
Opto-Electronics Review 31 (2023) e144549 

  

Opto-Electronics Review 

 
journal homepage: https://journals.pan.pl/opelre 

 

 

https://doi.org/10.24425/opelre.2023.144549 
1896-3757/ Association of Polish Electrical Engineers (SEP) and Polish Academic of Sciences (PAS). Published by PAS 

© 2023 The Author(s). This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). 

Electro-optical performance and anisotropic transport study of 

a Ga-free type-II superlattice barrier structure 

Maxime Bouschet 1,2*, Vignesh Arounassalame 3, Anthony Ramiandrasoa 3, Jean-Philippe Perez 1,  

Nicolas Péré-Laperne 2, Isabelle Ribet-Mohamed 3, Philippe Christol 1 

1IES, Université de Montpellier, CNRS, 860 Saint Priest St., F-34000 Montpellier, CEDEX 5, France  
2LYNRED, BP 21, 364 de Valence Ave., 38113 Veurey-Voroize, France 

3ONERA, Chemin de la Hunière, F-91761 Palaiseau Cedex, France  

 

 

Article info  Abstract 

Article history: 

Received 21 Sep. 2022 

Received in revised form 16 Nov. 2022 

Accepted 19 Dec. 2022 

Available on-line 24 Feb. 2023 

 In the past ten years, InAs/InAsSb type-II superlattice has emerged as a promising 

technology for high-temperature mid-wave infrared photodetector. Nevertheless, transport 

properties are still poorly understood in this type of material. In this paper, optical and 

electro-optical measurements have been realised on InAs/InAsSb type-II superlattice mid-

wave infrared photodetectors. Quantum efficiency of 50% is measured at 150 K, on the front 

side illumination and simple pass configuration. Absorption measurement, as well as 

lifetime measurement are used to theoretically calculate the quantum efficiency thanks to 

Hovel’s equation. Diffusion length values have been extracted from this model ranging from 

1.55 µm at 90 K to 7.44 µm at 200 K. Hole mobility values, deduced from both diffusion 

length and lifetime measurements, varied from 3.64 cm²/Vs at 90 K to 37.7 cm²/Vs at 200 K. 

The authors then discuss the hole diffusion length and mobility variations within temperature 

and try to identify the intrinsic transport mechanisms involved in the superlattice structure. 

Keywords:  

Infrared photodetector; type-II 

superlattice; barrier structure; Ga-free; 

transport; anisotropy. 

 

 

1. Introduction  

In the past decade, the infrared detection field has been 

focused on the emergence of the type-II superlattice 

(T2SL) technology. Indeed, until now, the InSb and 

HgCdTe (MCT) infrared photodetectors are the leading 

technologies in the mid-wave infrared (3–5 µm) spectral 

range. However, despite high performances reached, InSb 

and MCT have some limits: for example, InSb suffers from 

a low Shockley-Read-Hall lifetime, close to 700 ns [1] 

limiting its operating temperature between 80 K and 90 K. 

On the other hand, MCT is challenging to manufacture and 

a few providers can handle it [2]. In this context, strain-

balanced InAs/InAsSb T2SL on GaSb substrate, especially 

combined with a barrier structure design, called XBn [3], 

seems promising to address some of these limitations. 

Thus, T2SL takes advantage of GaSb large format 

substrates, III-V strong uniformity, and the use of the XBn 

barrier design allows the reduction of the dark current 

leading to an enhancement of the operating temperature 

[4, 5]. 

Nevertheless, InAs/InAsSb material has two significant 

disadvantages: being a type-II quantum well structure, the 

hole and electron are spatially separated, leading to a wave 

function overlap degradation and, thus, the light absorption 

reduction in comparison with InSb and MCT bulk material.  

Also, InAs/InAsSb is a very anisotropic structure with 

a great hole confinement along the growth direction 

generating a very heavy hole mass [6]. Moreover, several 

experimental studies show very poor hole mobility along 

the z-axis, close to 10 cm²/Vs at 150 K [7], very far  

from MCT and InSb values, between 100 cm²/Vs and 

500 cm²/Vs, respectively [2, 8]. 

For these two reasons, it was thought for a long  

time that it would not be possible to reach important 

performances, particularly in terms of quantum efficiency 

with Ga-free T2SL materials [9]. However, this technology 

now demonstrates significant performances with quantum *Corresponding author at: maxime.bouschet@ies.univ-montp2.fr 
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efficiency values higher than 50% at 150 K, on a simple 

pass [4, 10, 11]. In this paper, a focused effort has been 

invested into the transport properties of minority carriers to 

explain and understand the performances obtained. The 

authors then seek to discuss the intrinsic transport 

mechanisms involved in the superlattice structure.  

