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One of the critical limitations of photonic infrared (IR) photodetectors is the cooling requirement that is
placed on it. Uncooled detectors are usually based on thermal detectors. Currently, microbolometer ther-
mal detectors are produced in a larger volume than those of all other IR array technologies together. In
recent years, their cost has drastically dropped (about 15% per year). Although their performance is mod-
est, thermal detectors suffer from slow responses and they are not useful in multispectral detection. The
(Hg, Cd)Te ternary system dominates photonic IR detector technology. It also has a superior performance
under high operating temperature (HOT) conditions. At present, technological efforts are directed towards
advanced heterojunction photovoltaic (Hg, Cd) Te detectors. In the last decade, several concepts have been
proposed to improve the HOT photon detector’s performance to include various kinds of materials, such
as type-II AMBY superlattices (T2SLs), two-dimensional materials, and colloidal quantum dots. Among
them, the most promising are interband quantum cascade photodetectors (IB QCPs) based on A™BY T2SLs
considered in this paper. This paper reviews the history, present status, and possible future developments
of IB QCPs for IR HOT applications. To date, the “Rule 07" metric has been used as a proper approach
for the prediction of the photodiode performance of p-on-n (Hg, Cd)Te and as a reference benchmark for
alternative technologies. However, recently, it has been shown [Lee ef al., Proc. SPIE 11407, 114070X
(2020)] that uncooled depletion-limited (Hg, Cd) Te photodiodes exhibit further performance enhancement
called “Law 19,” which is background-limited detectivity in the long-wavelength infrared spectral range.

In this context, here, the performance of IB QCPs is compared with Law 19.

DOI: 10.1103/PhysRevApplied.17.027001

L. INTRODUCTION

Looking back into the history of infrared (IR) radi-
ation it can be observed that all physical effects in
the range of about 0.1-1 eV are proposed for IR pho-
todetectors. Figure 1 shows a timeline of IR detectors
and imaging systems that have been developed to date.
The following effects can be enumerated: thermoelectric
(thermopile), change in electric resistivity (bolometers),
gas expansion (Golay cell), pyroelectricity (pyroelectric
detectors), photon drag, photoemission (PtSi Schottky
barriers), fundamental absorption (intrinsic photodetec-
tors), impurity absorption (extrinsic photodetectors), low-
dimensional solids [quantum well (QW), superlattices
(SLs), and quantum dot (QD) detectors], two-dimensional
(2D) materials, and colloidal quantum dots (CQDs).

The fundamental optical excitation processes in semi-
conductors are illustrated in Fig. 2 [1]. In the bulk material,
the basic excitation mechanism is connected to band-to-
band electron transitions or carrier transitions from the
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doping level to the conduction (CB) or valence band (VB).
In the QWs [Fig. 2(b)] the intersubband (IS) absorption
occurs between the discrete energy levels of the QW asso-
ciated with the CB (n doped) or VB (p doped). As is
shown, the QW consists of a thin (below 10 nm) low-
band-gap material sandwiched between two large-band-
gap-barrier materials. The quantized levels in the CB and
VB are created by the low-dimensional effect, depending
mainly on the QW thickness and the well potential. In the
case of the type-II InAs/GaSb superlattice (T2SL) [Fig.
2(c)], the SL band gap is determined by the energy dif-
ference between the electron miniband (£) and the first
heavy-hole state (HH;) at the Brillouin-zone center. A
consequence of the type-II band alignment is the spatial
separation of electrons and holes. Such low-dimensional
electron systems, including QWs, SLs, and QDs, fabri-
cated mainly by molecular beam epitaxy (MBE), result in
the incredibly diverse number of IR photodetectors that are
currently known.

Since the discovery of graphene in 2004, its applica-
tions in photonic devices have been intensively investi-
gated. The extraordinary and unusual electronic and optical

© 2022 American Physical Society
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properties allow graphene and other 2D materials to be
promising candidates for IR photodetectors. To date, how-
ever, their position in the wider IR detector family is
considered to be marginal [2].

II. MULTISTAGE PHOTODETECTORS

Initial efforts to develop high-operating-temperature
(HOT) photodetectors in the 1970s and 1980s concentrated
on (Hg, Cd)Te photoconductors and photoelectromagnetic
detectors [3,4]. At the end of the 20th century, technolog-
ical efforts were directed to advanced heterojunction pho-
tovoltaic (Hg, Cd)Te detectors. It is well known, however,
that in a conventional photodiode the responsivity (R;) and
diffusion length (L) are closely coupled, and an increase in
the absorber thickness much beyond the diffusion length
may not result in the desired improvement in the signal-
to-noise (S/N) ratio. This effect is particularly pronounced
at high temperatures, where diffusion lengths are typically
reduced. For example, for (Hg, Cd)Te photodiodes oper-
ating in the long-wavelength IR (LWIR) spectral range,

(a) (b)

the absorption depth is longer than the diffusion length
and, therefore, only a limited fraction of photogenerated
charges contribute to the quantum efficiency (QE).

A. Multistage (Hg, Cd)Te heterojunction photodiodes

To increase the voltage responsivity, an efficient
improvement was proposed by Piotrowski and Gawron in
1995 through the fabrication of a multiple-heterojunction
photovoltaic device [5]. The multiheterojunction device
consists of a structure based on backside-illuminated n*-p-
P photodiodes (symbol “+” denotes heavy doping; capital
letter denotes a wider gap), as shown in Fig. 3. The p-type
3-um-thick doping levels about 10'® cm™ active layers are
grown on GaAs substrates using metal-organic chemical
vapor deposition (CVD) or liquid-phase epitaxial (LPE)
techniques and in situ As (Sb) doping. The trenches in
the epilayer are delineated by wet chemical etching using
Br-ethylene glycol or Br-HBr solutions. The sample is
placed at about 45° to the direction of the Ar' beam using
a Kaufman-type ion gun, so only one wall of the trench
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FIG. 2. Optical excitation mechanisms in (a) bulk semiconductors, (b) QWs, and (c) InAs/GaSb T2SLs (based on Ref. [1]).
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FIG. 3. Backside-illuminated multiple heterojunction device
(based on Ref. [5]).

is exposed to the beam, which results in n-type conver-
sion. As shown in Fig. 3, the multiheterojunction device
is constructed from backside-illuminated n™-p-P photodi-
odes connected in series. The advantages of such a design
are a large voltage responsivity and a short response time,
but, on the other hand, the device’s response depends on
the polarization of incident radiation and is nonuniform
across the active area.

In the multiple (Hg, Cd) Te heterojunction shown in Fig.
3, the junction’s planes are perpendicular to the surface.
This design is not useful for detector-array fabrication and
scaling processes. A more promising design is stacked tun-
nel junctions connected in series, as shown in Fig. 4(a).
This idea is similar to multijunction solar cells. Poten-
tially, this device is capable of reaching a high QE, a large

(@

differential resistance, and a fast response. As shown, each
cell consists of a lightly p-type-doped absorber and wide-
band gap heavily doped N* and Pt contact layers. The
heterojunction contacts collect photogenerated charge car-
riers absorbed in every absorber. However, an issue is the
resistance of adjacent N* and P* regions.

Figure 4(b) shows the detector performance versus num-
ber of cells based on the N*-p-P* structure with 1-um-
thick absorbers. The series connection of cells allows the
device resistance and voltage responsivity to be increased.
It appears that the detectivity (D") initially increases ver-
sus the number of cells, reaching a maximum for N =15
stages. For a larger number of cells, assuming Johnson
thermal-noise dependence, detectivity tends to saturate or
decrease. For practical reasons, the number of cells can
be reduced to about 10; then the detectivity is about 2
times larger in comparison to that of a single-cell device.
However, the main practical problem in the fabrication of
stacked heterojunctions is the relatively large resistance of
adjacent N and P regions.

B. Intersubband quantum cascade photodetectors

To avoid the limitation imposed by the reduced diffusion
length and effectively increase the absorption efficiency
of standard photodiodes, the detector designs, called IS
quantum cascade photodetectors (QCPs), were introduced
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FIG. 4. Multiple (Hg, Cd)Te heterojunction photovoltaic device: (a) four-cell stacked multiple detector, (b) detector performance

versus number of cells (based on Ref. [5]).
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QWIP (a) and IS QCP (b) conduction-band diagram. In the QWIP, electron transport is accomplished by an external voltage,

whereas in the IS QCP an internal potential ramp ensures carrier transport (photovoltaic effect).

in the early 2000s based on quantum-well infrared pho-
todetectors (QWIPs) and quantum cascade lasers (QCLs)
[6-9]. A distinguishing feature of both types of photode-
tectors is that intraband processes can be implemented
in chemically stable wide-band-gap materials. The devel-
opment of these devices is possible due to the powerful
MBE growth technique. Most IS transition devices are
based on A™MBY GaAs [GaAs QWs with (Al,Ga)As bar-
riers lattice-matched to GaAs] and InP [(In,Ga)As QWs
with barriers of (Al, In) As lattice-matched to InP] material
systems.

The concept of using IR photoexcitation from QWs
was suggested by Smith ez al. [10]. Coon and Karunasiri
made a similar suggestion and pointed out that the opti-
mum response should occur when the first excited state

Intersubband

Interband

FIG. 6. Comparison of carrier recombination mechanisms in
IB and IS photodetectors. For wide-band-gap-energy semicon-
ductors, extrinsic Schockley-Read-Hall (SRH) defects have a
decisive influence on the recombination mechanism. In the case
of IS transitions, the main recombination mechanism is LO
phonon emission (based on Ref. [22]).

lies near the classical threshold for photoemission from
the QW [11]. A key future development of these early
concepts involved recognizing that intraband transitions
would permit the use of wide-gap-material systems, such
as (Al,Ga)As, with fewer material problems than those
of (Hg,Cd)Te. West and Eglash demonstrated large IS
absorption between confined states in 50-GaAs QWs [12].
In 1987, Levine and co-workers fabricated a QWIP oper-
ating at 10 um [13]. It appears that transitions between the
ground state and the first excited state have relatively large
oscillator strengths and absorption coefficient (o).

A key result of the photovoltaic QWIP structure is the
application of an internal electric field. This idea extends
back to 1997 when the four-zone QWIP was developed
[14]. Lowering of the dark current and suppression of the
generation-recombination (g-7) noise is expected because
these devices, in principle, operate without external bias.
However, their photocurrent is associated with a much
smaller gain in comparison with that of photoconductive
QWIPs.

A structure similar to that of an IS QCP (without calling
it so) was demonstrated in 2002 by Hofstetter et al. [8] The
QCP name was introduced by Gendron ef al. as recently as

Many photons
per electron

FIG. 7. Photon emission and cascade effect for an IB QCL
(based on Ref. [23]).
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2004 [9]. In the last 15 years, different IS QCP structures,
over a wide spectral region from mid-infrared (MWIR)
to terahertz (THz), have been demonstrated together with
their applications in spectroscopy, pyrometry, and hetero-
dyne astronomy [15-20]. Reviews of IS QCPs can be
found in Refs. [21,22].

The operating principle of QWIP and IS QCP devices is
highlighted in Fig. 5. QWIPs are photoconductive detec-
tors where electrons in the lower level get excited to the
upper state and conduct current through the continuum
states above the conduction-band edge of the barrier. The
active detector region consists of identical QWs separated
by thicker barriers. Electrons are excited either by pho-
toemission (red arrows) or by thermionic emission (black
arrows) from the QWs. Symmetric QWIP devices oper-
ate in the presence of external bias. On the other hand,
QCPs have built-in asymmetry in the band structure and
operate at zero bias. As a consequence, the QCP is a pho-
tovoltaic detector. The QCP structures consist of several
identical periods made of one active doped QW and some
other coupled wells. The photoexcited electrons are trans-
ported from one active QW to the next one by phonon
emission through a cascade of levels. Figure 5(b) shows
the conduction band of one period. An incident photon
induces an electron to transfer from the ground state, £,
to the excited level, £,, which is next transferred to the
right QW through longitudinal optical phonon relaxations,
and finally to the fundamental subband of the next period.
The detector period is repeated N times to increase the
responsivity.

Both QWIP and IS QCP devices are characterized by
three essential features.

(i) They are unipolar majority-carrier devices where
small effective band gaps are sandwiched between wider-
gap semiconductors. The interband (IB) activation energy,
Eg%, is much higher than the energy of detected photons,

hv = E;°. The dark current is determined mainly by the

small energy gap, Eés (see Fig. 6). Due to large-band-gap
semiconductors used in the QW structures, IS devices are
self-passivated, which is a valuable advantage in compari-
son with narrow-gap semiconductor photodetectors.

