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The utmost limit performance of interband cascade detectors optimized for the longwave range of
infrared radiation is investigated in this work. Currently, materials from the IlI-V group are character-
ized by short carrier lifetimes limited by Shockley-Read-Hall generation and recombination processes.
The maximum carrier lifetime values reported at 77 K for the type-II superlattices InAs/GaSb and
InAs/InAsSb in a longwave range correspond to ~200 and ~400 ns. We estimated theoretical detectivity
of interband cascade detectors assuming above carrier lifetimes and a value of ~1-50 s reported for a
well-known HgCdTe material. It has been shown that for room temperature the limit value of detctivity
is of ~3-4x10'% cmHz"/2/W for the optimized detector operating at the wavelength range ~10 wm could

© 2018 Association of Polish Electrical Engineers (SEP). Published by Elsevier B.V. All rights reserved.

1. Introduction

A whole range of solutions have been proposed to reach high
operating temperature (HOT) conditions of infrared detectors (T
> 200K). The first step is to choose the active region character-
ized by a high value of the absorption coefficient ratio and thermal
generation rate [1]. Among potential materials, in addition to the
well-known HgCdTe, should be mentioned type-II superlattices
(T2SLs) InAs/GaSb and InAs/InAsSb [2]. Numerical simulations of
T2SLs theoretically indicate their better performance compared to
HgCdTe. On the other hand, the T2SL InAs/GaSb is characterized by
short carrier lifetimes associated with Shockley-Read-Hall (SRH)
generation recombination (GR) processes. An improvement in this
respect can be reached for T2SLs InAs/InAsSb (“Ga-free” T2SLs)
where lack of Ga contributes to the higher carrier lifetimes [3,4].

Another way to increase the operating temperature is a detec-
tor’s architecture. Structures using non-equilibrium phenomena
(exclusion and extraction of carriers from active layer) with sup-
pression of Auger GR process should be distinguished [5]. That
approach is commonly used in multilayer HgCdTe structures where
carrier concentration is reduced below intrinsic carrier concen-
tration level. In addition to non-equilibrium structures, barrier
structures are successfully used to eliminate the SRH component
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from the depletion area of the barrier absorber heterojunction [6].
The simple architectures of nBn requiring bias (turn on voltage) to
operate are commonly used. If application requires zero bias oper-
ation pBn barrier detectors must be implemented. Detectors with
a unipolar barrier allow to improve detectivity performance close
to crossover temperature. A further increase in the operating tem-
perature is possible through the use of a complementary barrier
infrared detectors (CBIRD) [7].

The greatest hopes are currently associated with cascade inter-
band detectors (IB CID) that can operate at higher than room
temperatures and additionally, in the longwave infrared radiation
(LWIR) range, which can be possibly used in free space optics (FSO)
applications [8,9].

In the LWIR (A~10 pwm) range a lower influence of absorption
and scattering effects are observed. Moreover, there is a lower
impact of atmospheric turbulence, as well as less influence of
solar radiation compared to commonly used FSO at wavelength of
~1.55 wm. However, the most important advantage is the availabil-
ity of cascade lasers optimized for this wavelength range. Currently,
HgCdTe detectors, which are temperature unstable and T > 300K
operationis difficult toreach, are widely used for FSO - that problem
is not the case with structures based on III-V materials [10].

2. Superlattices as a material for HOT detectors

Currently, among materials for HOT detectors, in addition to the
well-known HgCdTe, the materials from the 6.1 A group are used
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Fig. 1. The wave-function overlapping in a
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Fig. 2. Simulated and measured absorption coefficient for LWIR T2SLs InAs
(14.4ML)/GaSb (7.2ML) [experimental data after Ref. [11]. and “Ga-free” T2SLs
InAs/InAsSb (x5, =0.38) at T=77K.

successfully, especially T2SLs InAs/GaSb and InAs/InAsSb. It results
directly from the possibilities of these new materials related to
energy bandgap engineering (the ability to work in a wide range
of radiation depending on the thickness of individual T2SLs’ com-
ponent layers and the chemical composition of InAsSb allows the
HgCdTe IR range to be easily covered with both analyzed T2SLs)
and limitation of Auger GR processes. The suppression of Auger GR

10°

InAsSb
A

(b)

T2SL (a) InAs/GaSb and (b) InAs/InAsSb.

processes results from the specific - mutual arrangement of bands
for the type-II (or II “b”) superlattice causing spatial separation of
the carriers (Fig. 1).

The theoretical estimations of material parameters from the
T2SLs in comparison to HgCdTe are better. These include the effec-
tive electron masses being not directly dependent on the energy
bandgap, and in addition for both T2SLs InAs/GaSb and type-II “b”
InAs/InAsSb are higher than those for HgCdTe (assuming the same
energy bandgap).

