolute maximum of RypA is achievable with base layer doping
producing p = y'/?n;, which corresponds to the minimum of thermal generation. The required
p-type doping is difficult to achieve in practice for low temperature HgCdTe photodiodes (the
control of hole concentration below 5 x 10! cm~3 level is difficult) and the p-type material
suffer from some non-fundamental limitations, such as contacts, surface and SR processes.
These are the reasons why the low temperature detectors are typically produced from the lightly
doped n-type materials.

The zero bias detectivity can be expressed as

.« ANg (RoA)'/?
"~ he (4kT +2g2n®gRyA)/?

For the best performance under the given operating conditions (wavelength, temperature)
the value of (RyA)'/? should be maximized. The n(RyA)'/? is a photodiode figure of merit
that determines the performance of a photodiode.

Figure 7 illustrates the detectivity that can be achieved for p-on-n HgCdTe photodiodes for
four selected wavelength regions. Atlow temperatures, the detector thermal noise is negligible,
and detectivity is limited by detector noise due to fluctuations in the arrival rate of photons from

(RoA)a7 = (35)

(RoA)ar = (36)

(37
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Figure 7. Calculated detectivity for p-on-n HgCdTe photodiodes for four important wavelength
regions, plotted versus operating temperature (after [2]).

room-temperature background radiation (BLIP operation). As detector temperature increases,
the detector thermal noise increases exponentially, and usually overcomes the background
noise, causing the detectivity to decrease exponentially for further increases in temperature.
Detector thermal noise is proportional to the thermal generation rate (see equation (21)),which
is inversely proportional to the carrier lifetime (see equation (25)).

Hitherto, we have assumed that the photodiode’s dark current was limited by diffusion.
In general, the dark current mechanisms can be classified into two groups:

e inherent or fundamental mechanisms, which depend only on the inherent material
properties:
— diffusion current due to Auger or radiative recombination in the n-region or p-region,
— band-to-band tunnelling current,
o defect-related mechanisms which require surface or ‘bulk’ defects located within depletion
region or within a diffusion length of either side of the depletion region:
— diffusion current due to SR recombination in the n-region or p-region
— generation—recombination within the depletion region,
— trap-assisted tunnelling,
— surface generation current from surface states.

The junction mechanisms in HgCdTe photodiodes have been reviewed by many authors,
e.g.[3,41-43]. We will be concerned with the current contribution of high-quality photodiodes
with high RyA products limited by the following:

e generation—recombination within the depletion region,
o tunnelling through the depletion region,
o surface effects.

The first two mechanisms are schematically illustrated in figure 8.
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Figure 8. Schematic representation of some of the mechanisms by which dark current is generated
in a reverse biased p—n junction.

The generation—-recombination current of the depletion region, for the simple case of
uniformly distributed bulk and surface g—r centres, can be described as

wni
Jop = 1 (38)
70

In this equation, 7 is an effective carrier lifetime in depletion region and w is the depletion
region width at zero bias voltage.

The space—charge region generation—-recombination current varies with temperature as n;,
i.e. less rapidly than diffusion current which varies as n]2

The zero bias resistance area product for the case of uniformly distributed bulk and surface
g-1 centres is given by

1 enjw 1 S()P
—) === (=+=). (39)
ROA GR Vb 70 A

where V4, is the built-in voltage of the p—n junction. The second term in parentheses is for
g-1 centres localized at the surface and the parameter Sy is referred to as the g—r surface
recombination velocity, which is proportional to the density of g—r defects. P is the junction
perimeter. Note that the bulk and surface components of the g—r RyA product have different
dependencies of junction geometry.

The third type of dark current component that can exist is a tunnelling current caused
by electrons directly tunnelling across the junction from the valence band to the conduction
band (direct tunnelling) or by electrons indirectly tunnelling across the junction by way of
intermediate trap sites in the junction region (indirect tunnelling or trap-assisted tunnelling—
see figure 8).

The tunnelling current (and Ry A product) is critically dependent on doping concentration.
Figure 9 shows the dependence of the RyA product components on the dopant concentrations
for one-sided abrupt HgCdTe, PbSnTe and PbSnSe photodiodes at 77K (E; = 0.1eV). To
produce high Ry A products for HgCdTe and lead salt photodiodes, the doping concentration of



2284 A Rogalski

10' E
0 ”
C =
- :
L --..."5_...
10° E l"‘
—_ E B
9 E i
g F. 1 (RA)
S f ;
< i
& 10'F i
E §
r i
- HgowClomsTe 4
10° 3 n-p*junction | - Pby;Sn,..Te
I n‘-pjunction ---- Pbm saasnoomse
107 vl vl vl i
10“ 1015 1016 101? 1019

N,, N, {cm)

Figure 9. The dependence of the RgA product components (due to diffusion current with
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on the dopant concentrations for the one-sided abrupt junctions produced in Hgp 797Cdg 203 Te,
Pb()ngHo}zzTe and Pb0,933$n0'067Se (after [44]).

10'® cm=3 and 10'7 cm~3 (or less) are required, respectively. The maximum available doping
levels due to onset of tunnelling are more than an order of magnitude higher with IV-VI than
with HgCdTe photodiodes [44]. This is due to their high permittivities &5 because tunnelling
contribution of the RyA product contains exp[const(m*s,/N)!/? E,] factor.

In a real p—n junction additional dark current related to the surface occurs. The surface of
actual devices is passivated in order to stabilize the surface against chemical and heat-induced
changes as well as to control surface recombination, leakage and related noise. An ideal surface
would be electrically neutral and would have a very low density of surface states.

The kinetics of generation—recombination through fast surface states is identical to that
through bulk SR centres. The current in a surface channel is given by (see equation (38))

qniwcAc

Igrs = ———, (40)
To

where w, is the channel width and A. is the channel area.

Apart from generation—recombination processes occurring at the surface and within
surface channels there are other surface-related current mechanisms, termed surface leakage,
with ohmic or breakdown-like /—V characteristics. They are nearly temperature independent.

4. Historical perspective

The first report of the synthesis of the semi-metal HgTe and wide band gap semiconductor
CdTe to form a HgCdTe ternary alloy system [1] was published in 1959 by the Royal
Radar Establishment in Malvern, England. This article reported both photoconductive and
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Figure 10. History of the development of HgCdTe detectors.

photovoltaic responses at wavelengths extending out to 12 um, and made the understated
observation that this material showed promise for intrinsic IR detectors. At that time the
importance of the 8—12 um atmospheric transmission window was well known for thermal
imaging, which enables night vision by imaging the emitted IR radiation from the scene.
Since 1954, the Cu-doped extrinsic photoconductive detector was known [45], but its spectral
response extended to 30 um (far longer than required for the 8—12 um window) and to achieve
background-limited performance the Ge: Cu detector was necessary to cool down to liquid
helium temperature. In 1962, it was discovered that the Hg acceptor level in Ge has an activation
energy of about 0.1 eV [46] and detector arrays were soon made from this material; however, the
Ge : Hg detectors were cooled to 30K to achieve maximum sensitivity. It was also clear from
theory that intrinsic HgCdTe detectors (where the optical transitions were direct transitions
between the valence band and the conduction band) could achieve the same sensitivity at much
higher operating temperature (as high as 77 K). Early recognition of the significance of this fact
led to intensive development of HgCdTe detectors in a number of countries including England,
France, Germany, Poland, the former Soviet Union and the United States [47]. However, little
has been written about the early development years; e.g. the existence of work going on in the
United States was classified until the late 1960s.

Figure 10 gives approximate dates of significant development efforts for HgCdTe IR
detectors; and figure 11 gives additional insight in time line of the evolution of detectors and key
developments in process technology. Photoconductive devices had been built in the US as early
as 1964, at Texas Instruments, after the development of a modified Bridgman crystal growth
technique. The first report of a junction intentionally formed to make an HgCdTe photodiode
was by Verie and Granger [49], who used Hg in-diffusion into p-type material doped with Hg
vacancies. The first important application of HgCdTe photodiodes was as high-speed detectors
for CO; laser radiation [50]. The French pavilion at the 1967 Montreal Expo illustrated a CO,
laser system with a HgCdTe photodiode. However, the high performance MWIR and LWIR
linear arrays developed and manufactured in the 1970s were n-type photoconductors used
in the first generation scanning systems. In 1969 Bartlett et al [51] reported background
limited performance of photoconductors operated at 77 K in the LWIR spectral region. The
advantages in material preparation and detector technology have led to devices approaching
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Figure 12. Cross section of a basic HgCdTe photoconductor.

the theoretical limits of responsivity and detectivity over wide ranges of temperature and
background [52].

The basic photoconductive device structure is illustrated in figure 12, where metal
electrodes are applied to pure n-type material thinned to approximately 10 um. Typical
photoconductors are passivated with anodic oxide and anti-reflection coated with zinc sulphide.
The photoconductors required far more simple materials growth and device processing
technologies than p—n junctions.

A novel variation of the standard photoconductive device, the SPRITE detector (the
acronym of Signal PRocessing In The Element), was invented in England [53]. A family
of thermal imaging systems has utilized this device; however, a decline in its usage is observed
now. The SPRITE detector provides signal averaging of a scanned image spot which is
accomplished by synchronization between the drift velocity of minority carriers along the
length of photoconductive bar of material and the scan velocity of the imaging system (see
figure 13). Then the image signal builds up a bundle of minority charges 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 detectors are fabricated from lightly doped (5 x 10" cm~3) Hg,_,Cd, Te.
Both bulk material and epilayers are being used. Single and 2, 4, 8, 16 and 24 element arrays
have been demonstrated; the 8-element arrays are the most commonly used (figure 14).
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Figure 14. Schematic of eight-element SPRITE array with bifurcated readout zones (after [54]).

The simplest scanning linear FPA consists of a row of detectors (see figure 15). An image
is generated by scanning the scene across the strip using, as arule, a mechanical scanner. These
types of arrays can provide enhanced sensitivity and gain in camera weight. 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. The scanning system, which does not include multiplexing functions in the focal plane,
belongs to the first generation systems. A typical example of this kind of detector is a linear
photoconductive array in which an electrical contact for each element of a multi-element array
is brought off the cryogenically-cooled focal plane to the outside, where there is one electronic
channel at ambient temperature for each detector element. The US common module HgCdTe
arrays employ 60, 120 or 180 photoconductive elements depending on the application (see
figure 16).

After the invention of charge coupled devices (CCDs) by Boyle and Smith [55] the idea
of an all-solid-state electronically scanned two-dimensional (2D) IR detector array caused
attention to be turned to HgCdTe photodiodes. These include p—n junctions, heterojunctions
and MIS photo-capacitors. Each of these different types of devices has certain advantages for IR
detection, depending on the particular application. More interest has been focused on the first
two structures, so further considerations are restricted to p—n junctions and heterostructures.
Photodiodes with their very low power dissipation, inherently high impedance, negligible
1/f noise and easy multiplexing on focal plane silicon chip can be assembled in 2D arrays
containing a very large number of elements limited only by existing technologies. They can be
reverse-biased for even higher impedance, and can, therefore, match electrically with compact
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Figure 16. 180 element common module linear array of HgCdTe photoconductive detectors.

low-noise silicon readout preamplifier circuits. The response of photodiodes remains linear
to significantly higher photon flux levels than that of photoconductors (because of higher
doping levels in the photodiode absorber layer and because the photogenerated carriers are
collected rapidly by the junction). At the end of 1970s the emphasis was directed towards
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large photovoltaic HgCdTe arrays in the MW and LW spectral bands for thermal imaging.
Recent efforts have been extended to short wavelengths, e.g. for starlight imaging in the SW
range, as well as to VLWIR space borne remote sensing beyond 15 pm.

The second generation systems (full-framing systems) have typically three orders of
magnitude more elements (>10°) on the focal plane than first generation systems and the
detector elements are configured in a 2D array. These starring arrays are scanned electronically
by circuits integrated with the arrays. These readout integrated circuits (ROICs) include, e.g.
pixel deselecting, anti-blooming on each pixel, subframe imaging, output preamplifiers and
some other functions. The second generation HgCdTe devices are 2D arrays of photodiodes.
This technology had begun in the late 1970s and took the next decade to reach volume
production. The first demonstrated hybrid architecture [56] in the mid-1970s (see figure 17),
indium 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 electronics. The detector material and
multiplexer are optimized independently. Other advantages of the hybrid FPAs are near 100%
fill factors and increased signal-processing area on the multiplexer chip.