(i1)) A key factor affecting IS device performance is
the light-coupling scheme. The IS selection rule requires
that only the TM-polarization component of incident light
scatters electrons between subbands (see Fig. 6). In the
case of normal light incidence, the IS photodetectors are
insensitive.

(iii)) The main recombination mechanism in IS pho-
todetectors is longitudinal (LO) phonon scattering with
photocarrier lifetimes in the picosecond range. This means
that QWIP and QCP devices are very fast, with transit-time
cutoff frequencies in the 100-GHz range.

101; —— T T3

Line: simulated

Dark-current density (A/cm?)

AE =230 meV Circle: measured
{ Ref. [24]
10°F I o Ref. [25]
~1.0 05 10
Voltage (V)
FIG. 8. Measured and fitted dark-current—voltage (I-V) char-

acteristics of an 8-stage IB QCL and a 50-stage IS QCP with
the same transition energy of 230 meV at 300 K (based on Refs.
[24,25]).

C. Interband quantum cascade photodetectors

IB QCPs refer to the IB QCLs. The concept of the IB
QCL was originally proposed in 1994 by Yang [23]. In
this type of device, the manipulation of electron transport
through an IB cascade scheme results in the generation of
multiple photons by a single electron, as shown in Fig. 7.
Unlike IS QCLs, in which photons are generated via an IS
transition, IB QCLs use IB transitions.

The fundamental difference between the two types of
cascade device results from fact that, for the IB QCLs, the
injected carriers relax to the lower-energy level at a consid-
erably slower rate than that for IS QCLs. IB QCL devices
are intrinsic in their character, while IS QCL devices are
extrinsic (doped). Similarly to common bulk semiconduc-
tors, the IB transitions in IB QCLs are characterized by
radiative, Auger, and SRH g-r processes, where carrier
lifetimes are in the order of nanoseconds. In contrast, IS
relaxation for the QCLs is accompanied by LO phonon
emission and falls in the picosecond range. Alternatively,
IB QCPs are more sensitive to surface-leakage currents due
to the presence of surface states in their band gap.

Figure 8 shows the measured and fitted dark-
current—voltage characteristics of a large-area (400 x
400 pm?) N =8-stage IB QCL and an N = 50-stage IS
QCP (110 x 110 um?) with the same 230-meV transition
energy at 300 K [24,25]. The dark current is at least an
order of magnitude lower for the IB device than that for
the IS one.

The consequence of the much longer carrier lifetime for
the IB QCP is also visible in the saturation current den-
sity, which in IB QCPs is almost 2 orders of magnitude
lower than the values reached for IS QCPs (see Fig. 9) [26].
In addition, the threshold condition can be much easier to
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FIG. 9. Saturation current density for IS and IB QCPs at 300 K
(based on Ref. [26]).

establish in IB QCLs. Moreover, in comparison with other
types of MWIR lasers, such as Sb-based type-1 QW diode
lasers and A"V B! lead (Pb) salt lasers, the threshold cur-
rent and input power of IB QCLs are considerably lower
[27-30].

III. OPERATING PRINCIPLE OF INTERBAND
QUANTUM CASCADE PHOTODETECTORS

The IB QCP operating principle is illustrated in Fig. 10.
As shown, the device consists of multiple cascade stages.
Each stage is divided into three zones based on three pro-
cesses: (1) interband optical excitation, (2) intraband relax-
ation, and (3) interband tunneling. The stages are stacked
in a way that is analogous to p-n junctions in multiple-
junction solar cells. To provide proper carrier transport, the
device is built of a compositionally graded semiconductor
or digitally graded multiple QWs to form internal electric
fields. In particular, one end of the conduction-band pro-
file is required to be localized near the conduction band
of the adjacent absorber. Similarly, the other end of the
conduction-band profile should be near the valence band
of the adjacent absorber. In contrast to a conventional p-
7 junction, only electrons can move through the intraband
transport region because holes are confined to regions 1
and 3. Under illumination, as shown in the bottom part of
Fig. 10, electrons move to the left, as a result of the asym-
metry of the energy-band profiles in the transport region.
Under steady-state conditions, the total potential drop (as
a sum of sequential drops in each cascade) is created to
balance the charge-carrier movement. In comparison with
standard photodetector structures, the IB QCPs are more

without light
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FIG. 10. Band diagrams of a multiple-stage 1B photovoltaic
device without and with illumination (based on Ref. [31]).

flexible, with multiple degrees of freedom for performance
optimization.

A. Carrier collection

In comparison with a single-absorber device, an
improvement in the carrier-collection efficiency, f.(x), is
observed in the multiple-stage device. For example, Fig. 11
shows the distribution of the carrier-collection efficiency in
the 3.3-um-thick absorber versus distance x from the col-
lection point (x = 0) for selected diffusion lengths. Assum-
ing a diffusion transport model, the collection efficiency
can be written as [32—34]

_cosh[(d —x)/L]
Jel) = cosh(d/L) )

where d is the absorber thickness and L is the diffusion
length. The results presented in Fig. 11 assume that light is
incident from the collection point in the opposite direction
to the flow of minority carriers. In the case when light is
incident opposite to the collection point, the generation of
electrons far from the collection point reduces the QE [35].

As expected, f.(x) is a strong function of diffusion
length. In addition, it decreases dramatically versus x if
the diffusion length is shorter than the absorber thickness.
As shown in Fig. 11, an increase of the absorber thick-
ness enhances the absorption; however, when the diffusion
length is short, the QE is not improved.

The QE of a single-absorber device can be written as

) LI Sz

o, ; )

where @ is the incident-photon flux density per unit area,
and gph(x) is the photon-generation rate per unit volume.

027001-6



INTERBAND QUANTUM CASCADE INFRARED ...

PHYS. REV. APPLIED 17, 027001 (2022)

L B
208

=

®

o)

2 06

o

c

ie;

© 04

Q

©

© o2

T T O T T I M
0.5 1.0 1.5 2.0 2.5 3.0
Position (um)

FIG. 11. Carrier-collection probability versus distance from

the collection point for 3.3-um-thick absorber for selected dif-
fusion lengths (based on Ref. [32]).

As expected, gpn(x) exponentially decreases with x:

grh(x) = @, exp(—ax), 3)

where « is the absorption coefficient.
Based on Egs. (2) and (3), we can calculate the QE of a
single-absorber device as

al exp(—ad)

= cosh(d/L)

[tanh(d/L) + ozL] NCO)

ol
1 — (al)?
Notably, Eq. (4) can be used to calculate the effective QE
in the N-th stage of the cascade device. It is given by

N-1 al
=exp | —« dyp| ——
" p( 2 >l—<aL>2
alexp(—ady)

% |:tanh(dN /L) + cosh(dy /L)

aL:| , (5

where d,, is the absorber thickness in the m-th stage. An
additional term in Eq. (5), in comparison with Eq. (4), rep-
resents light absorption in all upper stages above the m-th
stage.

For the device with equal cascade stages, the incident-
light intensity attenuates exponentially versus the absorp-
tion distance. As it propagates from the front to the
back stages, the number of photogenerated carriers also
decreases from the first front stage to the back stages.
Consequently, the photocurrent, /o, (m=1, 2, 3, ...,
N), in each stage will not be equal. For example, Fig. 12
shows the decrease in [y, for single-absorber and four-
stage devices, assuming a low L product («L = 0.4). The

w «~——Barriers —
= \
5 S~ Gpnl)
o =~ i
— -~
A nh(*)’c(() Tt~ 1
— 9 S--_
5{_, ) Dh(*)};(*) -
S J Gon ()7
o2 Bl =
20 o S
c’ ) \

s Ty ‘15‘” e

Position (um)
di4 dia di4 dia

FIG. 12. Comparison of collection processes for N = 1-stage
and N =4-stage cascade devices for oL = 0.4. Thickness, d, of
the single-stage device is equal to the absorption depth. Thick-
ness of individual absorber of N = 4-stage device is d/4 (based
on Ref. [32]).

total absorber thickness for both structures is assumed to
be the absorption depth, since no absorption occurs in the
barrier regions. The absorption is significant only in the
active region because the barriers are composed of semi-
conductor QWs with band gaps that are much wider than
the absorber band gap.

As Fig. 12 shows, the areas of shaded regions for the
two devices are different. The total effective QE of the
N =4-stage device is considerably higher than that of the
N = 1-stage absorber device. This parameter is defined as
the ratio of the total effective QE in any of the stages
to the total absorption of incident photons, which is esti-
mated to be 1 —exp(—ad). As calculated by Huang, for the
N = 1-stage absorber cell, it is only 46%, which, for the
N =4-stage device, reaches 89% [32].

The current responsivity of the photodetector is deter-
mined by the QE (), and by the photoelectric gain, g.
The QE describes how well the detector is coupled to the
impinging radiation. It is defined here as the number of
electron-hole pairs generated per incident photon in an
intrinsic detector, the number of generated free unipolar
charge carriers in an extrinsic detector, or the number of
charge carriers with energy sufficient to cross the potential
barrier in a photoemissive detector. The photoelectric gain
is the number of carriers passing contacts per one gener-
ated pair in an intrinsic detector or the number of charge
carriers in other types of detectors. This value shows how
well the generated charge carriers are used to generate the
current response of a photodetector.

The spectral current responsivity is equal to

AT
R, = 95,8 (6)

where X is the wavelength, 4 is Planck’s constant, ¢ is
the speed of light, ¢ is the electron charge, and g is the
photoelectric current gain.
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For a classical photoconductor, the basic expression to
describe photoelectric current gain is

T T

= - ==, 7
g=1 G (7)

where ¢, is the transit time of electrons between ohmic
contacts, u is the carrier mobility, and V' is the voltage.
This means that the photoconductive gain is given by the
ratio of free carrier lifetime, 7, to transit time, #;, between
the electrodes. The photoconductive gain can be less than
or greater than unity, depending upon whether the drift
length, L; =v,7, is less than or greater than the interelec-
trode distance, /. The value of L; >/ implies that a free
charge carrier swept out at one electrode is immediately
replaced by injection of an equivalent free charge carrier
at the opposite electrode. Thus, a free charge carrier will
continue to circulate until recombination takes place. In
a multistage device with thin absorbers, the carrier transit
time might be substantially shorter than the carrier lifetime,
leading to electric gain, g > 1 [36,37].

As every cascade stage is connected in series, the current
across each stage is required to be equal. This is reached by
self-adjusting electric potentials across the stages, resulting
from charge transfer at each stage. When there is no exter-
nal voltage, the sum of these electric potentials is zero,
e, Vi+ o+ V3+... + Vy_1+ Vy =0. It is expected that
the front stages with relatively large /,, will be under a
forward bias, such that a forward injection current will par-
tially offset the photocurrent, while the back stage will be
under a reverse bias, so that a thermal generation current
will be added in those stages along the same direction as
the photocurrent, resulting in an effective increase of the
signal current to the external circuit. When the thermal
generation current is higher than the photocurrent (which
is possible at high temperatures), the stages under a reverse
bias can have significant electric gains, as observed in the
non-current-matched IB QCPs [37].

Based on the gain mechanism discussed above, the
current can be expressed by

Vv,
I, = Iph,m -1, |:6XP <q]€_;) - 1] =X Iphm

qv, u
- Ioﬁ = Xi:]ph,i/Na (8)

where ¢ is the electric charge; £ is the Boltzmann constant;
T is the temperature; V), is the electric potential across the
m-th stage; and /, is the saturation dark current, which is
identical in each stage for an equal-stage IB QCP. Since at
high temperatures 1, is significantly higher than that pho-
tocurrent, the magnitude of the electric potential will be
fairly small in each stage, and thus, the exponential terms

in Eq. (8) can be expanded in a Taylor series with a first-
order approximation in V,,. Based on Eq. (8), the electric
potential across the m-th stage is given by

kT J
Vin = JN Nlphm — leh,i : (€))

This analytical expression indicates that the device current
is the average of the photocurrents in each stage, as long as
the dark current is considerably higher than the photocur-
rent. The electric gain enhances the signal current from
the minimum photocurrent in the last stage to the average
photocurrent across all stages.

B. Noise reduction in IB QDPs

The photodetector’s multistage architecture offers an
important advantage: a reduced noise level. As we see in
Fig. 10, a single electron undergoes N interband excita-
tions in an IB QCP to travel across the contacts. As a
consequence, due to the averaging process, the noise cur-
rent is reduced. Similarly to the IS transition in QWs,
noise is reduced by a factor of 1/N (where N is the num-
ber of wells), if the emission and capture of electrons are
uncorrelated in each QW [6,7].