Due to the spatial separation of carriers, the absorption coef-
ficients for the type-II and II “b” superlattices are even two times
lower than for HgCdTe. The literature indicates that the absorp-
tion coefficient for the InAs/GaSb system operating in the LWIR
(A~10 wm) range equals from 1000 to 3000 cm~! while for “Ga-
free” T2SLs is lower [11]. Simulated and measured absorption
coefficient for both T2SLs InAs (14.4 ML)/GaSb (7.2 ML) and InAs
(34.3 ML)/InAsg g2Sbg 35 (9 ML) are presented in Fig. 2 [11].

Comparison of carrier lifetime for HgCdTe [12,13] and T2SLs
InAs/GaSb [14-20] and InAs/InAsSb [21,22] vs. doping concentra-
tion at T=77K is shown in Fig. 3. The carriers lifetimes being
detrimental to a device dark current and quantum efficiency for
T2SL materials dedicated to the LWIR range are limited mainly
by SRH GR processes and are typically less than 200 ns for T2SLs
InAs/GaSb and 400 ns for T2SLs InAs/InAsSb as shown in Fig. 3. How-
ever, reported minority carrier lifetimes at 77 K are mainly at the
level of ~1-40ns for LWIR. Comparing those lifetimes with 1 ps
reported for Hgy75Cdg 2, Te there is a huge area for improvement.
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Fig. 3. Carrier lifetimes for LWIR HgCdTe and T2SLs InAs/GaS

b, and InAs/InAsSb versus dopping concentration at 77 K.
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Tunneling Absorber

Fig. 4. Schematic illustration of the cascade detector and its components: absorber
(T2SL InAs/GaSb), tunneling and transport (relaxation) region.

Itis assumed that defects in GaSb layers are responsible for such low
carriers lifetime in T2SL InAs/GaSb, therefore the carriers lifetime
in type-II “b” superlattice should be higher. Generally, for HgCdTe,
the lifetimes are three orders of magnitude higher than those given
for materials from group III-V and are placed at the level of 1 s -
50 ms depending on the material bandgap.

3. HOT cascade detector

The cascade detector consists of several active layers (e.g.
InAs/GaSb) with a thickness less than the diffusion length, con-
nected in series by tunneling area (AlSb/GaSb) and the transport
(relaxation) area (InAs/GaSb), as exemplified by Fig. 4.

A characteristic feature of the cascade detector is that the pho-
tocurrent generated in the structure depends only on the one stage
(the last one from the illuminated contact - i.e. the active layer, tun-
neling layer and transport layer) - and the number of stages directly
affects the shot noise, which in turn determines the detectivity
according to the dependence:

0.5
D*=Ri /(4I(BT n @)

RoA ' N M

where: R;, kg, T, RoA, q, ] and Ns are the current responsivity, Boltz-
mann coefficient, temperature, dynamic resistance and detector’s
area product, elementary electric charge, current density and num-
ber of stages, respectively.

Equation (1) indicates that the improvement in detectivity will
be visible for the structure being under bias, and the optimal num-
ber of stages Ns at which D* reaches the maximum value (assuming
no gain influence) depends on the product of the absorption coef-
ficient «and the thickness of the active layer d:

Ns= (2ad)1. (2)
6 T T T
23 d=150 nm
— -=6 @=3000 cm™
S N 10 >N, =200 ns
:N
o
S
8
K=}
x
a
InAs/GaSh
200 250 300 350 400
Temperature [K]
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4. Limits of performance of cascade detectors optimized on
the LWIR range for FSO

In this part the limit performance of cascade detectors based on
T2SL InAs/InAsSb operating in the LWIR range will be presented.

In our simulations, a detector based on the T2SLs InAs/GaSb and
InAs/InAsSb characterized by a cut-off wavelength Ao =10 wm
(energy bandgap, Eg; ~0.124eV) was used. The dependence on
detectivity in case of cascade detectors can be written as (with no
gain included):

I i

e VNs —————exp [-ad(Ns-1)] 3)
g Ltanh(d/L)

where: A, h, ¢, L, g and 7 are the wavelength, Planck’s constant,

speed of light, diffusion length, thermal generation rate (n;/t - the

ratio of intrinsic concentration and carrier lifetime) and quantum

efficiency [see Eq. (4)], respectively.

(4)

n=| |, [sinh(d/L) +aLe~* — aLcosh(d/L)
1-(aL)? cosh (d/L)
The following parameters for superlattice materials (active
areas) optimized for LWIR range were assumed in simulations:

e InAs/GaSb -  =3000 cm~!(maximum value) and 7 =200 ns;
¢ InAs/InAsSb - o =2000 cm~!(maximum value) and T =400 ns.

The nominal thickness of the active layer, electron and hole
mobility were assumed to be 150nm, e = 0.1m2/Vs and p;, =
0.01 m2/Vs, respectively.

