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Performance Evaluation of Type-Il Superlattice
Devices Relative to HgCdTe Photodiodes

M. Kopytko™ and A. Rogalski

Abstract— At present stage of infrared (IR) detector tech-
nology, two material systems, type-Il superlattices (T2SLs)
and HgCdTe ternary alloys, are used in fabrication of both
mid- and long-wavelength IR arrays. The proposal of a
new metric, the so-called “Law 19,” motivates the estima-
tion of the potential performance of HgCdTe photodiodes
compared to that of T2SL photodetectors. In these circum-
stances, the evaluation for assessing the merit of HgCdTe
detectors relative to novel llI-V devices with respect to
performance may change. This work attempts to estimate
the change in the performance of HgCdTe photodiodes
relative to T2SL detectors. The main comparative efforts
concern such photodiode parameters as dark currents and
noise equivalent temperature differences.

Index Terms—HgCdTe, infrared (IR) detectors, Law 19,
narrow bandgap semiconductors, Rule 07, type-Il superlat-
tices (T2SLs).

|. INTRODUCTION

ITHERTO, there are two material systems used in fab-

rication of both mid-wavelength infrared (MWIR) and
long-wavelength infrared (LWIR) focal plane arrays (FPAs):
HgCdTe ternary alloys and III-V structures based on type-II
superlattices (T2SLs). The position of the second class of
materials has increased due to implementation of novel struc-
tures like barrier detectors, for example, nBn structures. Two
years ago, Rogalski er al. have critically analyzed the perfor-
mance of both class of photodetectors. From [1], results as
follows.

o III-V materials have inherently short Shockley—Read life-
times below 1 us and require nBn architecture to operate
at reasonable temperatures and as such are diffusion
current-limited. This applies both to the simple alloy and
the T2SL versions.

o HgCdTe alloys have long Shockley—Read
lifetimes > 100 us depending on the cut-off wavelength.

Manuscript received March 4, 2022; accepted March 26, 2022. Date
of publication April 14, 2022; date of current version May 24, 2022.
This work was supported in part by the National Science Centre
(Poland) under Research Project 2018/30/M/ST7/00174 and in part by
the National Centre for Research and Development (Poland) under Grant
POIR.01.01.01-00-0185/20-00. The review of this article was arranged
by Editor G. Ghione. (Corresponding author: M. Kopytko.)

The authors are with the Institute of Applied Physics, Military
University of Technology, 00-908 Warsaw, Poland (e-mail:
malgorzata.kopytko @ wat.edu.pl; antoni.rogalski@wat.edu.pl).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TED.2022.3164373.

Digital Object Identifier 10.1109/TED.2022.3164373

They can thus operate with either architecture and may
be diffusion or depletion current-limited.

o III-Vs offer similar performance to HgCdTe at an equiv-
alent cut-off wavelength, but with a sizeable penalty in
operating temperature, due to the inherent difference in
Shockley—Read lifetimes.

Important advantage of T2SLs is the high quality, high
uniformity, and stable nature of the material. In general, I1I-V
semiconductors are more robust than their II-VI counterparts
due to stronger, less ionic chemical bonding. As a result,
III-V-based FPAs excel in operability, spatial uniformity, tem-
poral stability, scalability, producibility, and affordability—the
so-called “ibility” advantages [2]. Moreover, the status of
III-Vs materials can be strengthened since Hg-containing
devices can potentially lead to health and environmental
concerns.

At the current stage of HgCdTe technology development, the
“Rule 07” metric (defined in 2007 [3]) is not an appropriate
approach to predict the ultimate performance of the HgCdTe
detector and system and as a benchmark for alternative
infrared (IR) technologies. In 2019, Lee et al. [4] proposed
replacing “Rule 07” with “Law 19” and presented a com-
parison of this fundamental limit with “Rule 07.” In Kinch’s
well-known monograph [5], it was proved that the ultimate
cost reduction of an IR system can only be achieved by using
arrays operating at room temperature with a pixel density
completely compatible with the background and diffraction-
limited conditions of the system optics. After 60 years of
HgCdTe history (its discovery was announced in 1959 [6]),
this material system meets the above requirements and is
still in a privileged position. To achieve this goal, a doping
concentration in the active i-region (v or z layer) of the p-i-n
heterojunction photodiode below 5 x 10'3 cm™ is required.
Such a low doping level and experimental data confirming
theoretical predictions for fully depleted HgCdTe FPAs have
been demonstrated by Teledyne Technologies [4], [7]. Under
these circumstances, the assessment of the performance and
cost advantages of HgCdTe detectors over III-V devices may
change. The present work addresses this topic.

At the beginning, the evaluation of bulk HgCdTe and T2SL
material systems is considered assuming a a./7 value as a
figure of merit, where a is the absorption coefficient and
7 is the carrier lifetime. Then comparative studies of dark
currents and noise equivalent difference temperature (NEDT)
of photodetectors fabricated with bulk HgCdTe and two types
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TABLE |
ESTIMATED FIGURE OF MERIT FOR THREE SETS OF MATERIAL SYSTEMS AT ROOM TEMPERATURE
Material parameters

Material system Doping concentration Absorption coefficient Carrier lifetime avt [ems?]
MWIR LWIR MWIR LWIR MWIR LWIR
HgCdTe 5x1013 cm 3.2x10° cm’! 2.2x10% cm’! 1 ms 0.1 ms 1.0x10? 2.2x10!
InAs/GaSb SLs 5x10' ¢cm 2.4x103 cm’! 1.6x103 cm™! 20 ns 10 ns 3.4x10! 1.6x10°!
InAs/InAsSb SLs 5x10'* cm 1.2x10° cm’! 8.0x10% cm’! 25 us 5 us 2.4x10°  3.6x107!

of type-II broken gap superlattices (SLs) (InAs/GaSb and
InAs/InAsSb) are carried out.