A number of noise sources usually play important role
in photoconductors. The fundamental types are Johnson-
Nyquist (sometimes called thermal) noise, shot noise, g-r
noise, and 1/f noise. In terms of LWIR photodetectors
with a strong signal and low operating temperature, the
dominant noise is related to the fluctuation of current
induced by background radiation. Alternatively, when the
signal is weak or the detector temperature is high, the
detectivity is generally limited by shot or Johnson noise.
Since these two noises are not coupled, the total mean-
square-noise current is the sum of both noise currents:

akT
iZ = 7 Af +2qJANS (10)

0

where R, is zero-bias resistance, J; is the dark-current den-
sity, Af is the bandwidth, and 4 is the detector area. Then
the detectivity is

R;
D* = . (11)
JAKTIR,A + 27,

However, as mentioned above, the unipolar barriers allow
IB QCPs to operate in unbiased mode, which indicates
that shot noise can be neglected. Under these conditions,
the detectivity is limited by Johnson noise and is called a
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Johnson-noise-limited (JOLI) detector:

A R,A\?
p* =1 . (12)
he \ 4kT

As Eq. (12) shows, the most effective way to maximize
detectivity is to increase the QE and the R,4 product,
which equals (3.J;/0V)~! at zero bias.

The dark-current collection in the same direction as the
photocurrent in the m-th stage in an IB QCP is equal:

d
Jom =g / £@)gn@ds = ggnl tanh(dn/D).  (13)
0

Here, g, is the thermal generation rate per unit volume,
which, unlike optical generation, is uniform across the
device if each stage has an identical absorber band gap.

Assuming that thermal generation is the sum of Auger
and SRH g-r mechanisms in the absorber region [38],

n? n? n?

1 1 1
h — + = (14)
& Nyty  (Ng+n)tsep Nut

where

L_L, N1 1 s
T Ty Ng+mtTsr T4 TsrH

In Egs. (14) and (15), N, is the doping concentration,
74 represents the carrier lifetime limited by the Auger g-
r mechanism, and tsgy is the SRH carrier lifetime. An
approximation in Eq. (15) is valid if the doping con-
centration, Ny, is much higher than the intrinsic carrier
concentration, #;.

To maintain a constant current throughout all stages of
the device, the other stages must have some compensating
injection current. So, aside from the dark current, in the
IB QCP, the injection current occurs in the opposite direc-
tion to that of the photocurrent. Its magnitude is equal to
Jomexp(Vy,/kT). In this situation, the total dark is

N
Ja(V) = qgnl Y _ tanh(d /L) [eXp (qu> - 1] . (16)

kT
m=1
and the R,A4 product is
KT & 1
R,A = Z ) (17)
q°gnL “— tanh(dy/L)

For an IB QCP with identical stages, Eq. (17) can be
simplified to
kT N

R,A = .
¢*gwL tanh(d,, /L)

(18)

Equations (17) and (18) indicate that the larger R,4 prod-
uct is reached for more stages and thinner absorbers.

() Incident radiation (b) Incident radiation

Contact

Relaxation region
(Hole barrier)

Contact

Tunneling region
(Electron barrier)

I\ Absorber d, Absorber

Relaxation region
(Hole barrier)

Contact

Tunneling region
(Electron barrier)

Contact

Substrate Substrate

FIG. 13. Device structure for the IB QCPs: (a) regular illumi-
nation and (b) reverse-illumination configuration, where d,, is
the absorber thickness in the m-th stage and N is the number
of stages.

Taking into account Egs. (10) and (11), we can con-
clude that the Johnson noise (detectivity) is lower (higher)
in a multistage device compared with a single-absorber
detector.

C. Optimal absorber thickness in IB QCPs

Generally, two types of architectures of IB QCPs can be
distinguished based on the direction of incident radiation
in relation to electron flow. In a regular designed device,
photogenerated carriers and incident photons travel in the
same direction, as shown in Fig. 13(a). In this case, the
incident radiation goes through the electron barrier (EB)
to the absorber region and then to the hole barrier (HB) in
each stage, and most of the photocarriers are away from the
collecting point (relaxation region). In a reversed-design
architecture, photocarriers travel in the opposite direc-
tion to incident photons, through the HB to the absorber
region and next to the EB [Fig. 13(b)]. In this situation,
most of photocarriers are closer to the collection point,
with shorter traveling distances in comparison with the
regular-illumination configuration. As a consequence, due
to the shorter transport distance, the reverse-illumination
configuration results in a fast response time.

The QE of an identical-stage IB QCP device is deter-
mined by the stage with a minimum effective QE. Due
to the most significant radiation attenuation, this is deter-
mined by the last stage and the external QE is equal
to

n = naexp[—ad(N —1)], 19)

where 7,4 is the QE of an individual stage. To include the
influence of the surface reflectance, 7, an additional factor
(1 —7) should be added.

To maintain current continuity, there is additional injec-
tion current induced to offset the higher photocurrent in
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(a) n, > 1n, > Nm > M
d = d = d = d
b)) n-n - 1, - u
d, < d, < d, < dy

FIG. 14. Schematic diagram of a cascade photodetector with
(a) equal and (b) matched absorbers.

other stages. This undermines some of the benefits pro-
vided by the multistage architecture.

To estimate the detectivity for the equal-stage device,
we can use Eqs. (12) and (18) to derive

. A ~N
D™ = —nex >
he ™ /AgyL tanh(d,, /L)

(20)

where 7. is the external QE given by expression (with
photoelectric gain contribution) [34]

l—exp( aN) 1

o = Ny 21
Tox = xp(—ad) N @1

IB QCPs can also be classified in another way by either
equal absorbers or matched absorbers. Both structures are
schematically shown in Fig. 14.

In the second devices, the absorbers are chosen to collect
an equal number of photons in each active layer. In this
case, the individual absorber thicknesses increase from the
first to the last stage to reach an equal photocurrent in each
stage. In practice, however, perfect photocurrent matching
is difficult to obtain, but, even with an inexact match in
photocurrent, the QE can still be improved.

As mentioned previously, the photoelectric gain is
related to the difference between the carrier lifetime and
transit time. This type of gain is observed in the MWIR
equal- and matched-absorber IB QCPs [37]. The second
mechanism is typical for IB QCPs with equal absorbers
and is connected to light attenuation in subsequent stages.

The detectivity enhancement in IB QCPs has been con-
sidered by Hinkey and Yang [34]. Substituting Eq. (17)
into Eq. (12), the Jonson-noise-limited detectivity can be
expressed by

5 N
D* — E(4gthL)_l/2n Z 1/tanh(dm/L). (22)

m=1

Using Eq. (22), the absorber thickness is determined to
obtain the optimal photocurrent-matched absorber and
maximum detectivity. Figure 15 shows the calculated
detectivity enhancement versus oL product for devices

45 L L B i o e S o S RO T
N ——Light incident from collection point ]

2 4.0\, - ——-Light incident opposite collection point 3
g E \iio stages 3
o 3.5 -
(&) C ]
S r ]
D30k -
c F ]
o C ]
251 ]
= T ]
° r 3
2 2.0: ]
o C ]
0 15F =
B Lol Lol T i o i S

107 10™ 10° 10’ 10°
al

FIG. 15. Johnson-noise-limited detectivity enhancement for
current-matched IB QCPs with 2, 11, and 30 stages (based on
Ref. [34]).

with 2, 11, and 30 stages. The detectivity enhancement
is defined as D*(V) of the optimized multistage IB QCPs
normalized to the value D*(1) of the optimized single-
absorber detector. As shown, the detectivity increases ver-
sus number of stages due to noise suppression, although
the signal current is slightly reduced. In addition, the pro-
nounced detectivity enhancement is observed for oL < 1;
however, for higher oL, multistage IB QCPs do not
improve the performance, since the upper improvement
is about 1.1 times higher than that of single-absorber
photodetectors.

If the photodetector operates under a reverse bias, the
shot noise due to the dark current should be included in
the detectivity. As shown by Yang et al., the shot noise is
reduced in IB QCPs with more stages, since the S/N ratio
is proportional to /N [38]. Then

R;
V@KT/RA) + (2¢Ja/N)’

*_

(23)

where R;, J;, RA, and N are the device responsivity, dark-
current density, dynamic resistance area product, and the
number of stages, respectively.

Bipolar devices based on T2SL materials, such as
InAs/GaSb and InAs/(In, As)Sb, are good candidates for
IB QCPs operating near room temperature [34—49]. For
this reason, further considerations, together with simula-
tion results, are given for those devices.

Hackiewicz et al. provided theoretical calculations of IB
QCPs optimized for 3.3 um and operating at 300 K. It is
obvious that the penetration depth of the radiation should
be comparable to the total thickness of the absorbers.
The thickness of each m stage, d,,, should be carefully
designed [49].
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Absorber thickness, d,,, in subsequent stages (m) in matched-absorber IB QCPs versus (a) number of subsequent stages m

(based on Ref. [48]), (b) versus first-absorber thickness, d (based on Ref. [49]).

For example, Fig. 16(a) shows the absorber thickness in
subsequent stages (m) for the matched-absorber photode-
tector versus number of stages, m, assuming an absorption
coefficient of =03 um~' and a diffusion length of
L=1.5 ym. We can see that, when the thin first absorber
is selected, the remaining thickness is essentially constant,
and the requirement for QE is met for a very large number
of stages. For the device with N =31 stages and thickness
di=0.1 um, the last absorber is 1.97 um thick; however,
the largest first absorber to fulfil the QE condition to make
another stage is 1.03 um thick (black filled dots) [49].

The LWIR T2SL photodetectors are characterized by
a lower «aL product than those of the MWIR ones

w
o

- - Maltched‘abso;'bers
——— Equal absorbers
N = 10 N=5 _

N
a
2\
1
N
©
\
\

N
o

Detectivity (10° Jones)
>

o
[3)

S T L
0.2 0.4 0.6 0.8 1.0
d; (um)

FIG. 17. Detectivity versus first-stage absorber thickness for
N =5, 10, and 20 stages. Dashed lines refer to detectors with
matched absorbers and solid lines to detectors with equal
absorbers (based on Ref. [48]).

considered above. On account of this, in simulations of
LWIR devices with a cutoff wavelength of Ay = 10 um,
itis assumed thata = 0.17 um~" and L = 1 um [49]. Figure
16(b) shows the influence of the first active layer in the
equal absorbers on the thickness of a subsequent one. As
shown, the first-absorber thickness increases and the num-
ber of stages decreases. For the first 0.7-um-thick absorber,
only the next two stages are possible, and the maximum
number of cascades is N = 3.

Figure 17 presents the theoretical dependence of detec-
tivity on the first-stage absorber thickness for matched-
absorber and equal-absorber IB QCPs with a selected
number of stages. Additionally, in simulations of the
equal-absorber devices, the electric current gain is
included [48].

Figure 17 shows that the optimal thickness of the first
absorber is higher for equal absorbers than that for matched
absorbers, but the maximum detectivity is slightly lower.
It is expected that, since matched-absorber devices have
to meet the QE condition, their total thicknesses should be
higher in comparison with equal-absorption devices. For
example, for the N = 10-stage equal absorbers, the total
thickness is 4 um, while for matched-absorber devices
this increases to 5.7 um. For both analyzed structures,
the detectivity increases versus absorber thickness despite
the noise increase in thicker absorbers being related to
an increase in QE. It should be mentioned, however,
that matched absorbers are more challenging to fabri-
cate and a slightly higher maximum detectivity does
not compensate for technological difficulties. From Fig.
17, we can estimate d,, of the first absorbers (verti-
cal lines) for which detectivity is maximized. This figure
also indicates that, as N increases, the maximum detec-
tivity more strongly depends on the deviation of d; from

dlopt-
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Figure 18 compares theoretical estimates of maximum
detectivity with experimental data for two types of IB
QCPs with MWIR and LWIR absorbers based on the
InAs/GaSb T2SLs. Most of the experimental results are
in the filled gray area and correspond to theoretical D,
assuming a diffusion length of L=0.9—1.3 um. A certain
dispersion of experimental points beyond the gray area
may result from material nonuniformity during device fab-
rication. It is expected that, as the number of relatively thin
stages increases, the experimental detectivity decreases
due to a shortening of the diffusion length [48].

