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Abstract
The detectivity characteristics of interband cascade infrared type-II superlattice detec-
tors for long-wave infrared detection (λcut-off = 8  μm at room temperature) are discussed. 
We present comparison of two superlattices: InAs/GaSb and InAs/InAsSb, assuming the 
characteristic parameters—absorption coefficients α and carrier lifetimes τ published in lit-
erature. Dependence of the Johnson-noise limited detectivity on the absorber thickness for 
a different number of stages is reported. Higher detectivity D* value can be achieved by 
increasing the carrier lifetime. However, for detectors based on type-II InAs/GaSb super-
lattice increasing the carrier lifetime up to 25 ns leads to a situation in which one stage is 
preferred, i.e. for detector with a single absorber, we obtain the highest detectivity value. In 
the case of InAs/InAsSb material, the situation is similar for τ ≥ 80 ns. We have shown that 
the optimal absorber thickness at which the highest detectivity values are obtained depends 
not only on the absorption coefficient α and the number of stages NS, but also on the carrier 
diffusion length L. According to a calculations, cascade detectors based on Ga-free mate-
rial should have much higher optimal absorber thicknesses than materials based on InAs/
GaSb.
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1  Introduction

The search for novel infrared detector materials, as well as new detector architectures, is 
motivated by the need to increase background limited operating temperatures, thereby low-
ering impact of bulky and expensive coolers. The commonly used and known material for 
infrared detectors, which is HgCdTe in contrast to the materials from group III-V requires 
a reduced operating temperature. Type-II superalttices (T2SLs) InAs/GaSb (Rogalski et al. 
2017; Ye et al. 2015; Lei et al. 2016; Huang et al. 2017) have recently gained a lot of inter-
est and are considered as a viable alternative HgCdTe technology in the long-wave infrared 
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(LWIR) detection. The advantages of the type-II superlattices (T2SLs) include the suppres-
sions of Auger recombination (Ashley and Elliott 1985) and tunneling current (Nguyen 
et al. 2007; Bogdanov et al. 2011), and high uniformity (Nguyen et al. 2011). Increasing 
minority carrier lifetimes relative to bulk HgCdTe will result in increased detectivities at 
the same operating temperature, or the same detectivity at higher operating temperature. 
Short minority carrier lifetime in T2SLs InAs/GaSb has recently been partially attributed 
to acceptor like defects in GaSb rather than the interfaces. With Ga being the suspected 
origin of the short minority carrier lifetime (Steenbergen et al. 2012), the “Ga-free” T2SLs 
InAs/InAsSb have been proposed as another alternative material that has the potential for 
longer lifetimes (Rogalski et al. 2017; Belenky et al. 2011; Grein et al. 1995; Pellegrino 
and DeWames 2009; Connelly et al. 2010; Donetsky et al. 2010; Steenbergen et al. 2011).

Nevertheless, T2SLs have their own important shortcomings affecting the performance 
of the detector, which is limited by diffusion length. This issue can be overcome utilizing a 
multiple-stage photodetector with multiple short absorbers—interband (IB) cascade infra-
red detectors (CIDs). IB CIDs contain multiple-discrete absorber connected in series using 
interband tunneling heterostructure. Each absorber can be shorter than the diffusion length, 
so the incident photons can be effectively collected. The thin discrete absorbers and series 
connections make the device resistance high so that noise is suppressed and the photocur-
rent flows more easily to an external circuit, resulting in the ability to high-temperature and 
high-speed operation (Hinkey and Yang 2013; Yang et al. 2010).

In this work, we report on the dependence of the Johnson-noise limited detectivity on 
the absorber thickness for a different number of stages, assuming performance of LWIR 
T2SLs, which can be useful to find the best detector architecture to reach high value of 
detectivity. We apply well known general theory for photovoltaic cells to multiple-stage 
interband detectors and obtain the aforementioned dependences.

2 � Modeling

Infrared photodetectors operating under various circumstances are characterized by the 
detectivity D* which is the normalized signal-to-noise ratio performance. The detectivity 
of photodetectors operated at a low background and that of near room temperature opera-
tion is limited by the noise arising from the statistical nature of thermal generation-recom-
bination processes in semiconductors. The value of D* is proportional to the inverse of the 
noise-equivalent power and is normalized for a detector of a given area A and bandwidth 
∆f, and can be given by:

where q, λ, h, c, ηe and in are elementary charge, wavelength, Planck constant, speed of 
light, detector’s external quantum efficiency and noise current, respectively. As can be 
seen from above formula lot of parameters influence on the value of the thermal noise-
limited D*, but the most important are absorber thickness d, absorption coefficient α and 
minority carrier diffusion length L contributing to ηe. All these parameters strongly depend 
on the type of material that is selected. There is a strong coupling between the thickness 
of the absorber and the number of stages, what is shown in this paper. In this work, we 
determine the optimal number of stages Ns depending on the individual absorber thickness 
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d, assuming identical absorbers in each stage, in order to obtain maximum detectivity in 
LWIR range. The detectivity D* for that kind of photodetector, assuming zero surface 
recombination velocity and that absorber is illuminated from the collection point, is given 
by (Donetsky et al. 2010):

where gth is thermal carrier generation rate per unit volume. Based on the above equa-
tion the number of stages Ns at which D* reaches its maximum, related with the optimal 
absorber thickness dopt can be determined by the formula:

Like was mentioned before, beyond just the capability of tuning the optical bandgap, 
the superlattice structure provides the added capability of energy band structure engineer-
ing. This capability to shape the fundamental physics of the material is not available in 
compositional alloys like HgCdTe. By examining the band structure of these equivalent 
designs the optimum design can be selected, according to the equations, to enhance impor-
tant parameters such as the absorption coefficient α, carrier lifetime τ, and therefore the 
associated diffusion length L or electron/hole effective mass. All these important param-
eters affecting the shape and maximum value of D*, depending on the author, are very 
different. According to Vurgaftman et al. (2016) at λ = 8 μm the absorption coefficient for 
T2SL InAs/GaSb and InAs/InAsSb is 1250 and 700 cm−1, respectively. However, the addi-
tion of indium to the GaSb layers can increase the absorption coefficient of the superlattice 
material, what was shown by Brown et al. (2004) Currently, in T2SLs the minority carrier 
lifetime at 77 K for LWIR range is typically between 10 and 40 ns for InAs/GaSb and order 
of magnitude higher lifetimes in InAs/InAsSb (Belenky et al. 2011; Grein et al. 1995; Pel-
legrino and DeWames 2009; Connelly et al. 2010; Donetsky et al. 2010; Steenbergen et al. 
2011). Thus, in ambient temperature carrier lifetimes are much lower. We assumed τ = 3 ns 
for InAs/GaSb and τ = 30  ns for InAs/InAsSb at 300  K. Figure  1 shows comparison of 
detectivity for two T2SLs: InAs/GaSb and InAs/InAsSb versus absorber thickness for dif-
ferent number of stages NS at room temperature.
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Fig. 1   Detectivity versus absorber thickness for T2SL a InAs/GaSb and b InAs/InAsSb at 300 K
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According to the Fig. 1a, in the case of T2SL InAs/GaSb D* reaches the highest value 
for 15 stages, while for T2SL InAs/InAsSb it is only for 4 stages (Fig. 1b). As can be seen, 
the maximum value of detectivity does not change significantly with number of stages. As 
the number of cascades increases, the optimal thickness of the absorber dopt at which detec-
tivity reaches the maximum decreases. Optimal absorber thickness at which D* reaches the 
highest possible value in investigated range is much higher for Ga-free material than for a 
T2SL InAs/GaSb and is equal 1.78 and 0.27 μm, respectively. Regardless of the number 
of cascades, detectors from the InAs/InAsSb superlattice reach five times better detectiv-
ity values. Due to the fact that the carrier lifetime is not well known, and many authors 
give significantly different values, Fig. 2 assumes improvement or worsening of lifetimes 
in both cases. As can be seen from the Fig. 2, as the carrier lifetime raises, detectivity is 
increased. For detectors based on T2SL InAs/GaSb the optimal number of stages is 21, 15, 
8 and 4 for the carrier lifetimes 2, 3, 5 and 10 ns, respectively. However, increasing the car-
rier lifetime up to 25 ns leads to a situation in which one stage is preferred, i.e. for detector 
with a single absorber, we obtain the highest detectivity value. In the case of InAs/InAsSb 
material, the value of τ ≥ 80 ns causes such a situation [see red markers and dashed line in 
Fig. 2b]. 

Fig. 2   DMAX
*     versus number of stages NS for T2SL a InAs/GaSb and b InAs/InAsSb. (Color figure online)

Fig. 3   Optimal absorber thickness dopt versus NS for T2SL a InAs/GaSb and b InAs/InAsSb. (Color figure 
online)
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The maximum values of detectivity DMAX
* from Fig. 2a, b correspond to some optimal val-

ues of absorber thickness, as shown in Fig. 3a, b, respectively. In the Fig. 3, the red curves 
of the optimal absorber thickness for a given number of stages resulting from Eq. (3) are 
marked. The presented data shows that this formula is not valid for small NS values, because 
the optimal absorber thickness also depends on the carrier lifetime. The optimal absorber 
thickness increases with increasing carrier lifetime. The changes in optimal absorber thick-
ness are significant for small NS. For the number of stage exceeding 10, Eq. (3) is fulfilled. 
Equation (3) results from the determination of the maximum of function D*(NS d) [Eq. 2] 
in relation to NS, assuming constancy d. However, for small number of stages, changes in 
thickness are large and therefore the thickness dopt depends not only on NS and α, but also 
on diffusion length L, and thus carrier lifetime τ. This dependence is stronger in the case of 
a material with shorter carrier lifetime, i.e. T2SL InAs/GaSb [see Fig. 3] and higher oper-
ating temperatures of the detector.

3 � Conclusions

In this work, we reported on the dependence of the Johnson-noise limited detectivity on 
the absorber thickness for a different number of stages, assuming performance of LWIR 
T2SLs. We have shown that the optimal absorber thickness at which the highest detectiv-
ity values are obtained depends not only on the absorption coefficient α and the number of 
stages NS, but also on the carrier diffusion length L. A comparison of the two types of the 
superlattice showed that the detector based on InAs/InAsSb reaches higher detectivity than 
the detectors based on InAs/GaSb, even for fewer cascades. High temperatures and lower 
carrier lifetimes lead to the diffusion length shortening. Thus, in such cases, multiple-stage 
approach should be beneficial. Nevertheless, even if the detectivity is greater for a single 
absorber detector, the cascade detectors are characterized by a higher speed of operation. 
Thus, the normalized signal-to-noise ratio is only one of the parameters that can be opti-
mized. In order to improve the speed of the detector’s operation, its architecture should also 
be optimized, including the thickness of individual absorbers.
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