Il. DETECTOR MATERIALS FIGURE OF MERIT

The basic physical properties of bulk HgCdTe alloys are
very well known and are described in many review papers
and monographs, for example, in two monographs published in
recent years [8], [9]. The InAs/GaSb SLs are better established
than InAs/InAsSb ones. The former has been described in
various review articles [10]-[12]. The latter emerged more
recently with such advantages as simpler growth, better defect
tolerance, and longer minority carrier lifetime [13], [14]. How-
ever, in comparison with InAs/GaSb SLs, the InAs/InAsSb
SLs are characterized by smaller cut-off wavelength range,
weaker optical absorption, and more challenging growth-
direction (L) hole transport [14].

As is shown by Piotrowski and Rogalski [15], the per-
formance of IR photodetectors is limited by the statistical
nature of generation and recombination mechanisms in the
semiconductor. It can be expressed by

1/2
P )
hc Gth

where 1 is the wavelength, & is the Planck constant, ¢ is the
speed of light, @ is the absorption coefficient, and Gy, (in
cm~3.s7!) is the thermal generation in the active detector’s
region. x is the coefficient dependent on radiation coupling
of the detector including, for example, antireflection coating,
microcavities, or plasmonic structures. a/Gy, is the ratio of
the absorption coefficient to the thermal generation rate. This
ratio is the figure of merit of any IR detector material and
can be utilized to predict the ultimate performance of any IR
detector and to select materials that can be used as detector’s
active region.

The thermal generation rate Gy, is defined as the rate at
which a perturbed carrier system returns to equilibrium. For
example, in a reversed-biased photodiode, it represents the rate
at which carriers are generated within the diffusion length of
the junction. As is shown by Kinch [5], the carrier generation
rate can be expressed by

Gp = —2 )
T

where Ny, is the minority carrier density, 7 is the detector
thickness, and 7 is the carrier lifetime. Since a typical detector

thickness is t = 1/a, where a is the absorption coefficient, then
Nmin

G[h - .
at

3)

The thermal generation rate of minority carriers (e.g., holes
in the n-type absorption region of the HgCdTe photodiode) is
equal to

Ninin n?

Gy = = : 4
th art 0Ny T “)

where Ny, is the majority carrier density and »; is the intrinsic
carrier concentration. In this case, the photodiode detectivity
depends on

1/2 2N 1/2 N
o D*(L) - (7“ f;aﬂ) - (—*/_m‘“)aﬁ (5)
G n; n;

that is, the detectivity is proportional to the product of a./z.

Recently, Kopytko and Rogalski have estimated a.+/7 figure
of merit [16] for three sets of material systems considered in
this article and operated both in MWIR and LWIR regions.
The absorption coefficients for HgCdTe ternary alloys are
consistent with the empirical formula according to the article
of Chu et al. [17]. For other materials, the threshold absorption
coefficient is estimated for an energy of 1.2 E,.

As can be seen from Table I, the a/t values for T2SLs
are similar, but for HgCdTe is almost two orders of magnitude
larger. This difference is mainly due to the much longer carrier
lifetime in HgCdTe (in the microsecond range) with a lower
doping concentration (below 5 x 10'3 cm™3) compared to their
level in SL materials with doping 5 x 10'* cm™3. In the case
of InAs/GaSb T2SLs, the carrier lifetime is typically several
tens of nanoseconds.

I11. DARK CURRENT CONSIDERATION

Dark current density is an appropriate figure of merit which
enables the comparison of potential performance of various
IR photon detectors with different pixel sizes. It is more
relevant than the zero-bias resistance—area product Ry A, which
is not meaningful in T2SL barrier devices requiring a bias. For
fully depleted HgCdTe photodiodes doped at 10'* cm™3 (for
LWIR HgCdTe at 78 K, this doping is close to the intrinsic
concentration n;; at room temperature, the n; value is three
orders of magnitude larger), the scatter in the RyA data can be
large [18]. The efforts of many research groups to reduce dark
current have focused on improving device design, material
quality, and wafer processing.
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Tennant et al. [3] have developed a simple empirical
relationship that describes the dark current behavior with
temperature and wavelengths for the better Teledyne HgCdTe
diodes and arrays [primarily double-layer planar heterojunc-
tion (DLPH) structure devices]. It is called “Rule 07” and
predicts the dark current density within a factor of 2.5 over a
13 order of magnitude range. It should be marked, however,
that the “Rule 077 criterion is merely a manifestation of
a detector architecture that is limited by Auger 1 diffusion
currents from the 10'3/cm?® n-type material. Any detector
architecture that is limited by Auger 7 p-type diffusion or by
depletion currents will not behave according to “Rule 07.”
Despite this, over time, “Rule 07” has become the reference
benchmark for alternative technologies such as T2SLs, col-
loidal quantum dot, and 2-D material photodetectors.