Generally, the theoretical estimates for LWIR devices
presented in Fig. 18(b) coincide well with experimental
data. The dashed lines are related to the matched-absorber

for photodetectors with optimal absorber, dop;.

photodetectors, with the first absorber being similar to
experimental values: 220 and 300 nm [46]. The solid
line is calculated for an equal-absorber photodetector with
d1=180 nm [37]. The detectivities for both types of
devices are comparable. For the LWIR IB QCPs, the total
thickness of matched-absorber photodetectors is typically
2 times higher than that for equal absorbers with zero
electric gain [49].

IV. TYPE-II SUPERLATTICE MATERIALS USED
IN IB QCP FABRICATION

It is shown that the ratio of the absorption coefficient
() to the thermal generation rates (g ), ®/gwm, is the main

(a) (b)
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FIG. 19. Band-gap energy and wavelength diagram of 4"'BY semiconductor material systems at 0 K (a). Schematic illustration of
low-temperature energy-band alignment in the nearly 6.1-A lattice-matched InAs/GaSb/AlISb material system (b).
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FIG. 20. Band-gap diagram for T2SLs: (a) InAs/GaSb and (b) InAs/(In, As)Sb (based on Ref. [55]).

figure of merit of any material for IR photodetectors, since
the detectivity [50],

A\
i) e

a — —_—
he \ g

is proportional to (a/g)!'/?, where A is the wavelength, /4 is
Planck’s constant, and c is the speed of light. The thermal
generation rate is inversely proportional to the net carrier
lifetime (7) [see Eq. (14)] and, in turn, D" is proportional to
(a7)'/?; these are two fundamental parameters of semicon-
ducting materials used in the fabrication of the detector’s
active region.

The operation of bipolar interband cascade photode-
tectors is made possible by the unique properties of the
6.1-A AMBY material systems, InAs, GaSb, and AISb, and
their related alloys and SLs. One of the unusual proper-
ties of these materials is the type-1I broken-gap alignment
between InAs and GaSb. In this section, first, the fun-
damental physical properties are described briefly. This

14 [ e e e
E [ —O— (2n,n)InAs/GaSb T =100 K
3. 12 —o— (m,7)InAs/GaSb
~ [ —— (3n,n)InAs/InAs,Sb,, 1
< L —— (4n,n)InAs/InAs,Sb, i
210 -
c
oS T ]
o [
T 8-
= [
=
S 6
s Ol
O I
41—
LT b b b b b Ly
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FIG. 21. Theoretically estimated Acyof for (2m,n)-InAs/GaSb,

(m,7)-InAs/GaSb, (3n,n)-InAs/InAsysSbo4, and (4n,n)-
InAs/InAssSbys SLs at 100 K (all on GaSb substrate) versus
SL period in MLs (based on Ref. [56]).

topic is covered in detail in monographs and review papers
[38,51-54]. The second part of the section is devoted
to a brief description of the growth and fabrication of
multistage devices.

A. Fundamental properties

As shown in Fig. 19, the binary A™'BY semiconductors
InAs, GaSb, and AlISb belong to the 6.1-A semiconductor
family of closely lattice-matched compounds with lattice
constants of 6.0584, 6.0959, and 6.1355 A, respectively.
Thus, these binary materials can be incorporated into the
same heterostructure with low densities of defects and
dislocations.

The 6.1-A semiconductor family (InAs, AlSb, GaSb)
crystallizes in the zinc blende (ZB) structure. The band
gaps of related alloys are between 0.41 eV (for InAs) and
1.70 eV (for AISb) at room temperature. InAs, GaSb, and
AISb SLs exhibit type-II misaligned-band offsets between
InAs and GaSb. As shown in Fig. 19(b), the CB edge of
InAs is about 150 meV lower than the VB edge of GaSb,
creating a spatial separation of electrons and holes in the
InAs/GaSb heterostructure.

The band-gap alignments shown in Fig. 19 indicate
additional benefits: the InAs/AlISb interface forms a type-
II staggered alignment, where the CB edge of InAs is
slightly above the VB edge of AlSb. An extremely large
conduction-band offset, nearly 1.45 eV at room tempera-
ture, enables the realization of very deep QWs and large
tunneling barriers. For this reason, InAs/AlSb heterostruc-
tures are frequently used in resonant tunneling diodes and
SWIR QCLs.

Figure 20 shows that the T2SL band alignment is dif-
ferent from the more widely studied type-I superlattice
(Al,Ga)As/GaAs system. The flexibility in energy-band-
gap tuning of the SLs from either a semimetal (for wide
InAs and GaSb layers) or a narrow-band-gap (for narrow
layers) semiconductor is of great interest for the design of
photodetectors operating over a wide spectral range. The
band gap is determined by the energy difference between
the electron miniband, Cj, and the first heavy-hole state,
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FIG. 22. Electron (a) and hole (b) effective masses along the growth direction versus Aquor for selected material systems: free-
standing bulk (In, As)Sb with varying Sb composition x, (m,7)-InAs/GaSb T2SL, pseudomorphic (m,n)-InAs/InAsycSbos T2SL
on GaSb substrate, pseudomorphic (m,n)-InAs/InAsysSbgs T2SL on GaSb substrate, and (m,n)-InAs/InAsysSbys T2SL on a
metamorphic substrate with a lattice constant 0.4% larger than that for GaSb (based on Ref. [56]).

HH,, at the Brillouin-zone center. The electron’s effective
mass (m}) is considerably lower than the hole’s effec-
tive mass (mj), and thus, the C; band is more sensitive
to layer thickness than HH;. The thickness of the GaSb
layers has a negligible influence on the T2SL band gap
due to the large GaSb heavy-hole mass (~0.41 m,); how-
ever, the thickness of GaSb has a significant impact on the
conduction-band dispersion due to penetration of the InAs
electron wave functions into the GaSb barriers. In addi-
tion, the SL band gap depends on the strain effects because
binary compounds are not exactly lattice matched.

InAs/GaSb and InAs/(In, As)Sb SLs have the follow-
ing fundamental properties:

|I1YAS/(|HVAS)S|')riU\)(‘H\é!H;‘ .
NAS1:SDs 0 (Ref. [60]) - (Ref. [61 =
7 mEm

InSb (Ref. [59]) ]
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o expt.
— theory

70450 70650

Energy (eV)

FIG. 23. Comparison of intrinsic absorption coefficients for
InSb and Hg,_,Cd, Te with lattice-matched InAsg 911 Sbg o and
InAs/(In, As)Sb SLs at room temperature (based on Refs. [58—
61]).

(i) both T2SLs are based on nearly-lattice-matched
A"MBY semiconductors and provide a large range of
tunability in Agyofr;

(i1) the electron and hole wave functions are located in
separate layers;

(iii) the band offsets in conduction (AE,) and valence
(AE,) bands in the InAs/GaSb SL (AE.~930 meV,
AE,~510 meV) are much larger than those of the
InAs/(In, As)Sb SL (AE. ~ 142 meV, AE, ~226 meV);

(iv) the InAs/GaSb SL’s much larger broken gap
makes it easier to reach low SL band gaps;

(v) as the period increases, Acytoff O the InAs/GaSb SL
increases much faster than that of the InAs/(In, As)Sb SL;
the shorter period of the InAs/GaSb SL gives the same
Acutoff @s that of the InAs/(In, As)Sb SL.

Figure 21 shows the theoretically predicted Ay Ver-
sus SL period for strain-balanced (with respect to the
GaSb substrate) InAs/GaSb and InAs/(In, As)Sb T2SLs.
To reach strain balance between InAs/GaSb SLs lay-
ers, (In, As)Sb interfacial monolayers (MLs) are inserted
between the InAs and GaSb layers. As shown in Fig. 21,
the (m,n)A/B denotation indicates SLs with “m” MLs of
material “4” and “n” MLs of material “B” in each period
of (m + n) MLs.

T2SLs are characterized by asymmetrical transport
properties. The effective mass along the growth direction
is considerably larger than that for bulk semiconductors,
particularly in LWIR T2SLs, leading to low mobility,
short diffusion length, and low collection efficiency n-type
devices. Figure 22 shows theoretically predicted values of
m and mj for bulk (In, As)Sb and both InAs/GaSb and
InAs/(In, As)Sb T2SLs versus typical MWIR and LWIR
ranges. In properly designed T2SLs, m} is comparable to
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FIG. 24. Experimental and theoretical absorption spectra for MWIR InAs/GaSb and InAs/(In, As)Sb T2SLs at 77 K (a) (based
on Ref. [62]) and LWIR (Hg,Cd)Te and selected 4™ BY material systems at 80 K (based on Ref. [63]). (b) Calculated interband
absorption coefficients for bulk InAsgSbo4; Hgj 76Cdo24Te; and InAs(42 A)/GaSb(21 A), InAs(96 A)/InAsge1Sbose (29 A), and

InAs66Sbo34(11 A)/InAsg36Sbo.es(12 A) T2SLs.

that of the bulk material, while, in the LWIR region, mj,
along the growth direction is larger than that in the bulk
material. For example, in comparison with (Hg, Cd)Te,
exhibiting a band gap of E,~0.1 eV and m}=0.009my,
the T2SL’s m} is larger.

Interest in T2SL InAs/(In, As)Sb is related to the
carrier-lifetime limitations imposed by the GaSb layer in
InAs/GaSb SLs. For materials with the same Acyofr, @

10'E T 3

€ - T=300K g
(&) r 2

3 10°E 5 1 7
> = ]
g) -

% 107': 4 =
A 7 :
GC_) r Sample No. of stage d,,, (um) A, (um) B
= r 7 i 104 44 7
S 107 2 1 234 44 i
o E 3 3 1.04 43 3
X E 4 6 259 43 ]
© - 5 8 250 43 .
Q r 6 12 308 43 7

107 7 16 249 43 |
N N R S Y T A
-30 -25 -20 -15 -1.0 -05 0.5
Voltage (V)
FIG. 25. Dark-current density versus voltage for several

MWIR IB QCPs operating at room temperature (based on Ref.
[66]).

significantly longer minority-carrier lifetime is reached
for the InAs/(In, As)Sb SLs in comparison with the
InAs/GaSb SLs. Typical carrier lifetimes at 77 K for
MWIR materials are about 1 us and about 100 ns for Ga-
free SLs and InAs/GaSb SLs, respectively. An increase
in minority-carrier lifetime suggests a lower dark current
for InAs/(In, As)Sb SL photodetectors in comparison with
InAs/GaSb SL ones.

‘ o
T=300K

NE -0 = 6__ /-

st

3-0.2 = Sl

> i 5z -]

= i S

2 -030 4= ]

(O] [

o [

T -04F 3

qt) [ Sample No.of stage d,, (um) A, (um) ]

> 3 3 1.04 73 1

9—0-5* 4 6 2.59 43 B

X 5 8 2.50 43

T 6 12 3.08 43 ]

Q-06- 7 16 249 43 7

I B B B R
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FIG. 26. Linear fitting (dashed) and experimental measure-
ments (solid) of dark-current density at reverse bias for five
multistage devices at 300 K. Number of samples is the same as
that in Fig. 25 (based on Ref. [66]).
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FIG. 27. Thermal generation rate and minority-carrier life-
time for multistage devices under HOT conditions. Number of
samples is the same as that in Fig. 25 (based on Ref. [66]).

T2SL InAs/GaSb band alignment results in an over-
lap energy (estimated to be 140—170 meV) between the
CB minimum and the VB maximum of the two materi-
als. For T2SL InAs/(In, As)Sb, the estimated band offset
is about 620 meV. The primary difference in the CB and
VB profiles in T2SL InAs/GaSb and InAs/(In, As)Sb is
illustrated in Fig. 20. The band offsets in the CB (AE,)
and VB (AE,) in the (In, As)Sb SL (AE.~ 142 meV,
AE,~226 meV) are much smaller than those for the
InAs/GaSb SL (AE.~930 meV, AE, ~510 meV) [38,
57]. This situation suggests a higher contribution of the
tunneling mechanism in the net dark current for the T2SL
InAs/(In, As)Sb photodiodes at a HOT.