Hybrid FPAs detectors and multiplexers are also fabricated using loophole
interconnection [57]. In this case, the detector and the multiplexer chips are glued together
to form a single chip before detector fabrication. The photovoltaic detector is formed by ion
implantation and loopholes are drilled by ion milling and electrical interconnection between
each detector and its corresponding input circuit is made through a small hole formed in each
detector. The junctions are connected down to the silicon circuit by cutting the fine, few
microns in diameter, holes through the junctions by ion milling and then backfilling the holes



2290 A Rogalski

R . — —— T3
@ MOS 3

w | v ccD 4 ]

© 10°%F ® Visible CMOS e o E

X P ® IRFPA P Ve ]

o F A pProc. transistors e aCA

£ 10F ¢ Two-colour infrared P Y > E

8’ E /_//V ) * m E

E : Imagers for television ocP L v v | |

— E -~ J il -

5 10 ; NTSC - HDTV // *y

= E . |

=] m

7] L 4

g, 1055* - 3

o i LN

£ J ] &

@ : &

@ L

2 3

e 10°¢ E

o e

E F

L [

= 10°F o E
F MOS or CMOS minimum feature (um) 3

101 (20 8 5] 3 2 [ 5] 2] 08| 05 [0250.180.1

1965 1970 1975 1980 1985 1990 1995 2000 2005
Year of introduction

Figure 18. Imaging array formats compared with the complexity of microprocessor technology
as indicated by transistor count. The timeline design rule of MOS/CMOS features is shown at the
bottom (after [58]).

with metallization. The loophole interconnection technology offers more stable mechanical
and thermal features than flip-chip hybrid architecture.

Intermediary systems are also fabricated with multiplexed scanned photodetector linear
arrays in use and with, as a rule, time delay and integration (TDI) functions. Typical examples
of these systems are HgCdTe multilinear 288 x 4 arrays fabricated by Sofradir both for 3—-5 um
and 8-10.5 um bands with signal processing in the focal plane.

CMOS multiplexers are the best choice for performing the integration and signal
processing for 2D arrays. The advantages of CMOS are that the existing foundries, which
fabricate specific integrated circuits, can be readily used by adapting their design rules. Design
rules of 0.18 um are in production with pre-production runs of 0.13 um design rules. As a
result of such fine design rules, more functionality has been put into the unit cells of IR and
visible multiplexers and smaller unit cells, leading to large array sizes. Figure 18 shows the
timelines for minimum circuit features and the resulting CCD, IR FPA and CMOS visible
imager sizes with respect to imaging pixels. Along the horizontal axis is also a scale depicting
the general availability of various MOS and CMOS processes. The ongoing migration to even
finer lithographies will thus enable the rapid development of CMOS-based imagers having even
higher resolution, better image quality, higher levels of integration and lower overall imaging
system cost than CCD-based solutions. At present, CMOS with minimum features of <0.5 um
makes possible also monolithic visible CMOS imagers because the denser photolithography
allows for low-noise signal extraction and high performance detection with the optical fill
factor within each pixel. The silicon wafer production infrastructure, which has put personal
computers into many homes, now allows CMOS-based imaging in consumer products such as
video and digital still cameras.

The most commonly used technique for fabricating HgCdTe photodiodes is to make
simple n*-on-p homojunctions by ion implantation into p-type undoped crystals [3].
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Figure 19. Cross section of p-on-n HgCdTe DLHJ photodiodes: (@) mesa structure and (b) planar
structure. The active n-type region is sandwiched between CdZnTe substrate and high-doped,
wider-gap regions.

In 1985, Rogalski and Larkowski [44] indicated that due to the lower minority-carrier diffusion
length (lower mobility of holes) in the n-type region of p*-on-n junctions with thick n-type
active region, the diffusion-limited RyA product of such junctions is larger than for n*-on-p
ones (see figure 9). These theoretical predictions were next confirmed by experimental results
obtained for p-on-n HgCdTe junctions, especially for double-layer heterojunction (DLHJ)
photodiodes. In such diode (see figure 19) the base n-type layer is sandwiched between
CdZnTe substrate and wider-gap regions. Due to backside illumination (through CdZnTe
substrate) and internal electric fields (which are ‘blocking’ for minority carriers), influence of
surface recombination on the photodiode performance is eliminated. The influence of surface
recombination can be also prevented by the use of suitable passivation. Both optical and
thermal generations are suppressed in the p-region due to wide gap.

The MIS photocapacitor is usually formed on an n-type absorber layer with a thin semi-
transparent metal film as a gate electrode. The insulator of choice is a thin native oxide. The
only motivation for developing HgCdTe MIS detectors was the allure of realizing a monolithic
IR CCD, with both the detection and multiplexing taking place in the same material. However,
because of the non-equilibrium operation of the MIS detector (usually a bias voltage pulse of
several volts is applied across the capacitor to drive the surface into deep depletion), much
larger electric fields are set up in the depletion region of the MIS device than in the p—n
junction, resulting in defect-related tunnelling current that is orders of magnitude larger than
the fundamental dark current. The MIS detector required much higher quality material than
photodiode, which has still not been achieved. For this reason, the development of the HgCdTe
MIS detector was abandoned around 1987 [59, 60].

In the last decade of the twentieth century, a third generation of HgCdTe detectors emerged
from the tremendous impetus given to detector developments (see section 7). This generation
of detectors has emerged from technological achievements in the growth of heterostructure
devices used in the production of second-generation systems.

5. Impact of epitaxial growth on development of HgCdTe detectors

The timeline for the evolution of growth technologies is illustrated in figure 20. Histori-
cally, crystal growth of HgCdTe has been a major problem mainly because a relatively high Hg
pressure is present during growth, which makes it difficult to control the stoichiometry and com-
position of the grown material. The liquidus and solidus lines in the pseudobinary HgTe—CdTe
system are shown in figure 21. The wide separation between the liquidus and solidus, lead-
ing to marked segregation between CdTe and HgTe, was instrumental in the development of
all the bulk growth techniques to this system. In addition to solidus—liquidus separation,
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Figure 20. Evolution of HgCdTe crystal growth technology from 1958 to the present (after [48]).
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Figure 21. Liquidus and solidus lines in the HgTe—CdTe pseudobinary system (after [61]).

high Hg partial pressures are also influential both during growth and post-growth heat
treatments.

Early experiments and a significant fraction of early production were done using a
quench—anneal or solid-state recrystallization process. In this method the charge of a required
composition was synthesized, melted and quenched. Then, the fine dendritic mass (highly
polycrystalline solid) obtained in a process was annealed below the liquidus temperature for
a few weeks to recrystallize and homogenize the crystals. The material usually requires low-
temperature annealing for adjusting the concentration of native defects. The crystals can be
also uniformly doped by the introduction of dopants to the charge.

Bridgman growth was attempted for several years around the mid-1970s. Atthe same time,
solvent growth methods from Te-rich melts were initiated to reduce the growth temperature.
One successful implementation was the travelling heater method up to 5 cm diameter [62].
The perfect quality of crystals grown by this method is accompanied by a low growth rate.

The bulk HgCdTe crystals were initially used for many types of IR photodetectors.
At present they are still used for some IR applications such as n-type single element
photoconductors, SPRITE detectors and linear arrays. Bulk growth produced thin rods,
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Figure 22. Temperature ranges for growth of HgCdTe by various growth techniques versus date
of first reported attempt (after [63]).

generally to 15mm in diameter, about 20 cm in length and with non-uniform distribution
of composition. Large 2D arrays could not be realized with bulk crystals. Another drawback
to bulk material was the need to thin the bulk wafers, generally cut to about 500 pm thickness,
down to final device thickness of about 10 um. Also further fabrication steps (polishing the
wafers, mounting them on suitable substrates and polishing them to the final device thickness)
was labour intensive.

The epitaxial techniques offer, in comparison with bulk growth techniques, the possibility
of growing large area epilayers and sophisticated device structures with good lateral
homogeneity and abrupt and complex composition and doping profiles, which can be
configured to improve the performance of the photodetectors. The growth is performed at
low temperatures (see figure 22), which makes it possible to reduce the native defects density.
The properties of HgCdTe grown by the variety of techniques discussed here are summarized
in table 3.

Among the various epitaxial techniques, the liquid phase epitaxy (LPE) is the most mature
method. LPE is a single crystal growth process in which growth from a cooling solution occurs
on a substrate. At present the vapour phase epitaxy (VPE) growth of HgCdTe is typically done
by nonequilibrium methods; metalorganic chemical vapour deposition (MOCVD), molecular
beam epitaxy (MBE) and their derivatives. The great potential benefit of MBE and MOCVD
over the equilibrium methods is the ability to modify the growth conditions dynamically during
growth to tailor band gaps, add and remove dopants, prepare surfaces and interfaces, add
passivations, perform anneals and even grow on selected areas of a substrate. The growth
control is exercised with great precision to obtain basic materials properties comparable to
those routinely obtained from equilibrium growth.

Epitaxial growth of HgCdTe layers requires a suitable substrate. CdTe was used initially,
since it was available from commercial sources in reasonably large sizes. The main drawback of



Table 3. Comparison of the various methods used to grow HgCdTe (after [48]).

Bulk
Travelling heater method Liquid phase epitaxy Vapour phase epitaxy
SSR HCT melt Te melt Hg melt Te melt MOCVD MBE

Temperature (°C) 950 950 500 350-550 400-550 275-400 160-200
Pressure (Torr) 150000 150000 760-8000 760-11 400 760-8000 300-760 10-3-10~*
Growth rate (umh~1) 250 250 80 30-60 5-60 2-10 1-5
Dimensions w (cm) 0.8-1.2dia 0.8-1.2dia 2.5dia 5 5 7.5 dia 7.5 dia
[ (cm) — — — 6 5 4 4
t (cm) 15 15 15 0.0002-0.0030 0.0005-0.012 0.0005-0.001 0.0005-0.001
Dislocations (cm™2) <10° — <10° <10° <10°-107 5 x 10°-107 <5 x 10*-10°
Purity (cm™?) <5x 10" <5x10" <5x10M <5 x 10" <5 x 10" <1 x 10 <1 x 109
n-type doping (cm~3) N/A N/A N/A 1 x10M-1 x 10" 1x10-1 x 10 5x 105 x 10'® 5 x 1041 x 10"
p-type doping (cm™3) N/A N/A N/A Ix105-1 %10 1x10%-5%x10"° 3 x105-5x 107 1 x10'°-5 x 10'8
X-ray rocking curve (arc sec) — — 20-60 <20 <20 50-90 20-30
Compositional uniformity (Ax)  <0.002 <0.004 <0.005 <0.002 <0.002 +0.01-0.0005 +0.01-0.0006
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CdTe is that it has a lattice mismatch with LWIR and MWIR HgCdTe of a few per cent . By the
mid-1980s it was demonstrated that the addition of a few per cent of ZnTe to CdTe (typically 4%)
could create a lattice-matched substrate. CdTe and closely lattice-matched CdZnTe substrates
are typically grown by the modified vertical and horizontal unseeded Bridgman technique.
Most commonly the (111) and (100) orientations have been used, although others have been
tried such as (110) and (123). Twinning, which occurs in (111) layers, can be prevented by
a suitable disorientation of the substrate. The limited size, purity problems, Te precipitates,
dislocation density (routinely in the low 10* cm~2 range), non-uniformity of lattice match
and the high price ($60-$500 per 1 cm?, polished) are the remaining problems required to
be solved. It is believed that these substrates will continue to be important for a long time,
particularly for the highest performance devices.