In 2019, Lee et al. [4], [7] proposed replacing “Rule 07~
with “Law 19” and provided a first attempt to compare both
benchmarks. At present stage of technology, the fully depleted
background limited HgCdTe photodiodes can reach the level
of dark current considerably lower than predicted by the
“Rule 07.” The proposal of a new metric forces the ultimate
properties of HgCdTe photodiodes.

In the present article, we have collected experimental dark
current density values in T2SL photodetectors for their com-
parison with the new “Law 19” rule for HgCdTe [4], [7].
Values were obtained from texts, tables or graphs included in
many publications. The considered cut-off wavelength range
is from 4 to 14 um, and it is divided into two ranges: MWIR
range (4 to 5.5 um) with a nominal operating temperature of
150 K [19]-[27] and LWIR range (8 to 14 xm) with a nominal
operating temperature of 78 K [19], [28]-[41]. The cut-off
wavelength was determined as the point of 50% response.
In the presented figures, the experimental points are related
to the research groups. Institution abbreviations and reference
numbers are given in Table II.

The diffusion current arises from the thermal generation
of carriers in the un-depleted semiconductor. Taking into
account the radiative, Auger and Shockley—Read—Hall (SRH)
mechanisms, the diffusion current density can be expressed as

2t 1 1 1
Jair = u(—+—+—)
Nmaj \@Tg Ta  TSrH

where ¢ is the electron charge, #4¢ is the diffusion region
thickness, 7y is the lifetime due to radiative recombination,
@ is the product of the photon recycling factor for radiative
recombination, 74 is the lifetime due to Auger recombination,
and zsry 1s the lifetime for recombination through SRH centers
in the bandgap.

The radiative process, in which an electron and a hole
recombine to release energy by emitting a photon, is dom-
inated in large-bandgap semiconductors. Due to the photon
recycling effect [42], the radiative process is not considered
to be a limiting factor for the IR device performance. Thus,
the effective radiative lifetimes have been calculated using the
van Roosbroeck and Shockley expression [43] multiplied by
the photon recycling factor ¢ = 10 [44].

The Auger process involves three carriers (two majority
carriers and one minority carrier) and becomes dominant at
high temperatures and in heavily doped material. It depends

(6)

sensitively on the semiconductor’s electronic structure and can
be limited by appropriate band structure engineering in T2SLs
in order to remove possible final states in the Auger transition.
The Auger lifetimes have been computed from the Landsberg
theory [45]. The suppression of the Auger recombination rate
in T2SL by a factor of about four relative to the bulk systems
was observed [46], however, it appears that this suppression
is largely due to the balancing the conduction and valence
band masses rather than final-state structure. Another large
uncertainty in the Landsberg model is the overlap integral
F| F, between electron wavefunctions.

The SRH mechanism, in which electron-hole (e-h) recom-
bination is mediated by defects created mid-bandgap levels,
is observed in a wide class of semiconductor compounds.
Despite the SRH mechanism has been thoroughly investi-
gated both theoretically and experimentally, beginning with
pioneering work of Hall [47] and Shockley and Read [48],
there are still some unresolved issues. The SRH rate depends
primarily on the defect density Ny located at the energy level
E7 below the conduction band edge of the semiconductor,
and the recombination coefficients for electrons and holes
(y, and y,), which are represented by the product of the
capture cross sections of the relevant carrier and its thermal
velocity. The shortest SRH lifetime occurs through defects
located approximately at the intrinsic energy level in the
semiconductor bandgap [5]. Then, at low temperatures, when
n > n;, we have tspy ~ 1, in the n-type field-free region.
At high temperatures, when n ~ n;, we have srg A Tno + Tpo,
where 7, = (y,Nr)~! and 750 = (y,N7) 7"

When the SRH mechanism occurs within the depletion
region, the carriers drift to their respective sides of the
junction. Then the depletion current density [or generation-
recombination (GR) current density] can be estimated by the
following simple expression [5]:

qniW

Jaor @)
TSRH

where W is the width of the depletion region. For the
optimum E7 energy at the intrinsic energy level, we have
TSRH ~ Tno + Tpo. When the lifetimes of both carriers are
identical (Tno = Tpo = 7o), TSRH ~ 27,.

Since the SRH mechanism is not a fundamental limitation
of semiconductor carrier lifetime, it might be overcome by
a careful optimization of material technology or by using an
appropriate detector architecture, for example, by inserting a
wide-gap barrier near the junction region [49], [50].

When the effective carrier recombination lifetimes are suf-
ficiently long, internal currents within the detector can be
suppressed and the detector becomes limited by the back-
ground (bckg) radiation from the surrounding environment
— background-limited infrared performance (BLIP) limit. The
expression for the BLIP limit current density is

Jp =nqPp ()
where 7 is the quantum efficiency (QE), g is the electric
charge, and ®p is the total background photon flux density
reaching the detector

A
Dy = sin® (6/2) / 2me 2
o A*exp(hc/ikTg) — 1]

©)
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Teledyne’s heterojunction P-v-N photodiode. Emission from neutral regions of the HgCdTe epilayer and subsequent reflection from the

substrate—air interface increase the overall background radiation incident on a guarded detector. The amount of radiation captured by a detector
depends on the distance of the edge of neutral region from the detector L, the extent of the neutral region D, and the substrate thickness h (adapted

after [7]).