The detectivity of the IR photodetector is proportional
to («t)!'/?, so the spectral dependence of the absorption

(a)

Sio;

-\

Absorber

Hole barrier

GaSb buffer
GaSb substrate

FIG. 28.
etched device structure (based on Ref. [73]).

coefficient has a strong influence on both the QE and
D*. The InAs/(In, As)Sb T2SLs, with an average lattice
constant matching that of GaSb have significantly lower
absorption than that of bulk (Hg,Cd)Te and InAs/GaSb
SLs (see Figs. 23 and 24). The shape of the LWIR «
edge depends on the overlapping of the electron-hole
wave functions, which, in the case of the InAs/(In, As)Sb
T2SL, occurs primarily in the well for holes with a rel-
atively small thickness throughout the SL period. As
shown in Fig. 24, the InAs/GaSb SLs exhibit more favor-
able oscillator strengths and absorption coefficients than
those of InAs/(In, As)Sb SLs, especially in the VLWIR
spectral range. However, due to weaker confinement of
the CB, more delocalized electron wave functions help
somewhat in enhancing the absorption properties of the
InAs/(In, As)Sb T2SLs. Generally, a shorter SL period
provides a larger absorption coefficient due to better wave-
function overlap and greater oscillator strength.

The experimental and theoretical absorption coeffi-
cients for InAs/GaSb and InAs/(In, As)Sb T2SLs pre-
sented in Fig. 24(a) coincide well for the / InAs(12.8 ML)/
(In, As)Sb(12.8 ML) SL and for the InAs(8.4 ML)/GaSb
(13.7 ML) SL; however (see Fig. 23), the (Hg,Cd)Te
absorption coefficient is stronger than those of both
T2SLs [62,63]. In addition, theoretical estimates of the
absorption spectra for LWIR T2SLs and bulk materials
[(Hg,Cd)Te and (In, As)Sb] support the above observa-
tions [see Fig. 24(b)] [63]. In addition, these estimates
show that the absorption coefficient is only compara-
ble with bulk materials for the small-period metamorphic
InAs;_Sb,/InAs;_,Sb, SLs.

To date, the InAs/(In, As)Sb T2SLs are less studied than
their InAs/GaSb counterpart. Due to only two common
elements (In and As) in the SL layers and a relatively
simple interface structure upon changing the Sb element,
growth of the InAs/(In, As)Sb T2SLs is characterized by
better controllability and simpler manufacturability.

5 T2SL
757 InAs/GaSb

(b)

0.5 um

T2SL
InAs/GaSb

[110]
e

IB QCP cross section: (a) schematic of N = 3-stage fabricated device, (b) scanning electron microscope image of a wet-
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FIG. 29.

B. Carrier lifetime

As mentioned in Sec. IV A, the main drawback of
InAs/GaSb T2SLs is the short carrier lifetime, typically in
the range between 10 and 100 ns, which is mainly limited
by the SRH g-r [38]. The origin of the SRH g-r is related
to the presence of Ga, as the Ga-free InAs/(In, As)Sb
SLs exhibit much longer carrier lifetimes, above 400 ns
[64,65].

Usually, to estimate carrier lifetime, optical meth-
ods based on time- or frequency-domain photolumines-
cence measurements are used. The research group at the
University of Oklahoma (OU) elaborated a simple and

Absorber 2
AVAVAVZ =

T2SL InAs/GaSb

Absorber 2
NN

T2SL InAs/GaSb

Electron
barrier

Absorber N
NN~

Hole Hole
barrier barrier
Electron Electron
barrier barrier
Absorber N

Hole
barrier

Schematic band diagram of N-stage IB QCPs with (a) regular and (b) reverse configurations (based on Ref. [35]).

effective electric method to extract the carrier lifetimes
of InAs/GaSb SLs used in the fabrication of IB QCPs.
Equation (16) shows that the dark current in the m-th stage
of an IB QCP can be written as

qVm
Jam(V) = qguL tanh(d,,/L) |:CXP< T ) - 1] (25)

where V,, is the voltage across the m-th stage. This
equation is valid if the parasitic series resistance, R;, and
shunt resistance, Ryyn, are negligible. In an equal-absorber
device, the voltage drop across each stage is V/N.

T2SL InAs/GaSb

Tunnelmg InAs/GaSb SL absorber

Relaxation 1

I | I I

| (‘?) 1 U'Q) 1 1

! < | < 1 1

| Absorber 1 | Absorber 2 1 1 Absorber N
1 1 I 1

| I I E | I I m E E | I I I m
| e I 1 2 FE. ! !

| -0 o o 2 E, 1

ALl i /—7”}/) TN

he t——— N N i W o B h - @00 Hog g ¢ O
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(Electron barrier)
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FIG. 30. Schematic illustration of a regular IB QCP configuration with T2SL InAs/GaSb absorber, GaSb/AlISb tunneling, and

InAs/AlSb relaxation layers.
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TABLE II. Summary of design and material parameters for MWIR wafers (based on Ref. [47]).
Total p-Type p-Type p-Type Surface-
Absorber absorber doping in doping in doping in defect
Config. (see thickness thickness absorber buffer absorber density
Wafer Fig. 29) N (nm) (nm) (ecm™) (cm™) (cm™) (cm™)
R146 Reg. 8  253.5,279.5,312, 3100.5 3.8 x 1016 3.2 x 107 1.6 x 10" 5x 104
344.5, 383.5,
435.5, 500.5,
591.5
Y004D Rev. 3 312, 344.5,383.5 1040 5.1 x 106 2.8 x 107 2.6 x 1016 3 x 10*
Y005D Rev. 3 312,344.5,383.5 1040 5.1 x 10 5.1 x 10" 2.6 x 106 2x 104
Y007D Rev. 1 1040 1040 5.1 x 10! 2.8 x 10" 2.6 x 106 3 x 104
YO008D Rev. 6  312,344.5,383.5, 2587 3.8 x10'° 2.9 x 10" 2.6 x 10'6 2x 104
435.5, 507,
604.5
Y009D Rev. 8 312x38 2496 3.8 x 1016 2.9 x 107 2.6 x 10'° 5x 104
Y010D Rev. 3 507,617.5,793 1917.5 5.1x10'¢ 2.8 x 10" 2.6 x10' 3x 10
YO011D Rev. 1 2340 5.1 x 106 2.8 x 107 2.6 x 106 5 x 10*
Y012D Rev. 1 3120 5.1 x 106 2.8 x 107 2.6 x 106 5 x 10*
Y014D Rev. 1 1040 5.1 x 10 2.8 x 10" 1.6 x 10"7 6 x 10°
However, in a current-matched absorber, V), is smaller ~ dark-current density can be calculated by
at a deeper stage with a thicker absorber. Equation (25)
dal. 4 3 i V —J4RA
indicates that the dark current will be lower in a mul- Ji = —qgnd] + ————— (26)
tistage device with more stages and thinner individ- RspumA

ual absorbers; this coincides with the measured dark-
current characteristics (Fig. 25). The detector absorbers
with Acyor near 4.3 um at 300 K are constructed
from InAs/GaSb/(Al, In)Sb/GaSb M-shaped SLs with
layer thicknesses of 27, 15, 8, and 15 A, respectively,
for a period of 65 A [66]. Under the average dop-
ing concentration of 2.4 x 10'® ecm™3, carrier transport
in the absorbers is determined by electrons as minority
carriers.

If the detector is reverse biased by high voltage, the
carriers are swept out from the absorbers, and then the

The dark-current density is dominated by the first-
stage contribution (the stage with the thinnest individual
absorber). The second term of Eq. (26) takes into account
the leakage current density with shunt resistance, Rgpyn-
Ry is the series resistance. A linear dependence between
dark-current density and high reverse voltage permits
the thermal generation rate and carrier-lifetime extraction
assuming the correctness of Eq. (14). The effect of radia-
tive recombination is omitted in Eq. (14), because under
near-room-temperature conditions the SRH and Auger
recombination mechanisms are predominant.

TABLE III. Summary of design and material parameters for LWIR wafers (based on Ref. [46]).
Number of a

GaSb/InAs InSb QWs in Mismatch of 90% Acutofr E, b;“_l(;el\(/) 1E5(6$15€8/ I)(

in a period interface electron SL in growth (um) at (meV) at
Wafer N A) (A) barrier direction (%) 200 K 0K #=0 g=2 g=1
S1-8reg. 8 21.7/35 43 3 -0.100 12.8 124 31 51 65
S1-8rev. 8 21.7/35 43 3 -0.390 10.7 144 27 99 118
S2-1 1 223/339 3.8 3 -0.205 10.2 150 53 73 89
S2-4 4 223/339 3.8 3 -0.290 9.8 154 62 97 113
S3-1 1 24.7/31 21422 3 0.111 9.1 164 45 132 148
S3-4 4 24.7/31 21422 3 0.128 9.3 162 42 124 140
S3-6 6 25.2/31 1.9+1.9 3 0.037 9.0 167 39 139 156
S3-8 8 25.2/31 1.9+1.9 3 0.043 8.8 171 40 149 166
S4-4 4 25.2/31 19419 4 0.104 8.8 170 41 154 170
S4-6 6 25.2/31 19+1.9 4 0.086 8.8 171 44 157 173
S4-8 8 25.2/31 1.9+1.9 4 0.092 8.8 174 45 157 173

2F, and g are parameters in the following equation to estimate the temperature dependence of the R,A4 product: R,4 = CT 9 exp(E,/T).
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Equation (27) shows the linear dependence of dark-
current density versus high reverse voltage:

v R,
Ja= | —qgnd 1 27
o= (~auc + )14 ) @

which is supported by experimental data for five multi-
stage devices in the voltage range between —1.5 and 3.0 V
(Fig. 26). The thermal generation rate, g, at 300 K can
be extracted from the intercept of the fitted line with the
vertical axis, while the shunt resistance is obtained from
the slope of the fitted curve. The series resistance extracted
from differential resistance at a high forward voltage is less
than 10 €2 at 300 K and is 2 orders of magnitude lower than
Rshunt- As a consequence, the term Ry/Rgnne in Eq. (27) can
be ignored.

The minority-carrier lifetime can be calculated with Eq.
(14) using the extracted gy, value and the intrinsic carrier
concentration, n;. Figure 27 shows the temperature (in the
range between 200 and 340 K) dependence of the ther-
mal generation rates and carrier lifetimes at higher reverse
bias. The carrier lifetime in the high-temperature range
is extracted to be between 8.5 and 167 ns and exhibits a
rapid decrease versus temperature. This dependence can
be attributed to the Auger g-r processes, the contribution
of which increases with narrowing of the absorber band
gap at high temperature. This behavior is different from
previous results obtained using alternative experimental
methods following a 1/+4/T law determined by the SRH
g-r process [67—70].

C. Growth and fabrication of IB QCPs

The IB QCPs contain very complex structures con-
structed from, in certain cases, thousands of layers. This
structure cannot be fabricated using conventional growth
techniques, such as CVD or LPE. Only MBE is a reli-
able layered technique for the fabrication of multistage
devices. This sophisticated technique, due to atomic layer-
by-layer growth, enables control of molecular (or atoms)
beams onto a heated substrate under high vacuum con-
ditions [71,72]. Since the design of multistage devices
is relatively complicated, involving many interfaces and
strained thin layers, their growth by MBE is challenging.

The MBE systems used in the fabrication of T2SL IB
QCP structures are equipped with Sb and As crackers, sev-
eral effusion cells (In, Ga, Al), and doping cells (typically
Si for donor doping and Be for acceptor doping). The MBE
systems contain, on average, 10 effusion cells.

Different fabrication procedures are described in the lit-
erature. Generally, we can distinguish the following fabri-
cation processes, elaborated by the OU laboratory involved
in the development of multistage devices [32]:

(i) standard cleaning;
(i) mesa etching;
(iii) insulating-layer deposition;

(iv) contact opening;

(v) top-contact deposition;

(vi) lapping;

(vii) bottom-contact deposition;
(viii) mounting and wire bonding.

To define a mesa structure, deep wet etching below the
active region is used. Then, for device passivation, about
200-nm-thick SiN, followed by about 200-nm-thick SiO,
are deposited by sputtering. Next, on the top of mesa, a
window is opened by reactive ion etching. Finally, 30-
or 300-nm-thick Ti/Au contact layers are deposited by
the sputtering technique. The schematic cross section of
the N =3-stage IB QCP is shown in Fig. 28(a). Figure
28(b) shows the cross-section scanning electron micro-
scope image of this device.

The T2SL material system is a natural candidate for real-
izing multiple-stage IB devices. The photodetector designs
exhibit key differences in their approach to construct active
and barrier regions, as well as the contact layers. Table I
describes the four most popular types of SL barrier detec-
tors, where the material of the active layer or barrier and
their doping can be varied. The absence of a conventional
depletion layer in barrier photodetectors suppresses the
contribution from the depletion current and the SRH g-r
noise.