The LPE growth of thin layers on CdTe substrates began in the early-to-mid 1970s.
Initially, Te solutions with dissolved Cd (Cd has a high solubility in Te) and saturated with
Hg vapour were used to efficiently grow HgCdTe in the temperature range of 420-600°C.
This allowed small-volume melts to be used with slider techniques which did not appreciably
deplete during the growth run. Experiments with Hg-solvent LPE began in the late 1970s.
Because of the limited solubility of Cd in Hg, the volume of the Hg melts had to be much
larger than the Te melts (typically about 20 kg) in order to minimize melt depletion during layer
growth in temperature ranges of 380-500°C. This precluded the slider growth approach and
Hg-melt epitaxy has been developed using large dipping vessels. Four layers (30 cm? each)
with a total area of 120 cm? can be grown in a single run [64].

In the early 1990s, bulk growth was replaced by LPE and is now very mature for production
of first- and second-generation detectors. The LPE technique has been successfully used in
fabrication of DLHJ p-on-n photodiodes (see figure 19), where a p* cap layer is formed using
arsenic as the dopant. However, LPE technology is limited for a variety of advanced HgCdTe
structures required for third generation detectors. LPE typically melts off a thin layer of the
underlying material, and each time, an additional layer is grown as a result of relatively high
growth temperature. Additionally, the gradient in x-value in the base layer of p*-on-n junction
can generate a barrier transport in certain cases due to interdiffusion. These limitations have
provided an opportunity for vapour phase epitaxy: MBE and MOCVD.

The era of MBE and MOCVD began in the early 1980s by adopting both methods
well established in the III-V semiconductor materials. Through the next decade a variety
of metalorganic compounds were developed along with a number of reaction-chamber
designs [65]. In the case of MBE, a specially designed Hg-source ovens was successfully
designed to overcome the low sticking coefficient of Hg at the growth temperature [66]. The
growth temperature is less than 200°C for MBE but around 350°C for MOCVD, making it more
difficult to control the p-type doping in the MOCVD due to the formation of Hg vacancies
at higher growth temperatures. At present, MBE is the dominant vapour phase method for
HgCdTe. It offers low temperature growth under an ultrahigh vacuum environment, in situ
n-type and p-type doping, control of composition and doping and interfacial profiles. MBE is
now the preferred method for growing complex layer structures for multi-colour detectors and
for avalanche photodiodes. Although the quality of MBE material is not yet on par with LPE,
it has made tremendous progress in the past decade. The keys of this success have been the
doping ability and the reduction of etch pit densities (EPDs) to below 10° cm™2.

Near lattice matched CdZnTe substrates have severe drawbacks such as the lack of large
areas, high production costs and more importantly, the difference in the thermal expansion
coefficient (TEC) in CdZnTe substrates and silicon readout integrated circuits, as well as
interest in large-area based IR FPAs (1024 x 1024 and larger) have resulted in limitations of
CdZnTe substrate application. Currently, readily producible CdZnTe substrates are limited
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to areas of approximately 30 cm?. At this size, the wafers are unable to accommodate more
than two 1024 x 1024 FPAs. Not even a single die can be printed for very large FPA formats
(2048 x 2048 and larger) on substrates of this size.

The use of Si substrates is very attractive in IR FPA technology, not only because it is less
expensive and available in large area wafers but also because the coupling of the Si substrates
with Si readout circuitry in an FPA structure allows fabrication of very large arrays exhibiting
long-term thermal cycle reliability. Despite the large lattice mismatch (*~19%) between CdTe
and Si, MBE has been successfully used for the heteroepitaxial growth of CdTe on Si. Using
optimized growth conditions for Si(211)B substrates, CdTe(211)B layers with EPD of 10® cm
range could be obtained [67]. While this value of EPD has little effect on MWIR HgCdTe/Si
detectors, it must be reduced to achieve high-performance LWIR detectors. By comparison,
HgCdTe epitaxial layers grown by MBE or LPE on bulk CdZnTe have typical EPD value in the
10* to mid-10° cm™2 range where there is a negligible effect of dislocation density on detector
performance [68]. Defect densities for LWIR material grown on silicon substrates continue
to limit performance but they have been reduced by an order of magnitude in the past decade.
Recently published results report growth of LWIR HgCdTe epilayers on 4-inch Si substrates
with dislocation density in the mid-10° cm—2 range [69,70]. At 77K, diode performance with
a cutoff wavelength of about 10 um is comparable to that of LWIR HgCdTe on bulk CdZnTe
substrates [70].

Sapphire has also been widely used as a substrate for HgCdTe epitaxy. In this case a CdTe
(CdZnTe) film is deposited on the sapphire prior to the growth of HgCdTe. This substrate has
excellent physical properties and can be purchased in large wafer sizes. Large lattice mismatch
with HgCdTe is accommodated by a CdTe buffer layer. The typical defect density of HgCdTe
on sapphire is in the mid-10° cm~2 range. Sapphire is transparent from the UV to about 6 xm
and has been used to backside-illuminate SWIR and MWIR detectors (it is not acceptable for
backside-illuminated LWIR arrays because of the opacity beyond 6 um).

6. HgCdTe photodiodes

Different HgCdTe photodiode architectures have been fabricated that are compatible with
backside and frontside illuminated hybrid FPA technology. The most important architectures
are included in table 4 which summarizes the applications of HgCdTe photodiode designs by
the major FPA manufacturers today.

The p—n junctions have been formed by numerous techniques including Hg in- and out-
diffusion, impurity diffusion, ion implantation, electron bombardment, plasma induced type
conversion, doping during growth from vapour or liquid phase and other methods.

The low binding energies and ionic bond nature of HgCdTe give rise to two important
effects, which are influential in most junction forming processes. The first is the role of Hg,
which is liberated readily by processes such as ion implantation and ion beam milling. This
creates a much deeper junction than would be expected from the implantation range. A second
effect is the role of dislocations, which may play a part in annihilating vacancies. The role of
Hg interstitials, dislocations and ion bombardment in the junction forming process is complex
and not well understood in detail. Despite the complex physics involved, manufacturers have
received good phenomenological control of the junction depth and dopant profiles with a
variety of processes. Of late epitaxial techniques with doping during growth are most often
used for preparing p-on-n junctions. MBE and MOCVD have been successfully accomplished
with As doping during growth.

Figure 23 shows the schematic band profiles of the most commonly used unbiased homo-
(n*-on-p) and heterojunction (p-on-n) photodiodes. To avoid contribution of the tunnelling
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current, the doping concentration in the base region below 10'©cm™3 is required. In both
photodiodes, the lightly doped narrow gap absorbing region ‘base’ of the photodiode: p(n)-
type carrier concentration of about 5 x 10'> cm = (5 x 10'* cm™3) determines the dark current
and photocurrent. The internal electric fields at interfaces are ‘blocking’ for minority carriers
and the influence of surface recombination is eliminated. Also, suitable passivation prevents
the influence of surface recombination. Indium is most frequently used as a well-controlled
dopant for n-type doping due to its high solubility and moderately high diffusion. Elements
of the VB group are acceptors substituting Te sites. They are very useful for fabrication of
stable junctions due to very low diffusivity. Arsenic proved to be the most successful p-type
dopant to date. The main advantages are stability in lattice, low activation energy and the
possibility of controlling concentration over the 10'°-10'8 cm~3 range. Intensive efforts are
currently underway to reduce the high temperature (*400°C) required to activate As as an
acceptor.

The key technology needed to make photodiodes possible was surface passivation.
Based on silicon’s success passivation efforts were initially focused mainly on oxides (see
figure 11). Anodic oxide was adequate for photoconductors due to a fixed positive charge.
Applied to photodiodes, anodic oxide shorted out the devices by inverting the p-type surface.
Silicon oxide was employed for photodiode passivation in the early 1980s based upon low-
temperature deposition using a photochemical reaction. It appears, however, that the excellent
surface properties (with low state densities and excellent photodiode properties) could not be
maintained when the device was heated in vacuum for extended periods of time, a procedure
required for good vacuum packaging integrity [48]. Also surface charge buildup was created
when operated in a space-radiation environment. Recent efforts are concentrated mostly on
passivation with CdTe and CdZnTe. Much of the pioneering work in this area was initially
done in France at Societe Anonyme de Telecommunication (SAT) in the mid-1970s [80, 81].
CdTe passivation is stable during vacuum packaging bake cycles and shows little effect from
the radiation found in space applications. Diodes do not show a variation in RyA product with
diode size, indicating that surface perimeter effects can be neglected.

In ideal photodiodes the diffusion current is dominant, therefore their leakage current is
very low and insensitive to the detector bias. Leakage current is the primary contribution of
unwanted noise. Figure 24 shows typical /-V characteristics of an HgCdTe photodiode at
temperatures between 40 and 90K for a 12 um cutoff detector at 40 K. The leakage current
is less than 107> Acm™2 at 77 K. The bias-independent leakage current makes it easier to
achieve better FPA uniformity, as well as to reduce the detector bias-control requirements
during changes in photocurrent.

The quality of HgCdTe photodiodes has improved steadily over the past twenty years
as materials and device processing science evolved and has progressed to the point where
there is usually no clear indication of g—r current. The plots of RyA data versus temperature
generally follow a diffusion current dependence at higher temperatures, and the transition into
a comparatively temperature-independent tunnelling-like regime at lower temperatures. An
example of such behaviour is shown in figure 25(a), where the Ry A product versus temperature
is presented under 0° FOV for a top-quality 10 um cutoff wavelength boron-implanted n*-
n~-p HgCdTe photodiode. Figure 25(b) shows the RyA product versus temperature for a
variety p-on-n Hg; _, Cd, Te photodiodes made from a range of alloy compositions. The longer
wavelength devices are typically more difficult to produce than medium or short wavelength
diodes.

Figure 26 is an accumulation of RyA-data taken on P-n-n HgCdTe DLHJ photodiodes
(capital letter means wider gap region) with different cutoff wavelength [83]. The solid
line is calculated from equation (36) for 1D diffusion current for an n-type absorber layer



Table 4. HgCdTe photodiode architectures used for hybrid FPAs.

Configuration Architecture Junction formation Company References
n-on-p VIP % Ion implantation forms n-on-p diode DRS Infrared Technologies (formerly Texas [71]
] hv . in p-type HgCdTe, grown by Te-solution Instruments)
In-HoCdle v ] LPE on CdZnTe and epoxied to silicon
pHgCdle ROIC wafer; over the edge contact
Epoxy N -

Silicon ROIC

n—p loophole Ion beam milling forms n-type islands GEC-Marconi Infrared (GMIRL) [72]
in p-type Hg-vacancy-doped layer grown
by Te-solution LPE on CdZnTe, and

p-HgCdTe | n n |p-HgCdTe . .

‘ | epoxied onto silicon ROIC wafer;

Epoxy cylindrical lateral collection diodes

Silicon ROIC
n*-on-p planar Ion implant into acceptor-doped p-type Sofradir (Societe Francaise de [73]

[ Lﬁjq‘;ﬂgchfé,;d == LPE film grown by Te-solution slider Detecteurs Infrarouge)

p-HgCdTe

CaznTe substrate > |

<
n*-n"-p planar Boron implant into Hg-vacancy p-type, Rockwell/Boeing [74]
homojunctions : n-HgCdTe ; grown by Hg-solution tipper on 3 inch

|pHocdTe I diameter sapphire with MOCVD

CdznTe or 5 CdTe buffer; ZnS passivation

sapphire substrat
n*-n"-p planar SLN, MBE grown of n-type layer on GaAs Institute of Semiconductor Physics, [75]

homojunctions

Si0,

Widega)
grade% gyar

GaAs substrate 5

substrate with CdZnTe buffer layer.
Boron implant into converted p-type
layer. SiO2/Si3Ny passivation.