TABLE Il
INSTITUTIONS REPORTING THE DARK CURRENT DENSITY
VALUES COLLECTED FOR THIS STUDY

Institution Abbreviation = References
Jet Propulsion Laboratory JPL 19-22, 28—
32
Naval Research Laboratory NRL 33,34
SemiConductor Devices SCD 35
Raytheon Vision Systems RVS 36-38
i3system Inc. i3system 23
IRnova AB IRnova 24
Electronic Institute of the University IES/CRNS 25
of Montpellier/CRNS
Northwestern University NWU 26,27
University of New Mexico UNM 39,40
Arizona State University ASU 41
Teledyne Imaging Sensors Teledyne 4,7

where 6 is the cone angle, c is the light velocity, 4. is the
detector cut-off wavelength, k is the Boltzmann constant, and
Tg is the background temperature. Assuming an ideal unity
QE, Eq. (8) leads to the analytical expression for “Law 19” [7]

Jrad = qC1(a® + 2a + 2)exp(—a) (10)

where
Ci = 1.7x10"%(1/300)* (11)
a = 48 x (300/2.T) (12)

and T is the detector’s temperature.

It should be noted that the high refractive index n, of
the CdZnTe substrate can have a significant effect on the
overall background radiation incident on the P-v-N detector
(see Fig. 1) [7]. Under reverse bias, the v-absorber and part
of the wide bandgap P- and N-regions are depleted. Any
carriers are swept to the junction in a time that is short com-
pared to the radiative lifetime, so the detector itself does not
radiate significantly. However, the un-depleted neutral regions
of the HgCdTe epilayer radiate with a blackbody spectrum
for energies exceeding the absorber bandgap. Most of this
radiation is completely reflected internally at the substrate-air
interface and can be captured by the detector. Consequently,

MW Ga-free T2SL:
m  JPLnBn MW (5.4 uym at 150 K) - Ref. 20

10"  ———— Diff. limit: A1 + SRH (tg, = 25 s) e
@ JPLnBn MW (5 ym at 150 K) - Ref. 21 -

10° Il Diff. limit: A1 + SRH (tg, = 25 ps) )l P

10°
5 .
i. 10
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£ GRImit25 s ™ /7 7
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(] .
~ 107 e /
IS g // 7
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b i
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Fig. 2. Temperature dependence of dark current density of MWIR T2SL
nBn detectors. The experimental data have been taken from[20] and [21].
Background radiation limit has been calculated for the HgCdTe absorber
[7] with the change in energy gap with a temperature typical for HgCdTe.

the incident radiation is increased by n%, that is, the so-called
“substrate-on” radiation limit is increased by approximately
7.3 factor, compared to the value described by (10), which is
defined as a “substrate-off” radiation limit.

We have calculated the temperature-dependent dark current
densities of representative T2SL and HgCdTe absorber layers,
assuming that the saturation current is the sum of the diffusion
and depletion current. Specific parameters used in the calcu-
lations are listed in Table III. Other relations used in device
modeling are given in the Appendix.

IV. DARK CURRENT CHARACTERISTICS—STATE
OF THE ART

Fig. 2 shows the temperature dependence of dark current
densities of InAs/InAsSb T2SL nBn detectors fabricated by
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TABLE IlI
MATERIAL PARAMETERS OF ACTIVE LAYERS

Detector type
Absorber parameter
nBn nBn n-CBIRD p-CBIRD P-v-N
Material InAs/InAsSb InAs/InAsSb InAs/InAsSb InAs/GaSb HgCdTe
Cut-off wavelength, /. [pm] 5.37 (150 K) 4.98 (150 K) 10.1 (77 K) 9.9 (77 K) 10.2 (78 K)
Bias, U [V] -0.2 -0.1 -0.15 -0.2 -0.25
Doping, Np.4 [cm3] 1x1013 5x10' 1x10% 1x101° 1x1013
Thickness, fabs [Lm] 2.6 3.9 34 3.9 3
Electron effective mass, me"/mo 0.022 0.022 0.021 0.0183 0.071xEg
Hole effective mass, mu:"/mo 0.21 0.17 2.06 0.122 0.55
SRH carrier lifetime, zsris [ms] 0.025 0.025 5%1073 2x1073 0.5
Overlap matrix F1F> 0.2 0.2 0.05 0.2 0.2
Jet Propulsion Laboratory (JPL) [20], [21] with a cut-off o JPL QD-BIRD T2SL
wavelength of 5 yum at 150 K. The experimental data have © JPL nBn Ga-free T2SL
. . e NWU pMp T2SL
been compared to the background radiation limit, which has 102 — © NWU pBn Ga-free T2SL
been calculated for an HgCdTe absorber with a bandgap 4 IES/CRNS Xbn Ga-free T2SL T=150K
ding to the cut-off wavelength of 5 um at 150 K and v idsystem OB Ga-free T2SL
corresponding o the cu gl M ¢ s o IRnova pMp T2SL
assuming a change in the energy gap with a temperature typi- 10 ® Teledyne PvN HgCdTe -
cal for HgCdTe, according to Hansen et al. [51]. Earlier, nB,n “E o ///
(p-type barrier) InAs/InAsSb detection structure presented i 10" //’
by JPL in [20] (green squares) indicates diffusion-limited 2 z ESN //;’b e
dark current behavior at high temperature range (157-222 K). % . ¢ ° -~ R Of, -
The presence of GR dark current, due to a p-n junction 32 10 Vo s ==
. . c e s
located at the p-type barrier and n-type absorber interface, o 7 o Law 19
is apparent at temperatures below 128 K, with a fited SRH 3 4g° Rule 07, A Sub. off
lifetime of zsry = 25 wus. Dark currents of a modified nB,n ff‘, 7
(n-type barrier) InAs/InAsSb detector [21] (purple diamonds) — © ; //,/
are well approximated by the expression for the diffusion 10 e a
current in the whole reported temperature range (99-148 K). //,”
The absence of observable GR current is the result of the 10°® it
lack of a depleted region due to the homogeneous n-type 4 45 5 55 6 6.5 7
doping through the entire heterostructure. The dark current Wavelength [um]
density is ~5 x 107 A/cm? at 150 K and is the lowest dark Fig- 3. Results of the survey of published dark current density data