Figure 29 shows the general design structure of the two
types of T2SL cascade detectors, which can be classified
into regular- and reverse-illumination configurations, as
shown in Fig. 13. In the regular configuration, photons
and electrons travel in the same directions, while, in the
reverse configuration, they travel in opposite directions.
Fabrication of the two configurations can be realized by
reversing the growth order of the layers without changing
the light-illumination direction. The reverse configuration
is preferred for p-type absorbers because photoexcited
electrons are more effectively collected.

A single stage of the reverse configuration is similar to
a complementary barrier infrared detector (CBIRD) struc-
ture (see Table I), in which the absorber (InAs/GaSb
T2SLs) is shorter than the diffusion length and is located
between an engineered GaSb/AlSb QW EB and an
AISb/InAs QW HB. The design of this structure is shown
in Fig. 30 in detail. The electron-relaxation region and
the interband-tunneling region also serve as the hole and
electron barriers, respectively. The barriers act as a means
of leakage-current suppression. The electron-relaxation
region is precisely designed to facilitate the extraction
of photogenerated carriers from the conduction miniband
of the absorber and transport them ideally (with little
or no resistance) to the valence band of the absorber
in the next stage. As shown, the energy levels of cou-
pled InAs/AlSb multi-QWs in the conduction band form
several staircases, with energy-ladder separations compa-
rable to the LO-phonon energy. The uppermost energy
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Arrhenius plots (based on Ref. [44]).

level of the relaxation-region staircase is close to the con-
duction miniband in the InAs/GaSb SL, and the bottom
energy level is positioned below the valence-band edge of
the adjacent GaSb layer, allowing interband tunneling of
extracted carriers to the next stage.

As an example, Table II summarizes MWIR wafers
(Aeutor~ 4.3 um at 300 K) with selected numbers of
cascade stages and illumination configurations [47]. The
absorbers are composed of InAs(27 A)/GaSb(lS A)/
(Al, In)Sb(8 A)/GaSb(15 A) M-shaped SLs for a period of
65 A [78]. Additional thin Al(In)Sb layers are included
in the InAs/GaSb SL to stabilize the influence of
layer-thickness fluctuations on the miniband energy. The
EB has four GaSb/AISb QWs with GaSb QW widths
of 33, 43, 58, 7, and 3 A, while the HB is made
of seven digitally graded InAs/AISb QWs with InAs
QW thicknesses of 33.5, 36.5, 40.5, 45.5, 52, 59, and
68 A.

Similarly to Table II, Table III presents the design and
material parameters for LWIR wafers. The 90% A ypof of
the fabricated photodetectors is between 7.5 and 11.5 um
within a temperature range of 78 to 340 K. The com-
position of the SL periods is slightly adjusted by InSb
interfaces, as indicated in the table. An approach to divide
a thick InSb layer at the GaSb-on-InAs interface (see the
first four wafers in Table III) into thinner InSb layers is
used to achieve strain balance in the SL detectors for
the LWIR region [79]. It appears that the interface qual-
ity is reasonably controlled and allows the fabrication of
photodetectors with good performance. Moreover, the
incorporation of an InSb interfacial layer into the
InAs/GaSb T2SL allows the minority-carrier lifetime to
be increased [80].

The next two sections present the performance of
high-quality IB QCPs operating in the MWIR and LWIR
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Dark-current density of N=5-stage MWIR T2SL InAs/GaSb 90-period IB QCP: (a) current-voltage characteristics, (b)

regions. Experimental data are mainly taken from two
research groups guided by Yang (OU) and Krishna (Uni-
versity of New Mexico and Ohio State University).

V. MWIR INTERBAND QUANTUM CASCADE
PHOTODETECTORS

Figure 31 shows the dark-current-density temperature
dependence of the 90-period MWIR IB QCP. The low-
temperature J-V curves are fairly steep [see Fig. 31(a)],
which indicates the tunneling-component contribution. At
higher temperatures, the dark current is much less sensitive
to the voltage and is diffusion limited.

The analyzed N = 5-stage detectors are grown by MBE
on Zn-doped 2” (001) GaSb substrates. The absorbers are
composed of p-doped (~5 x 10" cm™3) T2SL InAs/GaSb
with InSb interfacial layers to balance strain introduced by
the lattice-mismatched InAs. The V/III beam-flux ratios
for Sb/Ga and As/In are assumed to be 4 and 3.2, respec-
tively. The detectors consist of a 0.5-um-thick p-type GaSb
buffer layer, N =5-stage IB QCP equal-absorber struc-
ture, and finally a 45-nm-thick n-type InAs top-contact
layer. The individual absorbers consist of 30, 60, and
90 periods of InAs(7 ML)/GaSb(8 ML) T2SLs, which
correspond to net absorber thicknesses of 0.73, 1.45,
and 2.16 um, respectively. Single-pixel circular mesa-
sized devices (ranging from 25 to 400 um in diameter)
are analyzed. A 200-nm-thick SiN, film is deposited for
sidewall passivation. Top and bottom contacts are formed
by e-beam evaporated Ti/Au. No antireflection coating is
applied.

Further information on dark-current curves is given
by the Arrhenius plot at —10 mV and zero-bias
resistance-area product (R,A4) [see Fig. 31(b)]. The activa-
tion energy (£,) under HOT conditions is about 0.302 eV,
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(FOV).

which is very close to the T2SL InAs/GaSb active-layer
effective band gap, proving the diffusion-component con-
tribution. The R,4 product exceeds 1.25 x 107 Q cm? (at
120 K), 2470 © cm? (at 200 K), and 3.93 Q cm? (at 300 K).
The dark-current density reaches about 1.28 x 10~7 A/cm?
at 160 K, and the extracted R,4 ~9.42 x 10* Qcm? is
slightly better than the (Hg, Cd)Te “Rule 07” [81].

The spectral responsivity of the MWIR T2SL IB QCP
reaches about 0.3 A/W at 7=300 K and A =4 um and is
measured up to 380 K. Figure 32 presents the Johnson-
noise-limited D* at selected temperatures, to assess the
measured responsivity and R,4. The Johnson-limited D"
reaches about 1.29 x 10"* cmHz"/>/W at 3.8 um and
120 K and 9.73 x 10'! em Hz!'/2/W at 200 K. The back-
ground limited infrared photodetector (BLIP) performance
reaches 180 K at 4 um for N =5 stages per junction
devices with 70% absorption QE, corresponding to 14%
external QE.

Equation (6) and experimental data for R;~0.3 A/W
allow the room-temperature conversion QE at A =4 um
to be estimated as g ~ 9%. The gain is estimated at the
level of g =0.2, leading to the absorption QE of 45%.
The absorption QE will increase versus the number of
stages provided that the absorbers are not very thick, ensur-
ing equal absorption of the photon flux at each stage
(total thickness of all stages should be comparable to the
diffusion length). However, the conversion QE remains
lower than that of the absorption QE by a factor of the
number of absorbers (stages).

Figure 33 presents the response time of an IB QCP ver-
sus temperature at zero bias [see Fig. 33(a)] and versus
voltage for 7= 225,293, and 380 K [see Fig. 33(b)]. These
results confirm the short response time of IB QCPs. At
zero bias, within the temperature range of 225-280 K, the
response time increases with temperature from about 1 to
5 ns. It stabilizes at about 5 ns for further increases in tem-
perature to about 360 K, then it decreases, reaching about
2 ns at 380 K.

As shown in Fig. 33(b), the reverse voltage is beneficial
for the IB QCP response time. The negative correlation
between the response time and bias for temperatures of
225 and 293 K is probably related to the drift-component
decrease versus voltage as the electric field drop increases
across the absorber region. In this context, the behavior of
the response time versus bias above 200 mV and 7'=380 K
is not fully understood as the time response increases with
voltage. It is believed that, under this condition, separa-
tion of the quantized energy in the tunneling region and
the valence band in the transport region does not match
the LO-phonon energy in AISb, which is responsible for
the tunneling of holes through a phonon-assisted process.
In addition, ambipolar mobility is reduced, which, in turn,
influences the detector’s time response.

The photoexcited carriers are transported very rapidly
over a distance in the cascade that is much shorter than the
diffusion length (approximately 50200 nm, depending on
wavelength). Since lateral diffusion transport is not signifi-
cant, there is no need to implement the deeply etched mesa
structures for confining photoexcited carriers in QCPs, in
comparison with conventional photodiodes. In addition,
high wave-function overlap in the relaxation region causes
the IS relaxation time (e.g., optical-phonon scattering time,
~1 ps) to be much shorter than the IB recombination time
(~1 or ~0.1 ns under HOT conditions with significant
Auger g-r); this allows the photoexcited electrons to be
efficiently transferred to the bottom of the energy ladder.

Lei et al. reported a comparison study of different
MWIR IB QCPs, where the number of cascade stages,
absorber thicknesses, and doping concentrations were
changed [47]. Table IV gathers the performance of devices
at 300 K made from the wafers summarized in Table II.
Carrier transport in photodetectors made from wafers high-
lighted in Table II wafers is dominated by diffusion current
near room temperature. However, their current density-
voltage characteristics are sensitive to device size, which
is probably due to imperfect passivation.

Figure 34 presents the dynamic RA product, cur-
rent responsivity, and detectivity versus voltage for a
photodetector fabricated from the R146 wafer (see Table
1), operating at 300 K and A = 3.3 um. Due to significant
surface-leakage current, the value of the RA product
is lower than expected, and the detectivity is about
10° cm Hz!/2/W. At zero bias, the detectivity is limited by
Johnson noise, while, under reverse bias, D" is influenced
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(based on Ref. [43]).

by both Johnson and shot noise. However, the detectiv-
ity increases versus reverse bias because the shot noise
increases more slowly than the dynamic R4 product.

Analysis of the temperature and bias dependence of
photodetector responsivities with various absorber thick-
nesses indicates that the diffusion length is between 0.6 and
1.0 um for T2SL absorbers in the temperature range above
250 K.

As described in Sec. III, the QE for the matched-
absorber IB QCPs is equal in each stage and then

n=(1—-ryexp[—a(d +dy+...+dy_)(1 — efadN)]’
(28)

where « is the absorption coefficient, » is the reflectance at
the top device’s surface, and dy is the absorber thickness
for N stages. Alternatively, in the equal-absorber device,
the QE is limited by the photocurrent in the last stage, and
then

n=(1—rexp[—a®N — Dd](l —e ). (29)
However, if the electric gain is not unity, g # 1, the current
responsivity can be given by

an

R, =
he

g=(1- r)ﬂg(l —e My, (30)
hc

where A is the wavelength, % is Planck’s constant, and c is
the speed of light.

Equations (29) and (30) allow the electric gain to be
estimated from experimentally measured absorption coef-
ficients and current responsivities. The absorption coeffi-
cient for MWIR devices is 3100 cm™! at 3.3 um [47].
Figure 35 shows the extracted electric gain for multistage
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T2SL MWIR IB QCP response time: (a) at zero bias versus temperature and (b) versus voltage at 225, 293, and 380 K

photodetectors operating at room temperature and fabrica-
tion of the wafers presented in Table II. As shown, the elec-
tric gains are between 1.2 and 1.6 for matched-absorber
devices and a one-stage detector. The highest gain, g ~ 2,
is reached for an 8-stage equal-absorber photodetector with
very thin absorbers (312 nm).

The N = 5-stage MWIR IB QCPs described by Tian and
Krishna are used to demonstrate the first 320 x 256 focal-
plane array (FPA) with pixel sizes of 24 x 24 um? and a
pitch size of 30 um [44,82]. The diced FPAs are hybridized
to Indigo read-out integrated circuits. The minimum noise-
equivalent temperature difference of 28 mK is reached at
120 K. This device exhibits a BLIP performance above
150 K (300 K, 27 FOV). Generally, however, the perfor-
mance is worse than that of current T2SL-barrier-detector
FPAs [39].

VI. LWIR INTERBAND CASCADE
PHOTODETECTORS

Research into LWIR and VLWIR IB QCPs with
Acutof < 16 um at 78 K is presented in several papers
[35,45,46,79,83].