2. Materials and devices 

Based on Ref. 4, two types of heterostructures have 

been studied [Fig. 1(a)], both grown on n-type GaSb: Te-

doped (100) substrates by a 412 Riber molecular beam 

epitaxy. The first type, called “test sample” allows to focus 

the authors’ study on the InAs/InAsSb T2SL properties, 

especially for optical absorption and magneto-absorption 

measurements. Indeed, this test sample consists of a 

400 nm GaSb buffer layer, followed by a 3 µm thick layer 

of an InAs/InAsSb T2SL absorbing layer, and finally 

capped by a 100 nm GaSb layer. The InAs/InAsSb T2SL is 

designed with a 35% Sb and with InAs and InAsSb 

thicknesses of 3.9 nm and 1.3 nm, respectively.  

The second type of heterostructure is a barrier structure 

[Fig. 1(b)] composed of a 400 nm GaSb buffer layer, a 

100 nm highly doped T2SL InAs/InAs0.65Sb0.35 bottom 

contact layer, a 3 µm InAs/InAs0.65Sb0.35 T2SL absorbing 

layer, a 120 nm AlAs0.09Sb0.91 barrier layer, and, finally, 

capped by a 80 nm InAs/InAs0.65Sb0.35 T2SL (top contact 

layer). Residual doping of InAs/InAs0.65Sb0.35 T2SL layers 

is determined by capacitance-voltage measurement [12] 

close to 3·1015 cm−3 (n-type) and the one of AlAs0.09Sb0.81 

barrier layer is estimated close to 2 · 1016 cm−3 (p-type). 

This intrinsic p-type nature of the barrier layer creates  

a pn-junction with the absorber interface. Thus, a part of 

the absorber layer is depleted. Therefore, although the dark 

current is reduced, a generation-recombination (GR) dark 

current component is still present in this structure. This 

shows that the design of the structure is not optimized at 

this time. Nevertheless, it was decided to leave the barrier 

layer non-intentionally doped with a p-type residual doping 

since the authors are aware that the accurate n-type doping 

of AlAsSb is hard to manage. As this point is not discussed 

in this study, the authors will situate themselves here in the 

case of an ideal diffusion-limited barrier structure. 

The barrier structure is then processed into discrete 

detectors with diameters ranging from 60 µm to 310 µm 

using standard photolithography techniques. Deep etching 

through the total absorber layer is performed to perfectly 

isolate each photodiode and suppress lateral contribution 

[13]. Barrier structures are used to perform electrical and 

electro-optical measurements such as current voltage or 

quantum efficiency. 

3. Measurements 

The performances of the authors’ devices mainly 

depend on two figures of merit: electrically, on the dark 

current diffusion, and electro-optically, on the quantum 

efficiency. Based on (1) the first one depends on ni, the 

intrinsic carrier concentration, the product of the doping 

level ND, the minority lifetime τ, the electric charge q, and, 

finally, on the diffusion length LD. According to (2), the 

diffusion length is a function of the minority carrier 

mobility µ and the minority carrier lifetime τ. On its side, 

the quantum efficiency mainly depends on α, the 

absorption coefficient, and LD, the diffusion length.  

Jdiffusion =
 q⋅ ni

2

ND  ⋅ τ
LD (1) 

LD =  √μτ (
kT

q
)  . (2) 

3.1. Lifetime measurements 

The authors start with minority carrier lifetime 

measurements directly performed on barrier structure 

[Fig. 1(b)] through the time-resolved photoluminescence 

(TRPL) technique [14].  

Fig. 2 shows minority carrier lifetime values measured 

between 77 K and 260 K. The first regime can be observed, 

below 200 K, corresponding to a Shockley-Read-Hall 

(SRH) limited regime, where the lifetime remains almost 

constant with an approximate value of 1 µs. This value is 

lower than the one recently reported in the literature for 

similar Ga-free T2SL [10] but proves the material quality 

of the grown structure. Above 200 K, the lifetime decreases 

rapidly, from 1 µs at 200 K to 220 ns at 260 K, 

corresponding to an Auger limited regime. Indeed, at 

 

Fig. 1. InAs/InAsSb T2SL heterostructures schematic cross 

section: test sample structure (a) and barrier structure (b).  

 

 

Fig. 2. Minority carrier lifetime measured as a function of 

temperature, between 77 K and 260 K.  
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200 K, the intrinsic carrier density is of the same order of 

magnitude as the non-intentionally doped level of the 

absorbing layer (ni~2·1015 cm−3). Consequently, a high 

concentration of carriers in the conduction band results in 

an important Auger recombination rate.  

3.2. Optical absorption measurements 

Fig. 3 shows the absorption coefficient as a function of 

wavelength for temperatures ranging from 90 K to 300 K, 

measured on the authors’ test sample structure. The 

absorption coefficient is deduced from two-step 

transmission measurements. The first one is performed on 

the test sample [Fig. 1(a)] since the second one is 

performed on the only GaSb substrate used for the growth.  