Novosibirsk
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P-on-n mesa 1. Two-layer LPE on CdZnTe: IR Imaging Systems, Sanders— [76]
Base: Te-solution slider, indium-doped A Lockheed Martin Company
|HoCdTe o Cap: Hg-solution dipper, arsenic-doped (LMIRIS)
1”—@’—“—"5”—51"-“-’—%"—"% ————————————— 2. MOCVD in situ on CdZnTe [77]
CdZnTe substrate . B
Iodine-doped base, arsenic-doped cap
&
P-on-n mesa 1. Two-layer LPE on CdZnTe or Si: Raytheon Infrared Center of Excellence [78]
Base: Hg-solution dipper, indium-doped (RIRCOE, formerly SBRC) and Hughes
Cap: Hg-solution dipper, arsenic-doped Research Laboratories (HRLs)
IV, 2. MBE in situ on CdZnTe or Si [79]
Silicon substrate Indium-doped base, arsenic-doped cap
c
P-on-n planar Arsenic implant into indium-doped Rockwell/Boeing [74]
buried [ L---FHaCdle.  NeHaCdTe N-n or N-n-N film grown by MBE
heterostructure nHeCeTe 4 on CdZnTe
Buffer N
CdZnTe substraleg
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Figure 23. Schematic band diagrams of n*-on-p homojunction (a) and p-on-n heterojunction
(b) photodiodes.
10" .
Operation bias /// ;
-25mVv
T 107
< 90 K
2
@ 0% 7KL i
= i
[\ Vo
=] Vi
§ T TTteese.....______ 60K /
5100 e T TTTTmmes
40K .
10°* ! : ! S
-0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1

Bias voltage (V)

Figure 24. -V characteristics at various temperatures for a 12 um cutoff HgCdTe photodiode
(after [82]).

with only Auger 1 and radiative recombination. The dashed line is the theoretical (RoA)opt,
also calculated for the 1D model. Typical values for the n-side donor concentration (Ng =
1 x 10" cm™3), the narrow band gap active layer thickness and the detector implant area
(50 x 5 um?) were used in theoretical calculations. The experimental values in the figure
were determined from the measured Ry from [-V characteristics and the optical area Aqp
determined from measured flood and focused spot quantum efficiency. The data show that the
(RoA)qp: values calculated from measured values of Ry are equal to, or within a factor of two,
below the theoretical curve for the LWIR and VLWIR detectors. The MWIR detectors are
above one order of magnitude below the theoretical curve.

Several major advantages in the development of VLWIR HgCdTe technology have been
recently presented by Reine ef al [60,84]. Continued improvements in defect reduction have
enabled RyA products to follow the diffusion current limit down to temperatures of 40-45 K
for cutoff wavelengths up to 19 um (see figure 27).

The Auger 1 and Auger 7 recombination mechanisms are relatively insignificant in the
wide gap HgCdTe alloys needed for SWIR and MWIR applications; thus, the only fundamental
recombination mechanism to be considered is radiative recombination. This is illustrated
in figure 28 for three groups of p-on-n devices fabricated using LPE, MBE and MOCVD.
For photodiodes at temperature 180K, the RyA data generally fall about a factor of ten
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Figure 26. Ry A versus cutoff wavelength for p-on-n HgCdTe photodiodes at 77 K (after [83]).

below the theoretical curves, indicating that a lifetime mechanism other than the traditional
radiative recombination is lowering the lifetime. According to DeWames et al [87], a shallow
SR recombination centre, possibly process-induced, is responsible for the reduced lifetime.
It appears, that for photodiodes operated at room temperature with cutoff wavelengths less
than 3.5 um, the RyA product falls short of the limits calculated with traditional radiative
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Figure 27. Median Ry A data for 20-element arrays of LPE p-on-n HgCdTe photodiodes at 60, 45
and 40 K, compared with calculated RyA due to n-side diffusion current (——) (after [60]).
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Figure 28. RyA data for SWIR HgCdTe and InGaAs photodiodes, all with n-type absorber layers,
compared with calculated RypA due to n-side diffusion current with only radiative (——) and
radiative and Auger 1 (- - - -).

recombination equations. However, the highest quality SW photodiodes fabricated with
HgCdTe (and also with InGaAs alloys) have performance levels in agreement with the

radiative limit.
Many additional excess mechanisms affect the dark current of HgCdTe photodiodes [3].

They arise from non-fundamental sources located in the base and cap layer, the depletion region
and the surface. As the operating temperature is lowered, the thermal dark current mechanisms
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Figure 29. Detailed analysis separates the cumulative distribution function of Ry A values of LWIR
p-on-n HgCdTe photodiodes (fabricated by LPE) into three regions: good diodes, diodes affected
by point defects and diodes affected by metallurgical defects (after [91]).

become weaker and allow other mechanisms to prevail. In practice, non-fundamental
sources dominate the dark current of the present HgCdTe photodiodes, with the exception
of specific cases of near room temperature devices and the highest quality 77 K LWIR/VLWIR
and 200K MWIR devices. The main leakage mechanisms of HgCdTe photodiodes are
generation in the depletion region, interband tunnelling, trap-assisted tunnelling and impact
ionization. Some of these are caused by structural defects in the p—n junction. These
mechanisms receive much attention now, particularly because they determine ultimately the
array uniformity, yield and cost for some applications, especially those with lower operating
temperatures.

In Hg;_,Cd, Te photodiodes with x & (.22, the diffusion current in the zero-bias and
the low-bias region is usually the dominant current down to 60K [3]. At medium values of
reverse bias, the dark current is mostly due to trap-assisted tunnelling. Trap-assisted tunnelling
dominates the dark current also at zero bias below 50 K. At high values of reverse bias, bulk
band-to-band tunnelling dominates. At low temperatures, such as 40 K, significant spreads in
the RyA product distributions are typically observed due to the onset of tunnelling currents
associated with localized defects. Moreover, HgCdTe photodiodes often have an additional
surface-related component of the dark current [3], particularly at low temperatures.

Chen et al [91] carried out a detailed analysis of the wide distribution of the R, values of
HgCdTe photodiodes operating at 40 K. Figure 29 shows the cumulative distribution function,
Ry, obtained in devices with a cutoff wavelength between 9.4 and 10.5 um. It is clear that
while some devices exhibit a fair operability with R, values spanning only two orders of
magnitude, other devices show poor operability with Ry values spanning more than 5-6 orders
of magnitude. Lower performance, with R, values below 7 x 10° Q at 40 K, is usually due
to gross metallurgical defects, such as dislocation clusters and loops, pin holes, striations,
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Figure 30. Influence of the dislocation density on the parameters of HgCdTe photodiodes: (a) Ry A
product versus EPD, showing the fit of model to the data, for a 9.5 um array (at 78 K), measured at
120, 77 and 40K at zero FOV; (b) 1/f noise current at 1 Hz versus dislocation density measured
at 78 K for 10.3 um HgCdTe photodiode array ( f/2 FOV) (after [93]).

Te inclusions and heavy terracing. However, diodes with R, values between 7 x 10° Q and
1 x 10°  at 40K contained no visible defects (Hg interstitials and vacancies).

Dislocations are known to increase the dark current and the 1/f noise current. At 77 K
the requirement on dislocation density for LWIR material is <2 x 10° cm™2. MWIR, on the
other hand, can tolerate higher densities of dislocations at 77 K, but evidence is mounting that
this is no longer true at higher operating temperatures [92]. The reverse bias characteristics
of HgCdTe diodes depend strongly on the density of dislocations intercepting the junction.
Johnson et al [93] showed that in the presence of high dislocations densities the RyA product
decreases at the square of the dislocation density; the onset of the square dependence occurs
at progressively lower dislocation densities as the temperature decreases, which is shown in
figure 30(a). At 77 K, RoA begins to decrease at an EPD of approximately 10® cm™2, while at
40K Ry A is immediately affected by the presence of one or more dislocations in the diode. The
scatter in the Ry A data atlarge EPD may be associated with the presence of an increased number
of pairs of ‘interacting’ dislocations in some of those diodes; these pairs are more effective
in reducing the RyA than individual dislocations. To describe the dependence of the RyA
product with dislocation density a phenomenological model was developed, which was based
on the conductances of individual and interacting dislocations which shunt the p—n junctions.
As figure 30(a) shows, this model was found to give a reasonable fit to the experimental data.

In general, the 1/f noise appears to be associated with the presence of potential barriers
at the contacts, interior or surface of the semiconductor. Different models have been proposed
to explain experimental data including the modulation of the surface generation current by
the fluctuations of the surface potential and the influence of trap-assisted tunnelling across
a pinched-off depletion region [3]. Johnson et al [93] presented the effect of dislocations
on the 1/f noise. Figure 30(b) shows that, at low EPD, the noise current is dominated by
the photocurrent, while at higher EPD the noise current varies linearly with EPD. It appears
that dislocations are not the direct source of the 1/f noise, but rather increase this noise only
through their effect on the leakage current. The 1/f noise current varies as 1%7° (where I is
the total diode current); similar to the fit of the data taken on undamaged diodes.

The average value of the RyA product at 77K for a 10 um cutoff HgCdTe photodiode
at 77 K is around 300  cm? and drops to 30 €2 cm? at 12 um [3,60,83]. At 40K, the RyA
product varies between 10° and 10% Q cm? with 90% above 10°  cm? at 11.2 um.
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Table 5. Representative staring HgCdTe hybrid FPAs offered by some major manufacturers.

Manufacturer/ Pixel size Spectral range Oper. temp. D*(1,) (cm Hz~ 2wy
Web site Size (pm) (um) (K) NETD (mK)
Raytheon/ 128 x 128 40 x40 9-11 80 —
www.raytheon.com 256 x 256 30 x 30 8.5-11 77-100 —
Rockwell/Boeing/ 256 x 256 40 x40 >15 77 —
www.boeing.com 640 x 480 27 x27 >10 77 —
www.rsc.rockwell.com 225 x 256 40x40 1-4.6 120 >10
640 x 480 27 x27 1-4.6 120 >25
2048 x 2048 18 x 18  1-2.5 95-120 >1x 104
4096 x 4096 18 x 18 1-2.5 95-120 >1x 104
BAE Systems/ 256 x 256 30 x 30 8-10 30 —
www.infrared-detectors.com 384 x 288 20 x 20 3-5 <120 18
640 x 512 24 x24 3-5 <110 12
Sofradir/ 128 x 128 50 x 50 7.7-10 80 1.1 x 10'1/10
www.infrared.sofradir.com 128 x 128 50 x 50 3.7-4.8 90 4.3 % 10177
320 x 256 30 x30 7.7-9.5 77 <20
320 x 256 30 x30 3.7-4.38 <120 <10
640 x 512 15x 15 3.7-4.8 <110 <17
1000 x 256 30 x 30 0.8-2.5 <200 —
DRS Infrared Technologies/ 256 x 256 40 x 40 LWIR 77 1.2 x 1010 (D* 500)
www.drs.com 480 x 640 25 x25 LWIR 77 3.5 x 10° (D* 500)
256 x 256 40 x 40 MWIR 77 5.5 x 1019 (D* 500)
480 x 640 25 x 25 MWIR 77 4.0 x 10'° (D* 500)
AIM-AEG Infrarot- 128 x 128 40 x40 8-10 80 <15
Module GmbH/ 128 x 128 40 x40 3-5 80 <15
www.aim-ir.com 256 x 256 40 x 40 8-10 80 <20
256 x 256 40 x40 3-5 80 <10
384 x 288 24 x24 8-10 80 <40
384 x 288 24 x24 3-5 80 <25
640 x 512 24 x24 3-5 80 <18

Up to the present, photovoltaic HgCdTe FPAs have been mainly based on p-type material.
Linear (240, 288, 480 and 960 elements), 2D scanning arrays with TDI (with common formats
of 256 x 4, 288 x 4,480 x 6) and 2D starring formats from 64 x 64 up to 2048 x 2048 have been
made with a wide range of spectral response [58]. In the last ten years however, considerable
progress in the fabrication of p-on-n photodiodes has been achieved. The performance of
p-on-n photodiodes is even better than the n-on-p ones. Efforts are also underway to develop
avalanche photodiode capabilities in the 1.6 um and at longer wavelength region. Pixel sizes
ranging from 18 um square to over 1 mm have been demonstrated.

The best results have been obtained using hybrid architecture. However, the very large
hybrid structures suffer from mechanically fatigue problems that result from different thermal
expansion between the detector and readout structures. Therefore, considerable effort is being
extended to develop techniques for growing HgCdTe on silicon substrates.

Table 5 contains a description of representative starring HgCdTe FPAs that are
commercially available as standard products and/or catalogue items from the major
manufacturers.

Rockwell has developed the world’s largest HgCdTe SWIR FPA for astronomy and
low background applications (see figure 31) [94,95]. The format of the device is a hybrid
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Figure 31. A 2048 x 2048 SWIR (1-3 xm) HgCdTe Hawaii array with 18 um pixels (after [58]).