current density for InAs/InAsSb MWIR detector reported so
far. However, this value is 14x that of HgCdTe “substrate-
on” radiative limit and 100x “substrate-off” radiative limit
(“Law 19”). At 99 K, the dark current density of InAs/InAsSb
detector decreases to 1 x 107! A/cm? and achieves the
value for the HgCdTe “substrate-on” radiative limit. However,
it should be noted that the HgCdTe energy gap changes in an
opposite way with temperature than the T2SL energy gap.
The collected dark current density data at 150 K as a
function of device cut-off in the MWIR, with “Rule 07”
and “Law 19” curves for comparison, are shown in Fig. 3.
So far, the lowest dark current densities for Ga-free MWIR
T2SL photodetectors have been reported by JPL (purple open
diamonds), with values 2.5x higher than “Rule 07.” These
data have been collected from papers of the last three years,
showing that T2SL photodetectors are approaching the per-
formance of HgCdTe photodiodes. In the meantime, however,
“Rule 07” has been replaced by “Law 19.” The introduction
of fully depleted HgCdTe P-v-N photodiodes demonstrated
by Teledyne Technologies [7] has set a new trend in ultimate

in MWIR T2SL photodetectors at 150 K, with HgCdTe “Rule 07” and
“Law 19” for comparison. The experimental data have been taken from
different sources collected in Table II.

performance, which will be particularly difficult to achieve for
T2SL photodetectors in the LWIR range.

Temperature dependence of the dark current density of the
LWIR InAs/GaSb T2SL [30], InAs/InAsSb T2SL [32], and
HgCdTe [7] detectors is presented in Fig. 4. The excess current
at 78 K (and below) is GR-limited, assuming an SRH lifetime
of 5 us for InAs/InAsSb T2SL, 2 us for InAs/GaSb T2SL,
and 0.5 ms for HgCdTe. The dark current density of the T2SL
device is ~4 x 107> A/cm? at 78 K and is 30x higher than
that of the HgCdTe one. In the high-temperature range, the
T2SL detector (dark blue squares) is diffusion-limited with
dark currents two orders of magnitude larger than the HgCdTe
detector (red open circles) showing the “substrate-on” radiative
limit. Furthermore, the T2SL detector is characterized by a
much lower QE - peak QE at the level of 25%, whereas the
peak QE of the HgCdTe detector is nominally at the theoretical
limit (see Fig. 5).
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Fig. 4. Temperature dependence of dark current density of LWIR T2SL
n-CBIRD and P-v-N HgCdTe detectors. The experimental data have
been taken from [7], [30], and [32]. Background radiation limit has been
calculated for the HgCdTe absorber with the change in energy gap with
a temperature typical for HgCdTe.
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HgCdTe: Teledyne PvN, -0.3 V (Ref. 7)
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Fig. 5. Spectral QE for LWIR Ga-free T2SL n-CBIRD, T2SL p-CBIRD,
and P-v-N HgCdTe detectors at 78 K. The experimental data have
been taken from [7], [30], and [33]. The QE of T2SL device has not
been corrected for substrate reflection or transmission (~one-third of the
incident light is reflected by the GaSb substrate).

The main technological challenge for the fabrication of
T2SL detectors is the growth of thick active layers without
degrading the materials quality. High-quality SL materials
thick enough to achieve acceptable QE is crucial to the success
of the technology. For T2SL photodiodes with typical active
area thicknesses between 3 and 4 um, the QE is 30%—40%.
More information on this subject can be found, for example,
in the monograph [12] and the recently published paper [16].

7 8 9 10 11 12 13 14 15
Wavelength [um]

Fig. 6.  Results of the survey of published dark current density data
in LWIR T2SL detectors at 78 K, with HgCdTe “Rule 07” and “Law 19”
for comparison. The experimental data have been taken from different
sources collected in Table Il

Fig. 6 shows a plot of a collected dark current density data
at 78 K as a function of device cut-off in the LWIR range,
with the “Rule 07”7 and “Law 19” curves for comparison.
In this case, the dark current density of T2SL devices close
to the “Rule 07” line is reported for a cut-off wavelength of
>10 um. The GR process due to the SRH mechanism in the
depleted absorber is the dominant source of current in the
HgCdTe P-v-N photodiode at 78 K. The advantages of a device
operating with the use of a fully-depleted absorber are revealed
at higher temperatures. As presented in Fig. 4, the HgCdTe
photodiode exhibits radiatively limited (‘“substrate-on” limit)
behavior at and above approximately 160 K. For T2SL devices
to approach this limit, their dark currents should be reduced
by two orders of magnitude.