Figure 36 shows the N =2-stage LWIR device grown
by MBE. The absorber layers are 620.0 and 756.4 nm
thick with T2SLs constructed from 36.3-A InAs and 21.9-
A GaSb, where 1.9-A-thick InSb is introduced into both
InAs-on-GaSb and GaSb-on-InAs as the interface strain-
balancing layer. The deeper absorber is grown thicker to
reach current matching. To make electrons the minority
carriers, half of the T2SL. GaSb absorbers are p doped
to the level of 3.5 x 10'® cm™3. Both EB and HB have
identical designs. Square mesa devices with edge lengths
ranging from 200 to 1000 um are fabricated. 170-nm-thick
Si3N,4 followed by 137-nm SiO, are used for two-layer
passivation.
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FIG. 36. Device structure for N =2-stage LWIR IB QCP
(based on Ref. [45]).

78 K, R,A~115 Qcm?, corresponding to D" ~3.7x
10'° cm Hz'/2/W at 8 pm.

Comparative studies of different sets of LWIR IB
QCPs based on T2SLs have been undertaken by the
research group at OU [46,83]. Both equal-absorber
and matched-absorber photodetectors with regular- and
reverse-illumination configurations are considered. Table
V gathers the material properties and designs of four
devices with Ay in the 812 um spectral range.
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FIG. 37. Current-voltage dark-density curves at selected tem-
peratures for LWIR detector. Inset shows the fitted activation

energy for the Arrhenius plot (based on Ref. [45]).

T T T
1" 4
10 78 K Device size:
™ 0.4x0.4 mm’
(0]
&
100 4
2210 E
>
=
2
©
® 10°F 1
-
[0
(@]
10°; E
L PV

Wavelength (um)

FIG. 38. D" of LWIR IB QCP for temperatures of 78220 K
(based on Ref. [45]).

The temperature dependences of the R,4 prod-
ucts shown in Fig. 39 are extracted from the dark-
current—voltage (J;-V) characteristics. Arrhenius plots
indicate that there are low- and high-temperature regions
with proper linear fits and two separate activation ener-
gies: one for the low-temperature range of 78—125 K and
the other for the high-temperature range of 150250 K.
At high temperature, carrier transport is diffusion limited
with an activation energy, E,, similar to the band gap
at zero temperature. However, the activation energies at
lower temperature (78—125 K) are far below the band gaps,
which suggests the contribution of TAT [46].
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FIG. 39. Extracted R,4 product versus temperature for devices
given in Table V (based on Ref. [83]).
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TABLE V. Summary of material and design parameters for LWIR IB QCPs (based on Ref. [83]).

Total
absorber 100% Acutofr
Number thickness (um) at E, (meV) at E, (meV) E, (meV)
Device Absorber type of stages (um) 300 K 0K 78125 K 150-250K
NMat.-20S Identical 20 3.60 9.5 188 43 160
Mat.-12S Current matched 12 4.44 11.0 174 45 155
NMat.-16S Identical 16 3.55 11.1 172 64 160
Mat.-8S Current matched 8 2.29 11.0 175 45 155

As shown by Eq. (18), the R,A4 product is proportional to
the sum of 1/ tanh(d,,/L.;). This means that, for detectors
with thicker absorbers, the R,4 product is lower, but, for
detectors with more stages, the R,4 product is higher. This
behavior is supported by experimental data (Fig. 39 and
Table V).

Figure 40 presents the current responsivities of the sam-
ples given in Table V. As shown, the four devices exhibit
similar trends, with responsivities increasing versus tem-
perature, reaching a maximum at certain temperatures and
then decreasing. The diffusion length, above 0.5 um at
300 K, is longer or comparable to the thicknesses of
the absorbers, which means that photocarrier collection
does not affect the characteristics of devices at various
temperatures. Consequently, the increase of R; versus tem-
perature is conditioned by an increase of the absorption
coefficient due to narrowing of the band gap at higher
temperatures. However, in the higher-temperature range,
the responsivities decrease as a consequence of more con-
siderable attenuation of radiation in the deeper stages.
The last effect is more significant for devices with thicker
absorbers. Comparing the two sets of devices (equal
and matched absorbers), the current-matched (matched
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FIG. 40. Dependence of current responsivity on temperature
for samples given in Table V (based on Ref. [83]).

absorbers) devices present higher responsivities and cor-
relation of reduced responsivity with radiation attenuation
in deeper stages.

The current responsivity for equal-absorber (non-
current-matched) and matched-absorber (current-matched)
devices can be described by

Ri=(1-— r)%gexp[—a(N — Dd]( — e_"d), (31)

and Eq. (30), respectively. Taking into account the mea-
sured values of absorption coefficients and current respon-
sivities, electric gain can be extracted using Egs. (30) and
(31), as shown in Fig. 41 for two devices [83]. The behav-
ior of electric gain depends on the type of device. If the
absorption coefficient is higher than about 1000 cm™',
the electric gain exceeds g > 1; however, with further
increasing «, the electric gain for current-matched devices
remains nearly constant, whereas, for equal-absorber struc-
tures, the gain increases. Strong absorption in the region
of large photon energy causes significant attenuation of
the radiation intensity in the last stage and large electric
gain is required to maintain current continuity. To fulfil
the current-continuity requirement, the electric gain should
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FIG. 41. Absorption coefficient and electric gain at room tem-

perature for two samples given in Table V (based on Ref.

[83]).

027001-27



MARTYNIUK, ROGALSKI, and KRISHNA

PHYS. REV. APPLIED 17, 027001 (2022)

T T T T ]
—— NMat.-208S |
—— Mat.-12S

-
(@)
©

Detectivity (Jones)

-
(@)
@

Wavelength (um)

FIG. 42. Johnson-noise-limited detectivity at 200, 250, and
300 K for two devices given in Table V (based on Ref. [83]).

be higher in devices with thinner absorbers to compen-
sate for a shorter absorption length. In general, the electric
gain can offset radiation attenuation at a deeper stage.
The significantly higher R,4 product (see Fig. 39) and
suppressed noise for equal-absorber (not-current-matched)
devices result in detectivity comparable to that of current-
matched ones. Summarizing, perfect current matching for
multistage devices is not necessary. This conclusion per-
mits greater flexibility in the design and implementation of
IB QCPs.

Figure 42 shows the estimated zero-biased Johnson-
noise-limited detectivities based on the measured R,4
products and current responsivities [83]. The highest D"
value is presented by the equal-absorber device with more
stages (N =20). At room temperature, the correspond-
ing values are about 2 x 108 cm Hz!'/2/W, which exceed
the reported values for commercially uncooled (Hg, Cd)Te

detectors [84]. In terms of detectivity, both sets of devices
(not-current and current-matched) have comparable per-
formances.

LWIR IB QCPs are capable of operating at temper-
atures as high as 340 K, while MWIR IB QCPs are
reported to operate at 420 K [42,46]. Additionally, in the

high-temperature region, negative differential conductance
(NDC) is observed. NDC is related to intraband tunneling
through the EB.

For a standard double-barrier resonant tunneling diode
(RTD), as shown in Fig. 43(a), a QW is sandwiched
between two heavily n-doped regions. At equilibrium, the
QW’s ground-state energy is located above the Fermi level
in the two adjacent regions. As the device is biased, the
QW’s level aligns with the filled states in one n-type region
(the emitter) above the conduction band and below the
Fermi level. In the opposite n-type region (the collector),
the Fermi level is moved further down by the voltage, such
that empty states above the Fermi level are in line with
the QW’s ground state. Accordingly, the electrons reso-
nantly tunnel through the QW from the occupied states
on one side of the double barrier to the empty states on
the other, which results in the current increasing. Further
biasing causes a drop of the QW’s ground state below the
conduction band of the emitter, and there are no longer
occupied states able to provide electrons for the tunneling
process. This causes a decrease in current with increas-
ing voltage, leading to NDC. The left part of Fig. 43(a)
shows the three key bias regions described above for
a RTD.

Similarly to the RTD, for the biased IB QCP, the multi-
ple QW ground energies align such that electrons in the
HB region can tunnel into the conduction band of the
absorbing region in the next stage. Figure 43(b) shows the
effect of biasing on IB QCPs and the resonant tunneling
effect. As shown, resonant tunneling occurs through the
stage barriers for high voltages [85]. Figure 44 presents
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EF Ea barrier
E_ _ - — _—_ - f "
c ~ (1) JUJE%E%E?.‘RS Riflusien mJ
= | N . Ve
~ = I Interband = Absorbe?
o S~ 8 I tunneling - e
TN IANE W :
| L
— e |
/(1) NDC Y
3) Bias //—‘/

\\_

FIG. 43.
multistage IB QCP (based on Ref. [85]).

Resonant tunneling through the multi-QW EB: (a) energy-band diagrams of resonant tunneling, (b) resonant tunneling in a

027001-28



INTERBAND QUANTUM CASCADE INFRARED ...

PHYS. REV. APPLIED 17, 027001 (2022)

400 | R 40
|6 stages at 300 K .
300} - 836 | L dmctninte i <L 30 g
o
<
N’g 200 -t-+-4-4-1-A-A-FH-AL- - 20
O @
2 @
= 100 | WYAA, - e e 10 3
3 c
© o
Ot 0 5
| o
‘ -
—_100l- -+ -10 ®©
100 | 3
—200 ‘ =20

00 02 04 06 08 10 12 14
Voltage (V)

FIG. 44. Ratio of differential conductance to area and dark-
current density versus voltage for N = 6-stage IB QCP (based
on Ref. [46]).

differential current-voltage characteristics of the N = 6-
stage IB QCP. The NDC peaks are observed, where the
number of peaks corresponds to the number of stages.

To improve the LWIR T2SL QCP’s performance, fur-
ther improvements in device technology and design are
needed, such as shorter active layers and better band-
gap alignments between the absorbers and the EB/HB,
active-layer p-type doping, and better processing.

VII. PERFORMANCE COMPARISON WITH
(Hg, Cd)Te HOT PHOTODETECTORS

In 2007, Teledyne published Rule 07, an empirically
derived formula, for dark-current assessment of the p-on-n
(Hg, Cd)Te photodiodes versus normalized wavelength-
temperature product (Acuyog?) [81]. Rule 07 is closely
related to the Auger-1 diffusion-limited photodiode with
n-type extrinsic doping concentration in the active region

close to about 10" cm™ and predicts the dark-current
density within a factor of 2.5 over a range of 13 orders
of magnitude. This formula is popular within the IR
community as a reference level (especially for 4™BY
barrier and T2SL devices). It must be stressed that,
the current fabricated fully depleted background-limited
(Hg, Cd) Te photodiodes exhibit 300-K dark current, which
is significantly lower than that given by the benchmark
Rule 07.

A.Law 19

Figure 45(a) shows the band diagram for a reverse P-i-N
photodiode. The absorber consists of an undoped i region
sandwiched between wider-band-gap P and N regions [see
Fig. 45(b)]. For the P-i-N (Hg,Cd)Te photodiode, very
low doping in the absorber region (<5 x 10'* cm™3) is
required to reach full depletion at zero or low reverse bias
[86,87]. The adjacent wide-gap contact layers limit dark-
current generation from those regions and the tunneling
current under reverse bias. The P-i-N design theoretically
suppresses 1/ and random telegraph noise, which is com-
patible with the small pixel size exhibiting low crosstalk
(built-in vertical electric field) [88,89].

The SRH g-r carrier lifetime is reported within the
range of 0.5-10 ms for low doping of (Hg,Cd)Te
(approximately 10'3 ¢cm™) grown by MBE, which indi-
cates that the current is suppressed and the performance is
limited by background radiation, as presented in Fig. 46 for
four background temperatures: 300, 200, 100, and 50 K.

In the Extended Abstracts of The 2019 U.S. Work-
shop on the Physics and Chemistry of II-VI Materials, it
was proposed to replace Rule 07 with “Law 19,” corre-
sponding exactly to the 300-K background-limited curve
(see Fig. 46) [86]. The current can be several orders of
magnitude below Rule 07 versus Acuof and operating 7.
Rule 07 corresponds to a theoretically predicted curve
for an Auger-limited p-on-n photodiode with a doping
concentration in the active region equal to Ny =103 cm™3
(see Fig. 46).

(a) (b) Self-passivating, depleted wide-band-gap cap
- suppresses surface & p-side currents, 1/f noise, tunneling
Reflector . compatible with small pitch
Passivation Contact e
| P‘
o { Depletion cap
o
E B ° / Fully depleted absorber
Z I -~ . N~ _Bivimidkotenndoni
V. S Depleted absorption N_-low-mi ¢m " n-doping
) . bias © - low G-R currents
Depletion region -l E. g - mitigates 1/f noise
[ Depleted buffer ) N*

FIG. 45.