2048 x 2048 with a unit cell size of 18 x 18 wm? and with active size of 37 mm. Sets of four
arrays will be ‘tiled’ into 2 x 2 mosaic configurations giving 4096 x 4096 pixels [96]. One of
the 4096 x 4096 mosaic will be installed in a camera instrument on Mauna Kea, Hawaii, and
the other mosaic will be installed in an IR imager on Gemini South in Chile. The development
of large format, high sensitivity mosaic IR sensors for ground-based astronomy is the goal of
many observatories around the world (large arrays dramatically multiply the data output of a
telescope system). This is somewhat surprising given the comparative budgets of the defence
market and the astronomical community.

7. Third generation detectors

In the last decade of the twentieth century (see figure 11) a third generation of HgCdTe detectors
emerged from the tremendous impetus in the detector developments. The definition of the third
generation IR systems is not particularly well established. In the common understanding, third
generation IR systems provide enhanced capabilities like a larger number of pixels, higher
frame rates, better thermal resolution as well as multi-colour functionality and other on-chip
functions. According to Reago et al [97] the third generation is defined in order to maintain the
current advantage enjoyed by the US and allied armed forces. This class of devices includes
both cooled and uncooled FPAs [97,98]:

e high performance, high resolution cooled imagers having multi-colour bands,
e medium- to high-performance uncooled imagers,
e very low cost, expendable uncooled imagers.

Many challenges have forced the IR community to develop third generation IR imagers.
Some of them are considered here:

e noise equivalent difference temperature (NEDT),
e pixel and chip size issues,

e uniformity and

e identification and detection ranges.

7.1. Noise equivalent difference temperature

For FPAs the relevant figure of merit is the NEDT, the temperature change of a scene required
to produce a signal equal to the rms noise. It can be shown that [99]

NEDT = (tCngLipy/Nw) ", (41)
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foundry requirements (after [98]).

where 7 is the optics transmission spectrum and C is the thermal contrast. Ny, is the number
of photogenerated carriers integrated for one integration time, f, and ®g is the photon flux
density incident on detector area A4

Ny = nAdtin Ps. (42)
The percentage of BLIP, npy1p, is simply the ratio of photon noise to composite FPA noise
1/2
N2
photon
MBLIP = | =5 5 . 43)
(Nghoton + NI%PA >

It results from the above formulae that the charge handling capacity of the readout, the
integration time linked to the frame time and dark current of the sensitive material becomes
the major issues of IR FPAs. The NEDT is inversely proportional to the square root of the
integrated charge and therefore the greater the charge, the higher the performance.

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. It results from equation (42) that in a 300 K scene in LWIR region with thermal
contrast of 0.04, the required charge storage capacity is above 10° electrons. This high charge-
storage density within the small pixel dimensions probably cannot be obtained with standard
CMOS capacitors [98]. Although the reduced oxide thickness of submicrometre design rules
gives large capacitance per unit area, the reduced bias voltage, as illustrated in figure 32, largely
cancels any improvement in charge storage density. Ferroelectric capacitors may provide much
greater charge storage densities than the oxide-on-silicon capacitors now used; however, such
technology is not yet incorporated into standard CMOS foundries. Norton ef al [98] have
suggested using stacked hybrid structures at least as an interim solution to incorporate the
desired charge storage density in detector—readout—capacitor structures.

7.2. Pixel and chip sizes

Pixel and chip sizes are important issues in the association with multi-colour 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, lighter optics to be used.

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

d = 2.44)\f, (44)
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where d is the diameter of the spot, A is the wavelength and f is the f-number of the focusing
lens. For typical f/2.0 optics at 5 um wavelength, the spot size is 25 um. Because the
system users prefer some degree of oversampling, the pixel size may be reduced for MWIR
applications of the order of 12 um. Given the track record of human nature, Norton [100] has
predicted that MWIR pixel size will eventually be reduced to about 10 xm at some point, just
to achieve the smaller pixel record. SWIR pixel size will shrink to correspondingly smaller
dimensions, for applications seeking maximum spatial resolution. LWIR pixels should not
shrink much below 20 um. However, it is anticipated that LWIR pixels will be made as small
as MWIR pixels, since a single readout design may be used with both MWIR and LWIR FPAs.

Readout wafers are processed in standard commercial foundries and can be constrained
in size by the die-size limits of the photolithography step and repeat printers [98]. This limit
is currently of the order of 22 x 22 mm? for submicron lithography. Then, the array itself can
only occupy 18 x 18 mm? assuming one needs about 2 mm on each side for periphery circuitry
(bias supplies, shift registers, column amplifiers and output drivers). In these conditions, a
1024 x 1024 array would need to have pixels no larger than 18 um.

The 1024 x 1024 Hawaii readout, for example, can be made using a GCA wafer stepper;
its area encompasses 3.8 cm? and a total of >3.4 M transistors. Some newer steppers capable
of supporting 0.25 um processes have slightly larger fields. For the largest HgCdTe FPA with
aunit cell size of 18 x 18 wm?, the 2048 x 2048 CMOS readout has been fabricated by abutting
four optical fields to create each circuit. Each quadrant is accurately placed to <0.05 um to
fabricate a 4 x 4 cm? readout [94].

It will be an extremely difficult challenge to deploy a two- or three-colour detector structure
into a small pixel such as 18 x 18 um?. Current two-colour simultaneous mode pixels with
two indium bumps per pixel have not been built with pixels less than 30 um.

7.3. Uniformity

As discussed by Levine [101], when the detectivity is approaching a value above
10" cm Hz!'/2W~!, the FPA performance is uniformity limited prior to correction and thus
essentially independent of the detectivity. An improvement in non-uniformity from 0.1% to
0.01% after correction could lower the NEDT from 63 to 6.3 mK.

The non-uniformity value is usually calculated using the standard deviation over mean,
counting the number of operable pixels in an array. For a system operating in the LWIR band,
the scene contrast is about 2% K~! of change in the scene temperature. Thus, to obtain a
pixel-to-pixel variation in apparent temperature to less than, e.g. 20 mK, the non-uniformity
in response must be less than 0.04%. This is nearly impossible to obtain in the uncorrected
response of the FPA, so a two-point correction is typically used.

FPA uniformity influences an IR system complexity. The uniformity is important for
accurate temperature measurements, background subtraction and threshold testing. Non-
uniformities require elaboration of compensation algorithms to correct the image and by
consuming a number of analog-to-digital bits they also reduce the system dynamic range.

Tactical IR FPAs usually require operating in the LWIR window with a small number
of applications in the 3-5 um window. Ranges from the sensor to the target are typically
short allowing the use of imaging sensors with large FPAs where precise radiometry is not
critical. Imaging arrays can usually tolerate some percentage of dead or degraded pixels without
jeopardizing mission performance. Tactical backgrounds in the IR windows are relatively high
with about 10'® photons cm~2 s~! reaching the detector.

Figure 1 plots the energy band gap, E¢(x, T'), for Hg,_,Cd, Te versus alloy composition
x for temperature of 77 K. Also plotted is the cutoff wavelength A.(x, T'), defined as that
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Table 6. Cutoff wavelength for x variations of 0.2% and the corresponding cutoff wavelength shift
for Hg1—,Cd, Te.

Cutoff wavelength A  Temperature 7 Uncertainty AX¢

Composition, x  (um) (K) (um)
0.395 3 77 0.023
0.295 5 71 0.064
0.210 10 77 0.260
0.196 14 71 0.510
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Figure 33. Composition and wavelength diagram of Sb-based III-V material systems.

wavelength at which the response has dropped to 50% of its peak value. Table 6 shows
uncertainty in cutoff wavelength for x variations of 0.2%. For SWIR (&3 um) and MWIR
(A5 um) materials, the variation in cutoff 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 nonuniformity; e.g. at 77 K, a variation of
Ax = 0.2% gives a Al = 0.064 um at A, = 5 um, but AA, = 0.51 um at 14 um) which
cannot be fully corrected by the two or three point corrections [102]. Therefore, required
composition control is much more stringent for LWIR than for MWIR. For applications that
require operation in the LWIR band as well as two-colour MWIR/LWIR bands, most probably
HgCdTe will not be the optimal solution.

The alternative candidates for third generation IR detectors are Sb-based III-V material
systems. These materials are mechanically robust and have fairly weak dependence of band
gap on composition (see figure 33).

7.4. Identification and detection ranges

A thermal imaging system is used to first detect an object, and then identify it. Typically,
identification ranges are between two and three times shorter than detection ranges [103]. To
increase ranges, increasing resolution and sensitivity of the IR systems (and hence the detectors)
are required. Third generation cooled imagers are being developed to extend the range of target
detection and identification and to ensure that army forces maintain a technological advantage
in night operations over any opposing force.
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Figure 34. Target and background contrast reversal in the MWIR spectral range (after [103]).

Probability of identification/detection

1.0

0.8

0.6

0.4

0.2

0.0

3rd gen 1280x720

f/6 1.6x0.9° NFOV

"""""" S /2.5 3.85x2.2° WFOV
T | 6" aperture
b 3.0-5.0 MWIR
7.8-10.5 LWIR

/2.5 //0.83
2.6x1.5° NFOV
7.8x4.5° WFOV
7.3"” aperture

7.7-11.25 LWIR
4x480 TDI scan Th-el T

1 2 3 4
Relative range to 2nd gen ID
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TDI scanned LWIR imagers and the LWIR and MWIR bands of third generation imager in a
1280 x 720 format with 20 um pixels (after [104]).

Identification ranges can be further increased by using multispectral detection to correlate

the imagers in different wavelengths. For example, it appears that in an MWIR spectral
range the IR image is washed out to the point that the target and the background cannot
be distinguished from each other (see figure 34). Detectors that cover the entire spectral
range will get washed out because the background contrast changes from positive to negative.
Alternatively, using two band detectors (up to 3.8 um and from 3.8 up to 5 um) and summing up
the inverse of the second band and the output of the first band, will yield a contrast enhancement
unlike that if an integrated response of the entire spectral range was used.

Figure 35 compares the relative detection and identification ranges modelled for third

generation imagers using NVESD’s (Fort Belvoir, VA 22060) NVTherm program. As a range
criterion, the standard 70% probability of detection or identification is assumed. Note that
the identification range in the MWIR range is almost 70% of the LWIR detection range. For
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Figure 36. Two-colour n-P-N detector structure for sequential operating mode: (a) cross section
schematic and (b) a SEM image.

detection, LWIR provides a superior range. In the detection mode, the optical system provides
a wide FOV (WFOV- f/2.5) since third generation systems will operate as an on-the-move
wide area step-scanner with automated target recognition (second generation systems rely on
manual target searching) [104]. MWIR offers higher spatial resolution sensing and advantages
for long-range identification when used with telephoto optics (NFOV- f/6).

7.5. Two-colour HgCdTe detectors

Considerable progress in the development of multi-colour HgCdTe FPAs has been recently
demonstrated by research groups at HRL, Raytheon, Lockheed Martin (BAE Systems), DRS
IR Technology, AIM, Leti, Rockwell and NVESD employing mainly MBE (although LPE and
MOCVD are also used) for the growth of a variety of devices [105-111].

The unit cell of integrated two-colour FPAs consists of two co-located detectors, each
sensitive to a different spectral band. In the back-illuminated dual-band detectors, the
photodiode with longer cutoff wavelength is grown epitaxially on top of the photodiode with
the short cutoff wavelength. The shorter cutoff photodiode acts as a long-wavelength-pass
filter for the longer cutoff photodiode.

Both sequential mode and simultaneous mode detectors are fabricated from the multilayer
materials. The simplest two-colour HgCdTe detector, and the first to be demonstrated, is the
bias-selectable n-P-N triple-layer heterojunction (TLHJ), back-to-back photodiode shown in
figure 36 (capital letter means wider band gap structure). The n-type base absorbing regions
are deliberately doped with indium at a level of about (1-3) x 10'> cm™3. A critical step in
device formation is connected with the in sifu p-type As-doped layer with good structural and
electrical properties to prevent internal gain from generating spectral crosstalk. The band gap
engineering effort consists of increasing the CdTe mole fraction and the effective thickness
of the p-type layer to suppress 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-
selectivity of the spectral bands associated with operating 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 SW photocurrent is available. Switching times within the
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Figure 38. Spectral response curves for two-colour HgCdTe detectors in various dual-band
combinations of MWIR and LWIR spectral bands (after [100]).

detector can be relatively short, in the order of microseconds, so detection of slowly changing
targets or images can be done by switching rapidly between the MW and LW modes.