Comparison of detector parameters over a wide range of
wavelengths is possible when we plot the dark current density
as a function of normalized E,/kT product, where E, is the
semiconductor energy gap. In Fig. 7, the data of the best T2SL
detectors in the MWIR and LWIR ranges have been compared
with the latest Teledyne data for HgCdTe photodiodes.

A relatively short SRH lifetime in T2SLs, several orders
shorter than that in HgCdTe, forces the use of the nBn
architecture with no depletion region. The dark currents of
MWIR T2SL detectors follow a diffusion trend line, even
at low temperatures—see the data reported at 2019 by JPL
(purple diamonds). A homogeneous n-type doping along the
entire heterostructure causes the absence of observable GR
current. The detector is purely diffusion-limited, the main
limiting factor is the background doping, and the lowest
reported in T2SLs is in the mid 10'* cm™ [21] (typically
around 10°-10'® cm™3).
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Ga-free T2SL:

®  JPLnBn MW (5.4 um at 150 K)

¢ JPLnBn MW (5 ym at 150 K)

v NWU pBn MW (4.4 pm at 150 K)

A |ES/CNRS XBn MW (4.6 ym at 140 K)

v JPL pBn LW (10 uym at 80 K)

¢ JPL pn-CBIRD LW (10.3 pm at 80 K)
————— MW diffusion limit

HgCdTe:
e Teledyne PvN MW (5.9 pm at 250 K)
o Teledyne PvN LW (10.2 pm at 78 K)

----------- MW bckg rad. limit (sub. on)
------- LW bckg rad. limit (sub. on)

Dark current density [A/cm’]

5 10 15 20
E/KT = 1.24/A kT

Fig.7. Darkcurrentas a function of normalized E4/kT productin HgCdTe
and T2SL development. The experimental data have been taken from
different sources collected in Table II.

More problematic is the LWIR range, where to avoid an
excessively large growth-direction hole conductivity effective
mass, p-type doping or a relatively high Sb fraction InAsSb
in the absorber T2SL is used in a complementary barrier
IR detector (CBIRD). Since the p-type doping entails many
complications, for example, passivation is required to protect
the etched slope of the detector mesas (the surface of the
InAs/InAsSb T2SL is degenerate n-type, even when it is
p-doped), the latter solution is more desirable. In addition,
a graded-gap SL in the n-type absorber is proposed to provide
a built-in field to assist the hole transport [30]. The above-
mentioned problems of T2SLs mean that in the LWIR range,
this material will not be competitive for HgCdTe. The progress
made by Teledyne, which has reduced the background HgCdTe
doping to 10" cm™3 and long SRH lifetimes (10 ms at
MWIR and 0.5 ms at LWIR) has allowed the development of
fully-depleted photodiodes that are radiation-limited at high
temperatures.

V. NOISE EQUIVALENT DIFFERENCE TEMPERATURE

The FPA sensitivity can be expressed by the NEDT. This
parameter is a figure of merit of thermal imagers. NEDT can
be determined when the detector dark current density J; and
the background flux current density J, are known [5]

1+Jd/.]¢,

NEDT =
vNC

13)

where
C =(d0p/dT)/ D5

is the scene contrast through the optics.
The well capacity N available for normal scene integration
must be at least equals to
(Jd + J¢)ATint

N=-—" (14)
q
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Fig. 8. Predicted temperature dependence of the NEDT for the

MWIR Ga-free T2SL nBn detector and HgCdTe P-v-N photodiode with
comparison to the “Rule 07” limit.
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Fig. 9. Predicted temperature dependence of the NEDT for LWIR
Ga-free T2SL n-CBIRD, T2SL p-CBIRD, and HgCdTe P-v-N photodiode
with comparison to the “Rule 07” limit.

where A is the detector area, 7j, is the maximum available
integration time, and ¢ is the elementary charge. Values for N
are typically in the range of 10°~10% electrons for a 15-um
pixel design with available node capacitances for current
CMOS readout integrated circuit designs. Keeping in mind
the dark current considerations of Section IV, we can now
model their impact on the NEDT performance for FPA. For
comparison purposes, we will limit our considerations to an
available integration time of 12 ms and a maximum usable
well capacity of 107 electrons.