The black arrows in Fig. 3 clearly show different energy 

transitions of the superlattice at 150 K. The lowest energy 

transition, corresponding to a transition between the first 

heavy hole miniband (HH1) to the first electron miniband 

(E1), allows to reach the energy gap value of the structure: 

Eg(150 K) = 240 meV. At higher energies, transition from 

the light hole miniband (LH1) to the electron miniband and 

transition from the second heavy hole miniband (HH2) to 

the electron miniband can be observed at 290 meV and 

430 meV, respectively. The figure also shows an important 

red shift of the absorption edge with temperature associated 

with decreasing energy bandgap of the superlattice with 

temperature. At 3.4 µm, the absorption coefficient reaches 

𝛼 = 4800 cm−1 at 150 K. This value seems quite good in 

comparison with already published values in the literature 

[10, 15, 16].  

The absorption of the light through the sample is then 

calculated from the measured absorption coefficient and 

Fig. 4 shows that 76% of the light is absorbed by a 3 µm 

thick absorbing layer, on a simple pass at 3.4 µm and 

150 K. It is assumed that all the generated carriers are 

collected, meaning that the internal quantum efficiency 𝜂𝑖𝑛𝑡 

is equal to 1 and that 30% of the light is reflected by the 

surface. From (3), it is, therefore, possible to estimate the 

maximum external quantum efficiency value of the 

structure, with 𝜂𝑒𝑥𝑡 − the external quantum efficiency, 𝑅 – 

the reflection at the surface, 𝐴 – the absorption through the 

absorbing layer, and 𝜂𝑖𝑛𝑡 – the internal quantum efficiency.  

η
ext

= (1 − R) ∙ A ∙ η
int

 . (3) 

Thus, a maximum external quantum efficiency close to 

53 % can be deduced, corresponding to the state-of-the-art 

values [4, 17, 18].  

3.3. External quantum efficiency measurements 

The authors are looking now to verify the estimated 

value of the external quantum efficiency. Thus, a quantum 

efficiency measurement on the T2SL barrier structure was 

performed [Fig. 1(b)] using a blackbody source cavity CI 

Systems SR-200 and a narrow bandpass filter [3 µm; 

3.5 µm], more details can be found in Ref. 19. 

Fig. 5 shows the external quantum efficiency measured 

at 150 K, with an operating bias of −0.35 V on the barrier 

device. A value slightly higher than 50% can be observed 

at 3.4 µm, in perfect accordance with the expected value. 

This result confirms that the internal quantum efficiency is 

close to 1, meaning that all the generated carriers are 

collected. Thus, the minority carrier diffusion length is 

higher than 3 µm, that is the absorbing layer thickness. To 

verify this result, the authors are looking now for the 

minority carrier mobility in the T2SL.  

 

Fig. 3. Absorption coefficient measured on the InAs/InAsSb 

test sample for different temperatures. 

 

 

Fig. 4. Light absorption as a function of the absorbing layer 

thickness calculated from the absorption coefficient at 

T = 150 K and  = 3.4 µm. 

 

 

Fig. 5. External quantum efficiency measured on the 

InAs/InAsSb barrier device at 150 K, for an operating 

bias of −0.35 V. 

 

 

Fig. 3. Absorption coefficient measured on the InAs/InAsSb 

test sample for different temperatures. 
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3.4. Band structure calculations and Hovel model 

Miniband dispersion of the InAs/InAsSb test sample is 

calculated from an eight-band k·p model at 150 K, along 

the in-plane (x,y) and the growth (z) directions. Parameters 

of the k·p model have been determined from magneto-

absorption measurements performed on the test sample at 

150 K, all details of the set-up and parameters used for the 

calculation can be found in Ref. 20. 

Fig. 6 shows the electron (E1), first heavy hole (HH1), 

first light hole (LH1), and second heavy hole (HH2) 

minibands. The figure illustrates a strong anisotropy of the 

InAs/InAsSb superlattice structure between the in-plane 

and growth directions, especially for the HH1 miniband. 

Indeed, the HH1 miniband is quite dispersive along the in-

plane direction while being close to flat along the growth 

direction, implying a very heavy mass. Heavy hole masses 

have been extracted from Fig. 6. 

{
mHH1

* (z) = 2.5 ∙ m0

mHH1
* (x, y) = 0.35 ⋅ m0

 . (4) 

Thus, a heavy hole in-plane value of 0.35∙m0, close to 

the InAs bulk value and a growth-direction value of 2.5∙m0 

(4) were obtained. This order of magnitude means that the 

heavy holes are very confined along the growth direction 

and that the associated mobility is poor. This low vertical 

mobility should impact the diffusion length and the 

collection of carriers. 