One bump contact per unit cell, as for single-colour hybrid FPAs, is the big advantage of
the bias-selectable detector. It is compatible with existing silicon readout chips. 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 substantial MW
crosstalk in the LW detector.

Many applications require true simultaneity of detection in the two spectral bands.
Simultaneous dual-band detector architectures require an additional electrical contact to an
underlying layer in the multijunction structure of both the SW and LW photodiodes. An
implementation of the simultaneous mode using a second indium bump in the unit cell is
shown in figure 37. The most important distinction is the requirement of a second readout
circuit in each unit cell.

Integrated two-colour HgCdTe technology has been developed for more than a decade
with steady progression having been made with a wide variety of pixel sizes (30-61 um), array
formats (64 x 64 up to 320 x 240) and spectral-band sensitivity (MWIR/MWIR, MWIR/LWIR
and LWIR/LWIR). Figure 38 shows examples of spectral response from different two-colour
devices. Note that there is minimal crosstalk between the bands, since the short wavelength
band absorbs nearly 100% of the shorter wavelengths. Test structures indicate that the separate
photodiodes in a two-colour detector perform exactly as single-colour detectors in terms of
achievable Ry A product variation with wavelength at a given temperature (see table 7).

Figure 39 presents the NEDT for both bands as a function of temperature for simultaneous
mode two-colour 128 x 128 MWIR/MWIR FPAs. Fill factors as high as 80% were achieved



Table 7. Typical measured performance parameters for single- and dual-colour HgCdTe MWIR and LWIR detector configuration for 256 x 256 30 xum unit-cell FPAs (after [110]).

256 x 256 30 um unit-cell

DLH]J single colour

TLHIJ sequential dual colour

performance parameters MWIR LWIR MWIR/MWIR MWIR/LWIR LWIR/LWIR
Spectral band MWIR LWIR Band 1 Band 2 Band 1 Band 2 Band 1 Band 2
78 K cutoff (um) 5 10 4 5 5 10 8 10
Operating temperature (K) 78 78 120 120 70 70 70 70
Cross talk (%) — — <5 <10 <5 <10 <5 <10
Quantum efficiency (%) >70 >70 >70 >65 >70 >50 >70 >50
RoA, zero FOV (Q cm?) >1x 107 >500 6 x 10° 2% 10° 1 x 100 2 x 10? 5% 10* 5 x 10?
R A?, zero FOV (2 cm?) — — — — — — — —
Interconnect operability (%) >99.9 >99.9 >99.9 >99.9 >99.9 >99.9 >99.9 >99.9
Response operability (%) >99 >98 >99 >97 >99 >97 >98 >95

2 Resistance area product at nonzero bias.
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Figure 39. Noise-equivalent difference temperature for two-colour camera having 50 mm, f/2.3
lens, as a function of operating temperature (after [82]).
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Figure 40. Schematic representation of DRS HDVIP™ process used to produce dual-band HgCdTe
FPA (after [108]).

using a single mesa structure to accommodate the two indium bump contacts required for each
unit cell with 50 um size. Band 1 (2.5-3.9 um) had operability of 99.9%, with 23 inoperable
pixels. Band 2 (3.9-4.6 um) had operability of 98.9%, with 193 inoperable pixels. Quantum
efficiencies of 70% were observed in each band without using an anti-reflection coating. The
R A values for the diodes ranged from 8.25 x 10° to 1.1 x 10° Q cm? at f/2 FOV. The camera
used for these measurements had a 50 mm, f/2.3 lens. Imagery was acquired at temperatures
as high as 180 K with no visible degradation in image quality.

The HgCdTe high density vertically integrated (HDVIP™) or loophole concept (see
figure 17), developed at DRS and BAE Southampton, represents an alternative 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. This architecture
has been extended into two-colours at DRS by gluing two mono-colour layers together into a
composite, and forming an insulated via through the lower layer in order to read out the signal
of upper colour layer as illustrated in figure 40. The ROIC used for the dual-band FPA was
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originally designed for a single-colour 640 x 480 array with 25 um (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-colour ROIC designs, enabling pitches of <30 yum for two-
colour FPAs.

8. Alternative material systems

The difficulties in growing HgCdTe material significantly due to solidus—liquidus separation
(leading to marked segregation between CdTe and HgTe) and the high vapour pressure of Hg,
encouraged the development of alternative technologies over the past 40 years. One of these
was PbSnTe, aIV-VI compound material system which was vigorously pursued in parallel with
HgCdTe in the late 1960s and early 1970s [112,113]. InAs/Ga;_,In,Sb SLSs have been also
proposed for IR detector applications in the 8—14 um region [35]. Among different types of
quantum well IR photodetectors (QWIPs) technology of the GaAs/AlGaAs multiple quantum
well detectors is the most mature. The QWIP technology is relatively new and has been
developed very quickly in the last decade [34, 101, 114—-116] with LWIR imaging performance
comparable to state-of-the-art of HgCdTe. The technologies competitive to HgCdTe ternary
alloy are compared in the following section.

8.1. Lead salt ternary alloys

Lead salt ternary alloys (PbSnTe and PbSnSe) seemed easier to prepare and appeared more
stable. Development of IV-VI alloy photodiodes was discontinued because the chalcogenides
suffered two significant drawbacks. The first was a high dielectric constant that resulted in
high diode capacitance and therefore limited frequency response (for PbSnTe, the observed
values of the static dielectric constant have been widely distributed from 400 to 5800, and
at the same temperature these values have been scattered in the range up to one order of
magnitude [16, 117]). For scanning systems under development at that time, this was a serious
limitation. However, for starring imaging systems under development today, using 2D arrays,
this would not be as significant an issue.

The second drawback to IV-VI compounds is their very high thermal coefficients of
expansion (TEC) [118]. This limited their applicability in hybrid configurations with silicon
multiplexers (differences in TEC between the readout and detector structure can lead to failure
of the indium bonds after repeated thermal cycling from room temperature to the cryogenic
temperature of operation). Today, with the ability to grow these materials on alternative
substrates such as silicon, this too would not be a fundamental limitation [119, 120].

In practice, the response speed of a photodiode is determined by the effects of junction
capacitance, dynamic resistance and series resistance together with external circuit impedance.
If we assume that the only significant capacitance is the junction space—charge region
capacitance C, and the only resistance is the external load resistance Ry, then the upper-
frequency limits f is

1
o 27TRLC‘

Figure 41 shows plots of the cutoff frequency versus applied reverse-bias voltage for
one-side abrupt n—p* Pbyg 78Sng 2> Te and Hg 797Cdg 203 Te photodiodes at 77 K (A, ~ 12 um).
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Figure 41. Cutoff frequency for one-side abrupt n—p* Pbg78Sng22Te and Hgp 797Cdg 203 Te

photodiodes (A, ~ 12 pm) at 77K with an active area of 10~*cm?. The additional scales

correspond to the depletion width and the junction capacitance per unit area (after [44]).

For reverse-bias voltage above 1V and doping concentrations in the space charge region
above 105 cm™3, an avalanche breakdown can be observed. The cutoff frequency has been
calculated for a load resistance of 50 2 and for a junction area of 10~*cm?. Various values of
donor concentrations are marked in figure 41. In this figure the space charge region width and
the capacitance per unit, C/A, are also shown. We can see that cutoff frequencies of 2 GHz
can be realized with HgCdTe photodiodes when n-side doping concentration is not larger than
10'* cm™3 at reverse-bias voltages. The cutoff frequency for PbSnTe photodiodes is almost an
order of magnitude smaller. It should be noted that the cutoff frequency is decreased by any
junction series resistance and stray capacitance.

Figure 42 shows dependence of the TEC of PbTe, InSb, HgTe and Si on temperature. At
room temperature, the TCE HgTe and CdTe is about 5 x 107® K~!, while that of PbSnTe is
in the range of 20 x 107®K~!. This results in a much greater TCE mismatch with silicon
(TCE about 3 x 107°K~1). It might be noted that both Ge and GaAs have TCE values close
to HgCdTe, giving detectors on those materials no significant advantage in this respect.

The doping concentrations in the base regions of HgCdTe and PbSnTe photodiodes are
different. For both types of photodiodes, the tunnelling current (and RyA product) is critically
dependent on doping concentration. Figure 9 shows the dependence of the RyA product
components on the dopant concentrations for one-sided abrupt HgCdTe, PbSnTe and PbSnSe
photodiodes at 77 K (E; = 0.1eV). To produce high RyA products for HgCdTe and lead salt
photodiodes, the doping concentration of 10'% and 10'” cm~3 (or less) are required, respectively.

8.2. InSb and InGaAs

In the middle and late 1950s it was discovered that InSb had the smallest energy gap of
any semiconductor known at that time and its applications as a MWIR detector became
obvious. The energy gap of InSb is less well matched to the 3—5 wm band at higher operating
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Figure 42. Linear TEC of PbTe, InSb, HgTe and Si versus temperature (after [121]).
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Figure 43. Architecture of an InSb sensor chip assembly (after [122]).

temperatures, and better performance can be obtained from Hg;_,Cd, Te. InAs is a compound
similar to InSb, but has a larger energy gap, so that the threshold wavelength is 3—4 pm.

In InSb photodiode fabrication, epitaxy is not used; instead, the standard manufacturing
technique begins with bulk n-type single crystal wafers with donor concentration of about
10'5 cm~3. Relatively large bulk grown crystals with 2 and 3 inch diameters are available in the
market. An array hybrid size up to 2048 x 2048 is possible because the InSb detector material is
thinned to less than 10 um (after surface passivation and hybridization to a readout chip) which
allows it to accommodate the InSb/silicon thermal mismatch [122]. As is shown in figure 43,
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Figure 44. The comparison of dependence of dark current on temperature between MBE-grown
MWIR FPAs and highest reported value for InSb arrays. The HgCdTe 1024 x 1024 arrays with
18 x 18 um pixels. The HgCdTe cutoff is 5.3 um and no AR coating, quantum efficiency is 73%
at 78 K (after [124]).

the backside illuminated InSb p-on-n detector is a planar structure with an ion-implanted
junction. After hybridization, epoxy is wicked between the detector and the Si ROIC and the
detector is thinned to 10 um or less by diamond-point turning. One important advantage of a
thinned InSb detector is that no substrate is needed; these detectors also respond to the visible
portion of the spectrum. Recently, the growth of InSb and related alloys by MBE together with
the doping of the substrate to induce transparency has also been demonstrated [123]. In the
last case the thinning of the detector material is not required.

Figure 44 compares the dependence of dark current on temperature between HgCdTe
and InSb photodiodes. This comparison suggests that MWIR HgCdTe photodiodes have
significantly higher performance in the 30—120 K temperature range. The InSb devices are
dominated by generation—recombination currents in the 60-120 K temperature range because
of a defect centre in the energy gap, whereas MWIR HgCdTe detectors do not exhibit g—r
currents in this temperature range and are limited by diffusion currents. In addition, wavelength
tunability has made HgCdTe the preferred material.

Ing 53Gag 47As alloy (Eg = 0.73 eV, A = 1.7 um) lattice matched to the InP substrate has
already been shown to be a suitable detector material for the near-IR (1.0-1.7 um) spectral
range. Having lower dark current and noise than indirect-band gap germanium, the competing
near-IR material, the material addresses both entrenched applications including lightwave
communication systems, low-light-level night vision and new applications such as remote
sensing, eye-safe range finding and process control [3]. Due to the similar band structure of
InGaAs and HgCdTe ternary alloys, the ultimate fundamental performance of both types of
photodiodes are similar in the wavelength range 1.5 < A < 3.7 um [90]. Figure 28 compares
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Table 8. Essential properties of LWIR HgCdTe photodiodes and QWIPs at 77 K.