Figs. 8 and 9 show the temperature dependence of NEDT
for FPAs based on T2SL barrier detectors and a fully-depleted
P-v-N HgCdTe photodiode designed for the MWIR and LWIR
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Fig. 10. Temperature dependence of the NEDT for MWIR Ga-free T2SL,
InAsSb, and HgCdTe FPAs. The experimental data have been taken from
Refs [21], [23], [52] and [54].

ranges, respectively. We have assumed that T2SL barrier
detectors operate in the diffusion-limited condition, while
the HgCdTe P-v-N photodiode operates in the GR-limited
condition—the depletion region occupies the entire absorption
volume. Moreover, the diffusion-limited condition of HgCdTe
photodiodes, estimated by “Rule 07,” has been taken into
account. In the low-temperature range, the NEDT of both
material systems provide similar performance: 16 mK for
MWIR and 30 mK for LWIR range, as they are limited
by the well size and readout. For the temperature higher
than 140 K for the MWIR and 80 K for the LWIR, the NEDT
increases proportional to the dark current. Then, the theoretical
performance limit of HgCdTe photodiode is more favorable
than T2SL barrier detectors. The higher diffusion current
component dominant in T2SL detectors significantly degrades
the NEDT performance. The modeled GR-current component
of P-v-N HgCdTe photodiodes with SRH carrier lifetimes of
10 and 0.5 ms in the MWIR and LWIR, respectively, has
a little effect on the NEDT at near room temperature with
respect to the other types of detectors considered in this article
(both SL devices and p-on-n HgCdTe photodiodes estimated
by “Rule 07”).

Fig. 10 shows the experimental NEDT values for MWIR
FPAs that can be found in the literature. For HgCdTe technol-
ogy, we have chosen the best quality arrays—Hawk detec-
tors with 640 x 512 pixels, 16-um pitch, and the cut-off
wavelength of 5.2 um at 150 K (SELEX Galileo Infrared
Ltd.) [52]. The reported temperature dependence of NEDT is
impressive, with a value of 18 mK at 180 K, also pointed out
by Kinch [5]. These experimental data are close to the GR
limit rather than the diffusion limit (“Rule 07” dark current
limit), both calculated for a 300 K background flux current
for f/4 optics and QE of 80%. The lowest reported dark
current density at 180 K for this FPA is ~4 x 107% A/cm?
and lies two orders of magnitude below the “Rule 07 limit,

consistent with the longer lifetimes predicted for Auger 7
for the Hawk fabricated N*-p HgCdTe photodiode with a
3-um thick As-doped (N, = 10" cm™3) p-type absorber.
Martyniuk er al. [53] explained this by possible photon
recycling or suppression of band-to-band transitions through
very fast capture of excess minority carriers (electrons) by an
“empty” set of donor defects.

The experimental data of the NEDT for the 640 x 512 pix-
els Ga-free T2SL array with 15-um pitch nBn detectors with
the cut-off wavelength of 4.9 xum at 150 K (i3system Inc.)
shows a constant value of 15 mK below 150 K (green circles).
The NEDT has been measured with the 20° background flux
current with f/4 optics [23]. At higher temperatures, the
NEDT strongly increases in proportion to the dark current.
At 160 K, the NEDT value is much higher than that reported
by JPL for the 640 x 512 pixels Ga-free T2SL array with
24-um pitch nBn detectors [21]: the measured NEDT for the
300 K background flux current with f/2 optics is 18.7 mK
(pink open diamond). Fig. 10 also shows the NEDT for a
typical InAsSb 15-um pitch XBn Pelican-D FPA, measured
with an aperture of f/3.2 in front of a blackbody at a
temperature of 50 °C (blue inverted triangles) fabricated by
SemiConductor Devices [54]. The dark current strongly affects
performance above 160 K.

VI. CONCLUSION

The predicted “Law 19” for HgCdTe photodiode perfor-
mance established in 2019 [4] is a milestone in the develop-
ment of IR photodetectors and make the dream of Elliott and
colleagues, who in 1999 wrote that there is no fundamental
obstacle to obtaining room-temperature operation of photon
detectors at room temperature with background-limited per-
formance even in reduced fields of view [55]. In this situation,
the “Law 19” forces the verification of the advantages of
the HgCdTe material system over the novel III-V materials
(type-1I broken-gap SLs), with respect to their suitability as
the active region of an IR photodetector.

After 60 years of HgCdTe technology development, Tele-
dyne Technologies demonstrated the doping concentration in
the active v-region of a P-v-N heterojunction photodiode
below 5 x 10'3 cm™3 and long SRH lifetimes above 100 us
[4], [7]. This experimental fact strengthens the position of
HgCdTe as a still preferred material for the fabrication of high-
operating-temperature (HOT) photodetectors. III-V materials
have inherently short SRH lifetimes and require a barrier
architecture to operate at reasonable temperatures.

At reverse bias voltage typically about 1-2 V, the free elec-
trons in the active i-region are removed, and the dark current
limited by Auger 1 recombination mechanism is suppressed to
the level dominated by the background seen by the detector.
In this way, the current dominated by background is by a factor
of 10-100 lower than predicted by “Rule 07" depending on the
cut-off wavelength and operating temperature. The advantage
of P-v-N HgCdTe photodiodes using a fully depleted absorber
compared to T2SL devices is revealed especially at higher
temperatures as indicated by significantly lower dark current
densities and acceptable NEDT values.
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TABLE IV
MATERIAL PARAMETERS OF INAS/INASSB T2SL