Fig. 5 shows the detectivity of IB CIDs vs. temperature (for
a selected number of cascades: Ns=2, 6, 10, 20, 30) for two
T2SLs materials (a) InAs/GaSb and (b) InAs/InAsSb. For tem-
peratures obtained by four-stage thermoelectric (4-TE) coolers
(T=200K) D* rates of ~5x 10%cmHz!/2/W for InAs/GaSb and
~1 x 101%mHz'/2/W for InAs/InAsSb were reached. At room tem-
perature, those values are ~2x 10% cmHz!?2/W and ~4 x 10°
cmHz!/2/W, respectively. The reported HgCdTe D* for FSO system
operating in LWIR (A~10 pm) range reaches ~9 x 10°- 3 x 1010
cmHz'2/W at 4-TE-200K suggesting that T2SLs InAs/InAsSb have
potential to meet that requirement. Possible prospect could be
estimated above 300K where assuming growth on GaAs and
immersion lens incorporation the D* could be potentially increased
by 10 times.
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Fig. 5. Limit performance of cascade detectors operating in LWIR regime with active regions: (a) T2SL InAs/GaSb and (b) T2SL InAs/InAsSb, vs. temperature for a different

number of stages: Ns =2-30.
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Fig. 6. Limit performance of cascade detectors operating in LWIR regime with active regions: (a) T2SL InAs/GaSb and (b) T2SL InAs/InAsSb, vs, number of stages for a selected

temperatures: T=200, 230 and 300K.
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Fig. 7. Limit performance of cascade detectors operating in LWIR regime with active regions: (a) T2SL InAs/GaSb and (b) T2SL InAs/InAsSb, vs. ad product for selected

temperatures: T=200, 230, 300 and 380K.

Figure 6 presents the dependence of limit detectivity vs. number
of stages. For T2SL InAs/GaSb the highest detectivity is reached for
Ns ~ 10, while for T2SL InAs/InAsSb for Ng ~17.

These values correspond directly to the first order approxima-
tion which could be extracted from Eq. (3) and is given by Eq. (2).
Number of stages for which D* assumes the highest value depends
on reciprocal ad product.

Figure 7 presents utmost D* simulated vs. ad product for
selected temperatures T =200-380K. Absorber thickness was
changed to reach ad within the range of 10~ to 10. Number of
stages was assumed 15 for both T2SLs. The optimal ad product
increases vs. temperature in order to reach maximum D*.

For T=300K and T2SLs InAs/GaSb ad ~ 0.044 (where d ~
146 nm) while for InAs/InAsSb ad ~ 0.031 (where d ~ 155 nm).

The utmost D* calculated vs. carrier lifetime in the range
7=10-1000 s is presented in Fig. 8. Improvement in carrier life-
time by two orders of magnitude leads to D* increase about ~10
times.

The increase in detectivity can be expected with the improve-
ment of the quality of the material, thus increasing the carrier
lifetime. Assuming lifetimes ~50 ws corresponding to the high
quality HgCdTe technology, Figure 9 shows the limit values of
detectivity. For such assumptions and operating temperature T
=230K, the D*~7 x 1010 cmHz!/2/W (InAs/InAsSb) can be obtained.
For room temperature D* reaches ~4 x 10'9 cmHz!/2jw.
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Fig. 8. Limit performance of cascade detectors operating in LWIR regime with active
regions: T2SLInAs/GaSb and T2SL InAs/InAsSb, vs. carrier lifetime 7=10ns - 1 ms for
selected temperatures: T=230, 300 and 380K.

Comparing that to the background limited D* (BLIP) calculated
for scene temperature, T; = 300 K and field of view (FOV = 27r) where
D*pp =5 x 1010 cmHz'/2/W (for wavelength 10 wm) it could be
concluded that there is still area for improvement in terms of both
T2SLs carrier lifetimes. The utmost D* vs. wavelength for selected
HOT temperatures: 200, 230, 300 and 380K is presented in Fig. 10.
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The carrier lifetime was assumed at the level of HgCdTe 1 s
for both T2SLs InAs/GaSb and InAs/InAsSb. The simulation results
were compared to the D*gp vs. A calculated for scene temperature,
T;=300K and FOV = 21r. The simulation results for MWIR and LWIR
ranges were compared to the experimental results taken after Tian
etal. [23], Yang et al. [24-26] and Gautam et al. [27] for T=200 and
300K.

Thermal generation rate at any specific temperature and cut-off
wavelength in these devices is usually orders of magnitude smaller
than for corresponding intersubband quantum cascade infrared
detectors (IC QCIDs). The IC QCID experimental results were pre-
sented after Hofstetter et al. [28] for T=100 K. Experimental results
presented by Yang et al. for LWIR range suggests that carrier lifetime
for T2SLs active layers is below assumed 1 ps.

5. Conclusions

For the current state of the technology (carrier lifetime < 400 ns)
of T2SLs InAs/GaSb and InAs/InAsSb IB CIDs performance is below
HgCdTe used for FSO. However, due to temperature stability, which
is difficult to reach for HgCdTe - detectors based on T2SLs can oper-
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ate above room temperature. In addition, it should be assumed that
it will be very difficult to increase the carriers lifetimes limited by
the SRH mechanism and that could be circumvented by immersion
lens incorporation to increase optical to electrical area ratio.
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