The Hovel model was used to theoretically calculate the 

external quantum efficiency and extract the minority carrier 

diffusion length and mobility associated. The Hovel’s 

model, described in more detail in Ref. 19, depends on a 

few parameters 

• absorption coefficient, already measured,  

• reflection coefficient, calculated from the classical 

Snell-Descartes law,  

• depletion thickness, extracted from our simulation and 

capacitance-voltage measurements, 

• minority carrier diffusion length.  

The latter is used as a fitting parameter and can be extra-

cted from the comparison between the experimental value 

and the theoretical one calculated from the Hovel model.  

Fig. 7 shows the comparison between the external 

quantum efficiency calculated from the Hovel model with 

the experimental values, at 90 K, 150 K, and 200 K, and 

their corresponding operating bias. A very good agreement 

despite the relative simplicity of the model can be observed. 

Minority carrier diffusion length used to fit the 

experimental quantum efficiency is extracted and reported 

in Fig. 8. A diffusion length value of 3.7 µm is extracted at 

150 K, slightly higher than an absorbing layer thickness of 

3 µm. This value confirms that all generated carriers  

are collected. Heavy hole mobility of 10 cm²/Vs at 150 K 

is then deduced from Hovel diffusion length value  

and lifetime measurements (2). This very poor mobility 

 

Fig. 6. In-plane (kx) and growth directions (kz) miniband 

dispersion calculated at 150 K from an eight-band k·p 

model, d is the superlattice period. Figure from Krizman 

et al. [20]. 

 

 

Fig. 7. Comparison of the measured and theoretical (Hovel’s 

model) external quantum efficiency at 90 K, 150 K, and 

200 K. 

 

 

Fig. 8. Minority carrier diffusion length LDHovel and mobility 

µHovel extracted from Hovel model as a function of the 

temperature. 
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illustrates the strong confinement of heavy holes within the 

superlattice. What is more interesting, both diffusion length 

and mobility continuously increase with temperature, 

without following the corresponding classical temperature 

behaviours in 𝑇−3 2⁄  or 𝑇3 2⁄ . This dependence is related to 

the minority carrier transport mechanisms involved in the 

superlattice.  

4. Discussion 

Two main mechanisms are discussed in the literature 

[21] and are illustrated schematically in Fig. 9 to describe 

the mobility. When the wavefunction overlap is important, 

there is a strong coupling between all quantum wells of the 

superlattice. In this case, a large energy miniband occurs 

allowing the transport of all generated carriers through the 

superlattice structure: it is a miniband transport. Otherwise, 

if the wavefunction overlap is degraded, due, for example, 

to a large period superlattice or by the presence of disorder 

[22], there is no coupling between each quantum well and 

the miniband cannot be created. The transport is then 

provided by hopping between discrete energy levels into 

each quantum well.  

In this case, energy is needed to ensure the transport and 

a strong temperature dependence can be observed [23]. In 

the temperature range of 77–230 K, the observed 

temperature dependence of the mobility, as well as the poor 

mobility values (Fig. 8) suggest a hopping transport 

through the superlattice. In addition, at T = 150 K, the 

calculated band diagram [20] exhibits a large miniband 

width of 390 meV for the electron band but a very thin band 

of 8 meV for the heavy hole band. Following the criteria 

recently discussed by Klipstein et al. [21] and based on 

Mott theory [24, 25] this thin heavy hole miniband width 

illustrates a very poor coupling between each quantum  

well of the superlattice, inducing a hopping transport 

mechanism.  

5. Conclusions  

In summary, transport properties of a mid-wave 

infrared InAs/InAsSb T2SL have been considered to 

explain significant quantum efficiency value higher than 

50% measured at 150 K, despite the high confinement of 

holes into InAsSb wells. The Hovel model is used to 

calculate the external quantum efficiency. As a result, 

minority carrier diffusion length is extracted from the 

comparison between the experimental value and the Hovel 

calculation. A diffusion length of 3.7 µm at 150 K is 

obtained, slightly higher than the absorbing layer, 

confirming that all generated carriers are collected. 

Minority carrier mobility is then deduced from the Hovel 

diffusion length and lifetime measurements. Very poor 

mobility of 10 cm²/Vs is obtained at 150 K, confirming the 

strong confinement of holes into InAsSb wells. For both 

diffusion length and mobility, a continuous increase with 

temperature was observed. This temperature behaviour is 

directly related to the transport mechanisms involved in 

Ga-free superlattices. This strong temperature dependence, 

as well as low mobility values seem to prove that a hopping 

transport mechanism occurs between 77 K and 230 K, due 

to localised states close to the miniband.  
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