Parameter Detector type

nBn nBn n-CBIRD p-CBIRD
T2SL InAs/InAsSb InAs/InAsSb InAs/InAsSb InAs/GaSb
Cut-off wavelength, Ac [um] 5.37 (150 K) 4.98 (150 K) 10.1 (77 K) 9.9(77K)
Bandgap at 0 K, Ego [eV] 0.254 0.275 0.135 0.139
A [eV/K] 2.4x104 3x104 4x10* 4x10*
B [K] 85.85 95 95 95
Horizontal electron effective mass, m}) /my, 0.02 0.02 0.018 0.018
Vertical electron effective mass, m), | Imy, 0.0275 0.0275 0.028 0.019
Horizontal hole effective mass, mj, /m;, 0.04 0.04 0.05 0.035
Vertical hole effective mass, mj, | /m,, 6 3 3500 1.49

Recently demonstrated fully depleted 640 x 512 arrays (in
MWIR and LWIR operated up to 250 and 160 K, respec-
tively [7], [56]) gave a unique capability to produce the
largest format arrays. It is expected that further technological
improvement of depleted P-v-N HgCdTe photodiodes with
lower doping level in the active region (about 10'* cm™3 [7])
will increase the operating temperature of both MWIR and
LWIR photodiodes close to 300 K. MWIR room-temperature
HgCdTe photodiode arrays are expected to be produced soon
(in a few years), while long-LWIR arrays are expected to be
produced in the longer term.

However, it should be noted that several aspects important
for the development of semiconductor materials technology
are not considered in this article. For example, T2SLs are the
III-V materials with a much larger industrial base to produce
devices at a low cost in comparison with HgCdTe (HgCdTe as
the II-VI material covers only IR detector market and has no
other commercial leveraging) [1]. Moreover, in general, I[II-V
semiconductors are more robust and stable than their II-VI
counterparts due to stronger, less ionic chemical bonding.
The growth of T2SLs can be carried with better control
over the structure and grater reproducibility. Consequently,
these materials are relatively easy to process, offering a
cost-effective advantage over HgCdTe detectors. As a result,
the 3-Mpixel FPA’s resolution at 5-um has been produced
using advanced processing techniques that include high aspect
ratio dry etching for mesa delineation that maintains a high
fill factor, an optimal indium bump layout, and maximized
array connectivity. III-V-based FPAs excel in operability,
spatial uniformity, temporal stability, scalability, producibility,
and affordability—the so-called “ibility” advantages [14]. For
these reasons, III-V barrier detectors will be developed in the
future, even though the fundamental physical properties better
predispose HgCdTe ternary alloys to HOT operation.

III-V materials offer similar performance to HgCdTe at
an equivalent cut-off wavelength, but with a sizeable penalty
in the operating temperature, due to the inherent differ-
ence in SRH lifetimes [1], [57]. However, the ultimate cost
reduction for an IR system will only be achieved by the

room-temperature operation of arrays with pixel densities
that are fully consistent with background and diffraction-
limited performance due to the system optics [5]. The physical
properties of HgCdTe situate this material system closer to
achieving this goal. Also, HgCdTe technological challenges
and problems conditioned by weaker crystalline bonds will be
more efficiently overcome under HOT conditions of photode-
tector operation.

APPENDIX

The HgCdTe energy gap has been calculated according to
the empirical relation given by Hansen et al. [51]

Eg(x,T) = —0.302 + 1.93x—0.81x%+0.832x°

+45.35x1074(1 —2x)T (A1)

where E, is in [eV], T is the temperature in [K], and x is the
Cd molar composition.

The intrinsic carrier concentration n; in HgCdTe has been
calculated using the most widely used expression of Hansen
and Schmit [58]

n; = (5.585 — 3.82x+0.00175374-0.001364xT)

x1014E§/4T3/2exp(—2i—gT) (A2)
where k is the Boltzmann constant in [eV/K].

The effective masses m, of electrons in the narrow-gap
HgCdTe can be approximated by m}/mqo = 0.071E,, while
the effective mass of heavy holes according to m};;, /mo = 0.55,
where my is the free electron mass.

The T2SL energy gap has been calculated taking into
account the cut-off wavelength temperature dependence and
fitting to the Varshni expression [59]

AT?
(B+T)
where E, is the bandgap at 0 K and A and B are fitting

parameters characteristic of a given material. Table IV shows
the values of the appropriate parameters for analyzed detectors.

E(T) = Eg — (A3)
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T2SL intrinsic carrier concentration was calculated accord-
ing to the parabolic energy band approximation from the
following relation:

2nk 32 % % \3/4 E
n; :2(h—2) (mimyy,) / T”%xp(—ﬁ) (A4)

where £ is the Planck constant.
Effective masses for T2SLs were calculated according to

1/3

2 &
Mgy = [(m:,hhll) me,hhi:l (A5)

where my ,, and my,,, are in-plane and growth direction
effective masses, respectively. A major concern for T2SL
absorbers is the electron and hole effective masses [60], [61].
The lowest conduction subband (C1) band shows strong
dispersion along both the growth (L; vertical) and in-plane
(II; horizontal) directions. The highest valence subband (HH1)
also shows strong dispersion in the in-plane direction but
appears nearly dispersionless along the growth direction. The
HHI1 zone-center effective mass along the growth direction for
10 pum cut-off absorber is mj, , = 3500mo, which is almost
five orders of magnitude larger than the electron effective
mass: m;, = 0.015my. It should be noticed that the valence
band mixing significantly decreases mj,, value away from the
zone center [62], [63]. All values of effective masses adopted
for the calculation of dark currents of the analyzed detectors
are given in Table IV.
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