Parameter HgCdTe QWIP (n-type)

IR absorption Normal incidence Eoptical Lplane of well required.
Normal incidence: no absorption

Quantum efficiency 2>T70% <10%

Spectral sensitivity Wide-band Narrow-band (FWHM ~ 1-2 pum)

Optical gain 1 0.2 (30-50 wells)

Thermal generation lifetime — ~1 us ~10ps

RoA product (A¢ = 10 zm) 300 €2 cm? 10*  cm?

Detectivity (A = 10 um, 2 x 102 emHz'/2W-1 2 x10%cmHz/2 w-!

FOV =0)

the ultimate performance of n-type base InGaAs with attainable experimental data. InGaAs
photodiodes have shown high device performance close to the theoretical limits for material
whose composition is nearly matched to that of InP (=1.7 um cutoff wavelength) and InAs
(= 3.6 um cutoff wavelength). However, the performance of InGaAs photodiodes decreases
rapidly at intermediate wavelengths due to mismatch-induced defects.

Standard Ing 53Gag.47As photodiodes have detector-limited room temperature detectivity
of ~10'3 cm Hz!/2 W~!. With increasing cutoff wavelength, detectivity decreases.

The largest and finest pitched imager in Ings3;Gag47As material system has been
demonstrated recently [125]. The 640 x 512 FPAs with 25 um pixels is sensitive to the
0.9-1.7 um and features a room temperature detectivity greater than 5 x 10'> cm Hz!/> W~!
with greater than 98% of the pixels operable.

8.3. GaAs/AlGaAs QWIPs

An alternative hybrid detector for the LWIR region (8-14 um) is the QWIPs. This high
impedance detector is built by alternating thin layers (SLs) of GaAs and AlGaAs. Despite
large research and development efforts, large photovoltaic HgCdTe FPAs remain expensive,
primarily because of the low yield of operable arrays. The low yield is due to the sensitivity
of LWIR HgCdTe devices to defects and surface leakage, which is a consequence of the basic
material properties. With respect to HgCdTe detectors, GaAs/AlGaAs quantum well devices
have a number of potential advantages, including the use of standard manufacturing techniques
based on mature GaAs growth and processing technologies, highly uniform and well-controlled
MBE growth on greater than 6 inch GaAs wafers, high yield and thus low cost, more thermal
stability and extrinsic radiation hardness.

LWIR QWIP cannot compete with the HgCdTe photodiode as the single device, especially
at higher temperature operations (>70K) due to fundamental limitations associated with
intersubband transitions. QWIP detectors have relatively low quantum efficiencies, typically
less than 10%. The spectral response band is also narrow for this detector, with a full-width,
half-maximum of about 15%. All the QWIP data with cutoff wavelength about 9 um is
clustered between 10'? and 10" cm Hz!/2 W~! at about 77 K operating temperature. However,
the advantage of HgCdTe is less distinct in a temperature range below 50 K due to the problems
involved in an HgCdTe material (p-type doping, SR recombination, trap-assisted tunnelling,
surface and interface instabilities). A more detailed comparison of both technologies has been
given by Rogalski [34] and Tidrow et al [102,126]. Table 8 compares the essential properties
of both types of devices at 77 K.

Even though QWIP is a photoconductor, several of its properties such as high impedance,
fast response time long integration time and low power consumption comply well with
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the requirements of large FPAs fabrication. The main drawbacks of LWIR QWIP FPA
technology are the performance limitations for low integration time applications and low
operating temperature. Their main advantages are linked to performance uniformity and to
availability of large size arrays. The large industrial infrastructure in III-V materials/device
growth processing and packaging brought about by the utility of GaAs-based devices in the
telecommunications industry gives QWIPs a potential advantage in producibility and cost.
The only known use of HgCdTe, to date, is for IR detectors. The main drawback of LWIR
HgCdTe FPA technology is the unavailability of large size arrays necessary for TV formats
and larger ones.

State-of-the-art QWIP and HgCdTe FPAs provide similar performance figures of merit,
because they are predominantly limited by the readout circuits. It can be shown that the NEDT
value for charge-limited QWIP detectors is even better than for HgCdTe photodiodes by factor
(2g)!/? since a reasonable value of g is 0.4 [34]. A low photoconductive gain actually increases
the signal-to-noise ratio and a QWIP FPA can have a better NEDT than an HgCdTe FPA with
similar storage capacity. This deduction was experimentally confirmed by Schneider et al
[127]. Using a photovoltaic ‘low-noise’ QWIP structure, in which g is only 0.05, the group
achieved an NEDT of 7.4 mK with 20 ms integration time and 5.2 mK with 40 ms.

The very short integration time of LWIR HgCdTe devices of typically below 300 us is very
useful to freeze a scene with rapidly moving objects. QWIP devices achieve, due to excellent
homogeneity and low photoelectrical gain, an even better NEDT; however, the integration
time must be 10 to 100 times longer for that, and typically it is 5-20ms. The decision of
the best technology is therefore driven by the specific needs of a system. The observation of
the global market through the past several years has indicated that even HgCdTe photodiodes
intrinsically exhibit higher performances than the QWIP detectors and QWIP detectors will be
used for large formats (e.g. 1024 x 1024 and larger) with low frame rates and large integration
time. Recently, 1 megapixel hybrid corrugated detector array with V-grooves and 18 um pixel
pitch has been demonstrated to cover the 8-14 um spectral range [128]. This technology
can be extended to a 2 x 2K array, but at present the limitation is the readout availability
and cost.

Powerful possibilities of QWIP technology are connected with multi-colour detection.
A four-band FPA has been demonstrated by stacking different multi-quantum well structures,
which are sensitive in 4-6, 8.5-10, 10-12, and 13-15 um bands [116, 129]. The 640 x 512
format FPA consists of four 640 x 128 pixel areas which are capable of acquiring images in
these bands. Four separate detector bands were defined by a deep-trench etch process and the
unwonted spectral bands were eliminated by a detector short-circuiting process. The unwonted
top detectors were electrically shorted by gold-coated reflective 2D etched gratings as shown
in figure 45.

8.4. InAs/GalnSb strained layer superlattices

InAs/Ga;_,In,Sb (InAs/GalnSb) SLSs can be considered an alternative to HgCdTe and
GaAs/AlGaAs IR material system as a candidate for third generation IR detectors. The low
quantum efficiency of QWIPs is largely due to the fact that the optical transition is forbidden
for normal incidence of light. Straylight generated by reflecting gratings is required to achieve
reasonable quantum efficiency. On the other hand this straylight degrades the modulation
transfer function of QWIPs, since some light intensity is guided by the residual substrate
into neighbours. In the case of InAs/GalnSb SLS structures the absorption is strong for
the normal incidence of light. Consequently, the SLS structures provide high responsivity,
as already reached with HgCdTe, without any need for gratings. Further advantages are a
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Figure 45. Layer diagram of the four-band QWIP device structure and the deep groove 2D-periodic
grating structure. Each pixel represents a 640 x 128 pixel area of the four-band FPA (after [129]).

photovoltaic operation mode, operation at elevated temperatures and well established ITI-V
process technology.

The InAs/GalnSb material system is, however, in a very early stage of development.
Problems exist in material growth, processing, substrate preparation and device
passivation [130]. Optimization of superlattice (SL) growth is a trade-off between interface
roughness, with smoother interfaces at higher temperature, and residual background carrier
concentrations, which are minimized on the low end of this range. As grown material has
exhibited a moderate residual doping of about 5 x 10'> cm™3.

It has been suggested that InAs/Ga;_,In,Sb SLS can have some advantages over bulk
HgCdTe, including lower leakage currents and greater uniformity [39]. Long wavelength
response in these SLs arises due to a type II band alignment and internal strain which lowers
the conduction band minimum of InAs and raises the heavy-hole band in Ga;_,In,Sb by the
deformation potential effect. This reduced band gap is advantageous because longer cutoff
wavelengths can be obtained with reduced layer thickness in the strained SL, leading to optical
absorption coefficient comparable to that of HgCdTe.

High performance InAs/GalnSb SL photovoltaic was predicted by the theoretical promise
of longer intrinsic lifetimes due to the suppression of Auger recombination mechanism [39].
Figure 46 compares the RyA values of InAs/GalnSb SLS and HgCdTe photodiodes in the long
wavelength spectral range. The upper line denotes the theoretical diffusion limited performance
corresponding to Auger 7 limitation in p-type HgCdTe material. As can be seen in the figure,
the most recent photodiode results for SLS devices rival that of practical HgCdTe devices,
indicating that substantial improvement has been achieved in SLS detector development.

In the high temperature range, the performance of LWIR photodiodes is limited by the
diffusion process. In temperature range between 80 and 50 K, the photodiodes are depletion-
region (generation—recombination) limited. The trap-assisted tunnelling is dominant only
at low temperature (<50K) with almost constant activation trap density (1 x 10'>cm™3).
Assuming identical material quality with the same activated trap density, the RyA values
exceeding 100  cm? even with a cutoff wavelength of 14 um can be achieved.

The presented results indicate that fundamental material issues of InAs/GalnSb SLSs fulfill
practical realization of high performance FPAs. First 256 x 256 SLS MWIR detectors have
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Figure 46. Dependence of the Ry A product of InAs/GalnSb SLS photodiodes on cutoff wavelength
compared to theoretical and experimental trendlines for comparable HgCdTe photodiodes at 77 K.

been hybridized [135]. The cutoff wavelength of this detector is 5.3 um. An excellent NEDT
value of approximately 10 mK measured with f/2 optics and integration time tj,; = 5 ms has
been presented. A very important feature of InAs/GalnSb FPAs is their high uniformity. These
very promising results also confirm that the antimonide SLS technology is now competing with
MBE HgCdTe dual colour technology.

8.5. Hg-based alternatives to HgCdTe

Among the small gap II-VI semiconductors for IR detectors, only Hg;_.Zn,Te (HgZnTe)
and Hg;_,Mn,Te (HgMnTe) [136] can be considered as alternatives to HgCdTe. However,
both ternary alloy systems have never been systematically explored in the device context. The
reasons for this are several. Preliminary investigations of these alloy systems came on the scene
when development of HgCdTe detectors was well on its way. Moreover, the HgZnTe alloy is
a more serious technological problem material than HgCdTe. In the case of HgMnTe, Mn is
not a group II element, so that HgMnTe is not truly a [I-VI alloy. This ternary compound was
viewed with some suspicion by those not directly familiar with its crystallographic, electrical
and optical behaviour. In such a situation, proponents of parallel development of HgZnTe and
HgMnTe for IR detector fabrication encountered considerable difficulty in selling the idea to
industry and the funding agencies.

9. HgCdTe versus thermal detectors

IR photodetectors operating in MW and LW IR spectral ranges require cryogenic cooling to
achieve useful performance. The need for cooling is a major limitation of IR photodetectors
which prevents more widespread use of IR technology. Affordable IR systems, such as IR
imaging cameras, require cost-effective detectors that operate without cooling or, at least, at
temperatures compatible with long-life power and low cost coolers.
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Figure 47. Calculated performance of Auger generation-recombination limited HgCdTe
photodetectors as a function of wavelength and temperature of operation. BLIP detectivity has
been calculated for 2w FOV, background temperature Tgrp = 300K and quantum efficiency
n =1 (after [141]).

The use of thermal detectors operated at room temperature has been the subject of research
and development for many decades. Thermal detectors are not useful for high-speed scanning
thermal imagers. Only pyroelectric vidicons have found more widespread use. These devices
achieved their fundamental limits of performance by about 1970. Generally, the performance
of thermal detectors is modest; they suffer from slow response, and they are not useful in
applications requiring multispectral detection. However, with large arrays of thermal detectors
the best values of NEDT below 0.1 K could be reached because effective noise bandwidths
less than 100 Hz can be achieved. This compares with a bandwidth of several hundred
kilohertz for conventional cooled thermal imagers with a small photon detector array and
scanner. The realization of this fact caused a new revolution in thermal imaging, which
is underway now [137-140]. This is due to the development of 2D electronically scanned
arrays, in which moderate sensitivity can be compensated for, by a large number of elements.
Large scale integration combined with micromachining has been used for manufacturing large
2D arrays of uncooled IR sensors. This enables fabrication of low cost and high-quality
thermal imagers. Although developed for military applications, low-cost IR imagers are used
in non-military applications such as drivers aid, aircraft aid, industrial process monitoring,
community services, firefighting, portable mine detection, night vision, border surveillance,
law enforcement, search and rescue, etc. However, thermal detectors cannot replace photon
detectors in most applications.