Contact
Parially depleted wide-band-gap buffer
- reduces 1/f noise at edge of depletion region

P-i-N photodiode: (a) band diagram under reverse voltage, (b) P-i-N structure (based on Ref. [87]).
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FIG. 46. Current density of p-on-n (Hg,Cd)Te photodiodes
versus 1/(Acuor?) product (based on Refs. [26,81,86,90-92]).
Experimental data are gathered for Teledyne and alternative
technologies.

Theoretical simulations presented in Fig. 46 show that
the background limit has the most impact on the pho-
todiode’s current density for small 1/(Acuor?) products
for devices operating under LWIR and HOT conditions.
(Hg, Cd)Te photodiodes operating at low temperature are
g-r limited due to the influence of SRH centers exhibiting
lifetimes in the millisecond range.

Figure 47 shows the current density calculated by Rule
07 (for diffusion-limited p-on-n photodiodes) and Law 19
(equal to the background-radiation current density) versus
temperature for SWIR (Acytor= 3 pm), MWIR (5 pm), and
LWIR (10 pm) absorbers.

B. IB QCPs versus (Hg, Cd) Te photodiodes

Figure 48 presents the theoretical predictions of the
R,A product for (Hg, Cd)Te photodiodes versus Acyofr at
200, 250, and 300 K. In addition, this figure compares
the extracted experimental R,4 products for (Hg, Cd)Te
photodiodes and IB QCPs based on the T2SL InAs/GaSb
absorbers at 7=300 K. It is evident that, at the present
level of development of multistage detector technol-
ogy, the experimentally measured R,4 values at room
temperature are higher than those for state-of-the-art
(Hg, Cd) Te photodiodes.

The measured peak current responsivities at room tem-
perature for the considered devices, (Hg, Cd)Te photodi-
odes and IB and IS QCPs, are presented in Fig. 49. The
highest responsivity is presented by (Hg, Cd)Te photodi-
odes, which is mainly caused by high QE, typically about
70%. The peak R; is generally higher for IB QCPs than
that for IS QCPs. The lower responsivity for IS devices is
attributed to a much shorter carrier lifetime. An additional

10° _

& Rule 07 i —
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FIG. 47. Calculated current density versus temperature based

on Law 19 and Rule 07 for SWIR (Acytor= 3 um), MWIR (5 um),
and LWIR (10 um) (Hg, Cd)Te absorbers.

contribution can be observed by the polarization selec-
tion rule for IS transitions in conduction bands (this effect
prohibits normal absorption of radiation).

Figure 50 (dashed and dotted lines) demonstrates that
bipolar devices based on T2SL InAs/GaSb IB absorbers
are the proper candidates for detectors operating near room
temperature. The estimated Johnson-noise-limited detec-
tivities under zero bias for IB QCPs with T2SL InAs/GaSb

[ | I I I [ I
5 \ Expt. data for IB QCPs at 300 K
10 \ T2SL InAs/GaSb absorbers: ||
O Ref. [42] i
\ \ O Ref. [41]
i O Ref. [38] L
10 \\ \ B Ref. [43]
A @ Ref. [44] H
1 \ N \ A Ref. [46]
10—y W Ref. [83] H
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FIG. 48. (Hg,Cd)Te photodiode R,A products (solid lines) in
comparison with room-temperature experimental data for IB
QCPs based on T2SL InAs/GaSb absorbers (based on Refs.
[38,41-44,46,83]).
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absorbers (based on the measured R,4 product and respon-
sivity) are comparable with those for commercially avail-
able (Hg, Cd)Te photovoltaic detectors. We can see that
the performances of both types of detector are similar in
the SWIR region, but IB QCPs outperform commercially
available uncooled (Hg, Cd)Te detectors with a similar
LWIR Ay In addition, due to strong covalent bonding
of AMBY semiconductors, IB QCPs can operate at temper-
atures up to 420 °C (MWIR range), which is not possible
to reach with the (Hg, Cd)Te counterpart.

Figure 50 also shows the future trend in HOT IR pho-
todetector development. Currently, the semiempirical Rule
07 for (Hg,Cd)Te technology is found not to meet pri-
mary expectations. It is shown that D* of low-doping P-i-N
(Hg,Cd)Te (approximately 10'3 cm™) devices, operat-
ing at 300 K for A>3 um, is limited by background
radiation (with D" > 10 cmHz!/?2/W), not limited by
detector itself, and can be improved more than 1 order
of magnitude in comparison with that predicted by Rule
07. Among materials used for HOT LWIR photodetector
fabrication, only (Hg, Cd)Te can meet required expecta-
tions: low doping concentration of 10'> cm™3 and a high
SRH carrier lifetime above 1 ms. It will be difficult for
IB multistage photodetectors to compete with (Hg, Cd)Te
photodiodes. The above-presented estimates encourage
the fabrication of low-cost and high-performance MWIR
and LWIR (Hg, Cd)Te FPAs operating under HOT condi-
tions. The performance of T2SL IB QCPs is close to that

Wavelength (um)
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§ . 300K ]
S 10°F ’> + @ o -
= r ¢
- L . .. . =
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FIG. 49. Measured peak current responsivities for (Hg, Cd)Te

photodiodes and IB and IS QCPs at 300 K (based on Refs. [83,
84)).
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FIG. 50. Room-temperature spectral detectivity curves of
commercially available (Hg, Cd) Te photodiodes (solid line) and
T2SL IB QCPs (dashed and dotted lines). Adapted from Refs.
[54,83,84].

of (Hg, Cd)Te photodiodes and IB QCPs can operate in
temperatures above 300 K.

Figure 51 shows the measured response times of the
T2SL IB QCP and (Hg,Cd)Te photodetectors (mainly
photodiodes) operating within the temperature range of
220300 K. Most of the zero-biased LWIR photodiodes
are characterized by response times below 10 ns. The
device response time decreases under reverse bias, reach-
ing <1 ns, which is shorter for T2SL IB QCPs than that for
(Hg, Cd) Te photodetectors.

100 I
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FIG. 51. Response time versus wavelength for unbiased and

reverse-voltage (as indicated) (Hg, Cd)Te photodiodes and T2SL
MWIR IB QCPs operating in the temperature range between
220 and 300 K. “Stacked,” double-stacked photovoltaic detec-
tor; PVM, multiple-heterojunction photovoltaic detector (based
on Ref. [43]).
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C. Interband versus intersubband QCPs

Fundamentally, IB QCPs differ substantially from IS
ones (both lasers and detectors), taking into account the
activation processes and carrier lifetimes, as discussed in
Sec. II C. The carrier lifetime is in the nanosecond range
for IB devices and in the picosecond range for IS devices.
Usually, the reverse dark-current density approaches a con-
stant value (saturation current, J,), which is proportional to
carrier concentration and inversely proportional to carrier
lifetime. Consequently, the dark-current density is at least
an order of magnitude lower in IB devices than that in IS
devices, as shown in Fig. 8. Similar behavior is observed
for the saturation current density (Fig. 9).

Considering that D* ~ /R,4 and R,A = kT/qJ,, the
detectivity is inversely proportional to the square root of
Jo. As shown in Fig. 52, the IS detector’s detectivity is
at least 1 order of magnitude lower than that of T2SL
IB detectors. For most IS photodetectors, D is less than
3 x 107 ecm Hz!/?/W, while for IBs the values are above
1 x 10% cm Hz!/2/W but in the MWIR region even exceed
1 x 10° cm Hz!/?/W. This performance shows that bipo-
lar devices based on the T2SL InAs/GaSb IB absorbers
are good candidates for detectors operating near 300 K.
Those IB QCPs combine the advantages of IB optical tran-
sitions with the excellent carrier-transport properties of the
IB QCLs. The thermal generation rate at any temperature
and Acyorr 1S usually orders of magnitude lower than that
of the corresponding IS QCPs. This contributes to the fact
that the operating temperature of IB QCPs is considerably
higher than that of IS QCPs.

Figure 53 compares the estimated Johnson-noise-limited
peak detectivities under zero bias (based on the measured
R,A product and responsivity) for QCPs with commer-
cially available (Hg, Cd)Te photovoltaic detectors.
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FIG. 52. Detectivity at room temperature versus wavelength
for IS and IB QCPs (based on Ref. [54]).
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FIG. 53. Peak detectivity at room temperature versus tran-
sition energy and wavelength for commercially available
(Hg, Cd)Te photodiodes (based on Ref. [84]) and IB and IS QCPs
(based on Refs. [26,84]).

Due to intersubband transitions, the IS photodetec-
tors are narrow-band devices. They are based on more
mature material systems with well-established epitaxial
growth and device-processing technologies. They are char-
acterized by better uniformity and lower surface-leakage
currents.

VIII. CONCLUSIONS AND OUTLOOK

IB QCPs have a complicated multilayer architecture
and require sophisticated MBE growth procedures. Their
design is particularly pronounced for high-temperature
conditions and the LWIR range, where the carrier diffusion
lengths are considerably reduced. Currently, their perfor-
mance is comparable with that of (Hg, Cd)Te; however,
due to strong covalent bonding of A"BY semiconductors,
QCPs can operate above room temperature, which is not
reachable for the 4"BV! (Hg, Cd)Te counterpart. LWIR IB
QCPs are capable of operating at temperatures as high as
340 K, while MWIR IB QCPs are reported to operate at
420 K.

It is expected that a better understanding of the quantum
cascade device’s physics and other aspects related to the
design and material properties will enable improved high-
performance HOT detectors. Flexibility in the structural
design and material parameters provide remarkable room
for improvement in device performance. Significant devel-
opment and improvement are needed for the T2SL’s carrier
lifetime, where “Ga-free” exhibits potential in comparison
with the InAs/GaSb system. Generally, 4""'BY [to include

027001-32



INTERBAND QUANTUM CASCADE INFRARED ...

PHYS. REV. APPLIED 17, 027001 (2022)

bulk (In, As)Sb and T2SLs] compounds exhibit inher-
ently short SRH lifetimes, typically below 1 us, requiring
the barrier heterostructures to operate under HOT condi-
tions. It must be stressed that (Hg, Cd)Te exhibits long
SRH lifetimes, up to 50 ms, depending on Ay, and can
operate with either architecture and may be diffusion or
depletion-current limited. In addition, the advantages of
T2SL InAs/(In, As)Sb over that of InAs/GaSb are related
to better growth controllability and simpler manufactura-
bility.

To compete with (Hg, Cd)Te, the IB QCPs based on
T2SL InAs/(In, As)Sb active layers are predicted to be
used with properly selected AlSb/(In, As)Sb, AISb/InAs,
and AlISb/GaSb barrier layers. Further improvement in
detectivity can be reached by the growth of IB QCP struc-
tures on GaAs substrates for conversion into an immer-
sion lens. The IB QCP’s active elements (single pixel,
with a size smaller than that of the operating wave-
length to suppress thermal generation) connected with a
dielectric resonator antenna should increase the perfor-
mance under HOT conditions. The ultimate goal would
be IB QCPs based on uncooled or minimally cooled
FPAs.

The matched-absorber structure is reported to reach a
higher performance in comparison with that of equal-
absorber IB QCPs; however, the yield is not significant in
relation to the use of the T2SL constituent materials for
MBE growth. The IB QCPs are reported to reach the Rule
07 benchmark level of 1073/(Aeuor7) ~ 10721073 A/em?.

From the IB QCP’s equal-absorber performance, the
detectivity can be increased by about 40%, assuming that
the photoelectric gain contribution compensates for the
quantum-efficiency decrease for the stages located distant
from the very first absorber.

The discrete architecture of the QCP provides a great
deal of flexibility for carrier-transport engineering to
achieve high-speed operation, which determines the max-
imum bandwidth. The possibility of having them mono-
lithically integrated with active components, for instance,
lasers, offers avenues for telecommunication systems
based on quantum devices [93]. The increasing availabil-
ity of room-temperature QCLs, together with IR multistage
photodetectors, should increase the number of applica-
tions.

After 60 years of research on (Hg,Cd)Te, a dop-
ing concentration below 5 x 10'* cm™3 has already been
reached. This doping level is required to fabricate P-i-
N heterostructures operating at room temperature in the
LWIR spectral region with performance limited by back-
ground radiation. This fact provides further encouragement
for achieving low-cost and high-performance MWIR and
LWIR HOT (Hg, Cd)Te photodiodes. Under these circum-
stances and due to mature (Hg, Cd)Te technology, it will
be rather difficult to compete with (Hg, Cd)Te photodiodes
in the future. The main problem in the development of

IB QCP technology is the challenge of their fabrication
(complicated structure with many interfaces and strained
thin layers) and high cost.
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