The Auger mechanism is likely to impose fundamental limitations to the LWIR HgCdTe
detector performance. Figure 47 shows the calculated detectivity of Auger generation—
recombination limited HgCdTe photodetectors as a function of wavelength and temperature
of operation. The calculations have been performed for doping level equal Ny = 10'*cm =3,
as the lowest donor doping level, which at present is achievable in a controllable manner in
practice. We can see that

e liquid nitrogen cooling potentially makes it possible to achieve BLIP performance in the
wide 2-20 um range,

e 200K cooling, which is achievable with Peltier coolers, would be sufficient for BLIP
operation in the middle and SWIR regions (below 5 um).
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Figure 48. Detectivity needed to obtain NEDT = 0.1 K in a photon counter detector thermal
imager as a function of cutoff wavelength (after [140]).

It is interesting to consider the performance requirements of near room temperature
photodetectors for thermal cameras. The thermal resolution of IR thermal systems is usually
characterized by NETD. It can be shown, that [142]

AF2AfV2T (7 dM B
NETD = — " — / —D'Wdr| (46)
Aty Lh, dT

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

As equation (46) shows, the thermal resolution improves with an increase in detector area.
Increasing detector area results in reduced spatial resolution, however. Hence, a reasonable
compromise between the requirement of high thermal and spatial resolution is necessary.
Improvement of thermal resolution without spatial resolution worsening may be achieved by:

e increase in detector area combined with a corresponding increase in focal length and the
objective aperture,

e improved detector performance,

e increase in the number of detectors.

Increase of aperture is undesirable because it increases the size, mass and price of an IR
system. It is more proper to use a detector with higher detectivity. Another possibility is the
application of multi-elemental sensor, which reduces each element bandwidth proportionally
to the number of elements for the same frame rate and other parameters.

Figure 48 shows the dependence of detectivity on cutoff wavelength for a photon counter
detector thermal imager with a resolution of 0.1 K. Detectivities of 1.9 x 108 cm Hz!/2 W1,
2.3 x 108 cm Hz!/2 W~! and 2 x 10° cm Hz!/> W~ are necessary to obtain NEDT = 0.1K for
10 um, 9 um and 5 um cutoff wavelength photon counter detectors, respectively. The above
estimations indicate, that the ultimate performance of HgCdTe uncooled photodetectors is not
sufficient to achieve the required 0.1 K thermal resolution. Thermal resolution below 0.1 K is
achieved for starring thermal imagers containing thermal detector FPAs.

It is of interest to compare the performance of uncooled photon and thermal detectors in
the MWIR (A = 5 um) and LWIR (A = 10 um) spectral range. In this comparison we follow
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Figure 49. Theoretical NEDT comparison of uncooled thermal and HgCdTe uncooled photon
LWIR (a) MWIR (b) detectors (after [22]).

the paper published by Kinch [22]. Figure 49 compares the theoretical NEDT of detectors
operated at 290K for f/1 optics and a 1 mil pixel size. As a photon detector N*-7-P*
HgCdTe photodiode is chosen, first proposed by Ashley and Elliott [143]. 7 designates an
intrinsic region containing a p-type background dopant equal to 5 x 10'* cm™3 with a carrier
lifetime limited by the Auger 7 process. It is also assumed that the detector node capacity
can store the integrated charge due to detector dark current. Figure 49 shows that the ultimate
performance of the uncooled HgCdTe photon detectors is far superior to the thermal detectors
at wide frame rates and spectral bands.

Comparing both curves of figure 49 for thermal detectors we see, that for long integration
times in the LWIR region excellent performance is achieved, with NEDT values below 10 mK
for frame rates of 30 Hz. However, for snapshot systems with integration time below 2 ms, the
available NEDT is above 100 mK even at the LWIR region. For the MWIR band the thermal
detector has obvious performance limitations at any frame rate.

There are some ways of improving the performance of the photodetectors without cooling.
A moderate p-type doping of the absorber detector region is widely used for some suppression
of the Auger mechanisms [144—146]. More efficient suppression can be obtained with non-
equilibrium depletion of the semiconductor [147]. However, the non-equilibrium mode devices
suffer from a high level of flicker noise that make them useless for most of the practical
applications that require detection of IR radiation in the low and moderate frequency range.
An example is thermal imaging. Hence, non-equilibrium mode devices are omitted in our
considerations.

A possible way to improve the performance of IR photodetectors is to reduce the
physical volume of the semiconductor, thus reducing the amount of thermal generation (see
section 2.5) [147, 148]. This must be done without decrease in quantum efficiency, optical
area and FOV of the detector.

Thickness of the active region can be significantly reduced by enhanced absorption of
radiation. This can be achieved by using multiple pass of radiation with a backside reflector.
Even more efficient is the use of interference phenomena to set up a resonant cavity within the
photodetector.

The other way to improve the performance of an IR photodetector is to increase the
apparent ‘optical’ size of the detector in comparison with the actual physical size using a
suitable concentrator which compresses impinging IR radiation. This must be achieved without
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reduction of the acceptance angle, or at least, with limited reduction to angles required for fast
optics of IR systems. Various types of suitable optical concentrators can be used, including
optical cones and conical fibres. An efficient possible way to achieve an effective concentration
of radiation is to immerse the photodetector in the hemispherical or hyperhemispherical lenses.
The problems of matching the detectors to immersion lenses have been solved by the use of
monolithic technology [144]. The technology is based on the epitaxy of HgCdZnTe on CdZnTe
substrate. The HgCdZnTe serves as the sensitive element, while the immersion lens is formed
directly in the transparent CdZnTe (n = 2.7) or GaAs (n = 3.4) substrates.

Initial efforts to produce near room temperature LWIR HgCdTe detectors have
concentrated mainly on optimization of photoconductors, PEM detectors and Dember effect
detectors (see table 9) [144—146]. Later, they were replaced with photovoltaic detectors which
do not require electric or magnetic bias.

The room temperature photovoltaic device of conventional design suffers from

e poor quantum efficiency, and
o low differential resistance.

The problems of poor quantum efficiency and large series resistance have been solved
through the adoption of sophisticated heterojunction architectures of photovoltaic devices in
combination with the methods of reduction of physical size of the active element [149—-155].

The practical realization of the multi-heterojunction device which consisted of a
structure based on backside illuminated n*-p-P photodiodes has been presented in several
papers [150-154]. The individual detector elements were prepared by a combination of
conventional dry etching, angled ion milling and angled thermal evaporation for contact metal
deposition (see figure 50). A p-type active layer with a thickness of approximately 3 um
and doping level of about 10'®cm™ was grown on GaAs substrates using MOCVD and
in situ As doping. The delineation trenches in the epilayer were wet chemical etched using
Br/ethylene glycol or Br/HBr solutions. The etch was followed by shallow ion beam milling
using a Kaufman-type ion gun. The sample was placed at ~45° in the direction of the Ar*
beam so that only one wall of the trench was exposed to the beam. The ion beam milling
results in n-type conversion and the formation of n*-p junctions on the uppermost surface and
on one side of the trench walls. Cr/Au metallization was required to provide external contact to
the device and to the short-circuited n*-p junction formed at the base of the trench, effectively
connecting side-by-side diodes in series. As afinal step, the devices were passivated by thermal
evaporation of 200 nm of CdZnTe followed by 300 nm of ZnS. For an &3 um thick epilayer,
the minimum practical multi-junction period using existing wet etching technology is 10 pum.

Figure 51 shows the room temperature spectral response of HgCdTe multi-heterojunction
devices monolithically immersed to the CdZnTe lens. Generally, these room temperature
devices have responsivities that are comparable to, or better than, photoelectromagnetic devices
operating under the same conditions. Peltier cooled devices exhibit performance that is
comparable to photoconductors operating at the same wavelength and temperatures. However,
in contrast to photoconductors, multi-heterojunction detectors can be used at both low and very
high frequencies. Heterodyne experiments indicate that the response time of LWIR devices at
a wavelength of 10.6 «m is only of about 1 ns.

Multi-heterojunction HgCdTe devices are manufactured by Vigo System [155] for any
wavelength within the 2—-16 um range, with active area sizes from a few micrometres to a few
millimetres. Linear arrays up to 120 elements and small 2D arrays are manufactured as custom
devices.

Optical immersion has been used almost exclusively for single element devices. The use
of a single immersion lens to a large array is problematic in view of optical aberrations and



Table 9. HgCdTe uncooled photodetectors (after [141]).
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Table 9. (Continued.)

Mode of operation

Schematic of detector

Advantages

Disadvantages

Performance
(optically immersed, A = 10.6 um)
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Figure 51. Measured detectivity of multi-heterojunction uncooled HgCdTe detectors. Optical
immersion has been used to improve the performance (after [154]).

the large lens size. The problem can be solved by implementation of a small size 2D array
monolithically integrated with microlenses. The small size of active element (=7 x 7 um) is
beneficial for a good collection of photogenerated charge carriers especially in LWIR devices.
The individual elements can be accessed individually or connected in series.

The devices are especially promising as uncooled 7.8-9.5 um detectors that can be used
for thermal imagers. Initial results are encouraging, indicating the potential for achieving
~10°cmHz!/>W~! at A &~ 9 um. This would enable thermal resolution better than 0.1 K
for starring thermal imagers operating with f/1 optics. Moreover, the devices exhibit very
fast responses with a time constant of &1 ns. This is due to the short time required for
photogenerated carriers in small size active region to reach heavily doped contacts and a short
RC time constant as well.

In multiple heterojunction devices described previously (see figure 50), the junction’s
planes are perpendicular to the surface. More promising are the stacked multijunction
photodiodes monolithically connected in series, which is shown in table 9. They are capable
of achieving both good quantum efficiency and a large differential resistance. Each cell is
composed of p-type doped narrow gap absorber and heavily doped N* and P* heterojunction
contacts. The incoming radiation is absorbed only in absorber regions, while the heterojunction
contacts collect the photogenerated charge carriers. Detectivity achieves a maximum for
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Figure 52. The parameters of multiple heterojunction photovoltaic devices (detectivity,
resistance—R and voltage responsivity—Ry) as a function of the number of cells (after [156]).

15 cells. For practical reasons, the number of cells could be reduced to 10, with detectivity
more than doubled in comparison to a single cell device (see figure 52). The device can be
supplied with backside reflectors for double pass of IR radiation, optical resonant cavities
and optical concentrators, such as immersion lenses. For a 10.6 um device containing 5 cells
and operated at room temperature, detectivity over to 10° cm Hz!/2 W—! can be achieved [156].
Practical implementation of the device would require well established low temperature epitaxial
growth (MBE or MOCVD).

10. Summary

Over 40 years the HgCdTe ternary alloy has successfully fought off major challenges from
alternative materials, but despite that it has more competitors today than ever before. These
include InSb-based III-V materials, AlGaAs multiple quantum wells, InAs/GalnSb strain
layer SLs and especially two types of thermal detectors: pyroelectric detectors and silicon
bolometers. It is interesting to note that in practice, however, none of these competitors can
compete in terms of fundamental properties. They may promise to be more manufacturable,
but never to provide higher performance or, with the exception of thermal detectors, to operate
at higher or even comparable temperatures.
The future applications of IR detector systems require

e higher pixel sensitivity,

o further increase in pixel density to above 10° pixels,

e costreduction in IR imaging array systems due to less cooling sensor technology combined
with the integration of detectors and signal processing functions (with much more on-chip
signal processing),

e improvement in the functionality of IR imaging arrays through the development of
multispectral sensors.

It is predicted that HgCdTe technology will continue, in the future, to expand the range
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 applications—
applications requiring multispectral capability and fast response. However, non-uniformity
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is a serious problem in the case of LWIR HgCdTe detectors. For applications that require
operation in the LWIR band as well as two-colour MWIR/LWIR/VLWIR bands, HgCdTe will
most probably not be the optimal solution. A type-II InAs/GalnSb SL 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.
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