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Abstract
This paper presents the performance of an interband cascade long-wavelength infrared detector designed for high operating 
temperatures supported by immersion lenses. The device is based on the “Ga-free” InAs/InAsSb type-II superlattice with 
highly doped  p+/n+ superlattice tunneling junctions connecting adjacent stages. Detectivity of the multi-junction heterostruc-
ture detector exceeding  1010 cm  Hz1/2/W was estimated at wavelength λ ~ 9 µm and T = 210 K and ~ 3 ×  108 cm  Hz1/2/W for 
T = 300 K, achieving a tenfold improvement in detectivity in comparison to a device without an immersion lens and 30-fold 
improvement in detectivity in comparison to the single-stage device.
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Introduction

To fabricate a detector achieving optimal performance, the 
device design rules should be very simple and straightfor-
ward. The absorber must be optimized for the best α/gth ratio 
(where αis the absorption coefficient and gthis the thermal 
generation rate) at a given wavelength (λ) and operating 
temperature (T). In the case of long-wave infrared radiation 
(LWIR) photodiodes operating at higher operating temper-
ature (HOT) conditions, the optimized absorber thickness 
(comparable to the absorption depth ~ 1/α) is usually thicker 
than the carrier diffusion length, meaning that only a limited 
portion of photogenerated carriers contribute to the quantum 
efficiency (QE), which significantly limits the potential per-
formance. Taking that into consideration, the active layer 
thickness must be less than the ambipolar diffusion length of 
the  carriers. That problem could be circumvented by using a 
multi-junction structure developed and demonstrated based 

on bulk materials by Piotrowski et al.,1 where thin absorbers 
with thickness comparable to the carrier diffusion length 
were connected in series, making the total thickness of all 
absorbers close to the radiation absorption depth (~1/α). An 
example of the multi-junction device is an interband cascade 
photodetector (ICP) built of active, relaxation and tunneling 
regions based on the InAs/GaSb and InAs/InAsSb type-II 
superlattices (T2SLs) originally presented by Yang et al.1–5 
Yang et al. demonstrated ICIP with an AlSb/GaSb tunneling 
region connecting adjacent stages with T2SLs InAs/GaSb 
active layers. In our approach, we simplified the connecting/
tunneling region by using a highly doped  p+/n+ tunnel junc-
tion based on the same material as the active layer (in terms 
of the bandgap energy)—T2SLs “Ga-free” InAs/InAsSb. 
The ICIP structure itself, if properly designed, should 
increase performance in terms of the quantum efficiency 
and shot noise suppression, leading to higher detectivity 
(D*). Further performance improvement could be obtained 
by increasing the optical area (Ao) to electrical area (Ae) ratio 
by implementation of the immersion lens, where detectivity 
scales (n2, where n is the GaAs refractive index) according 
to the equation:

(1)D
∗
Peak

∼

(

Ao

Ae

)1∕2

.
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In this paper, the GaAs hyperhemispherically immersed 
multi-junction device is demonstrated, with increased Ao/Ae 
ratio and improved D*. The detector structure was grown by 
molecular beam epitaxy (MBE) on a 1.1 mm-thick GaAs 
substrate (converted into a hyperhemispherical immersion 
lens) based on a T2SLs InAs/InAsSb absorber, bulk barrier 
layer and highly doped  n+/p+ T2SLs InAs/InAsSb connect-
ing regions. Detectivity of the multi-junction heterostruc-
ture detector exceeding  1010 cm  Hz1/2/W was measured at 
wavelength, λ ~ 9 µm and T = 210 K [three-stage thermoelec-
tric (TE) cooling] and ~ 3 ×  108 cm  Hz1/2/W for T = 300 K, 
achieving a tenfold improvement in detectivity in compari-
son to the device without the immersion lens and 30-fold 
improvement in D* in comparison to the single-stage device 
with net active layer thickness of 2.2 µm, comparable to the 
net thickness of the three-stage cascade detector.

Detector Architecture

The series of T2SLs InAs/InAsSb-based detectors, includ-
ing one-stage (2.2  µm-thick absorber) and three-stage 
(1.86 µm-thick net absorber) cascade multi-junction struc-
tures, were grown by a RIBER Compact 21-DZ solid 
source MBE system, on 2″ semi-insulating 1.1 mm-thick 
GaAs (001) substrates, and are presented in Fig. 1.6,7 The 
250 nm GaAs smoothing layer was deposited, and next a 
1 µm-thick GaSb buffer layer was grown by the IMF tech-
nique. The structure was built of the single 0.62 µm-thick 

absorber (9.99 nm period “Ga-free” T2SLs: InAs 7.58 nm/
InAsSb 2.41 nm, xSb = 0.38), 0.59 µm-thick  N+ contact layer, 
0.21 µm interface/gradient layers, bulk barrier, highly doped 
0.175 µm  p+/n+ tunneling regions and 0.12 µm  p+ top con-
tact layer.

Several multi-stage cascade structures have been pro-
posed based on T2SLs InAs/GaSb and InAs/InAsSb active 
layers, relaxation and tunneling regions e.g. AlAs/GaSb 
making the detector difficult to grow. In this work, the adja-
cent stages were connected by a traditional highly doped 
 p+/n+ tunneling junction built the same as the active layer 
T2SLs InAs/InAsSb (the same bandgap energy) supported 
by the grading layer to facilitate tunneling. The schematic 
energy band diagram of the LWIR InAs/InAsSb T2SL 
multi-junction cascade detector with the  p+/n+ tunneling 
region connecting stages under unbiased and HOT condi-
tions is presented in Fig. 2 (region colors correspond to 
the structures presented in Fig. 1). The Si and Be dopants: 
ND ~  1019  cm−3 and NA ~ 2 ×  1019  cm−3 for  n+ (45 nm) and 
 p+ layers (130 nm) were used during the MBE growth, 
respectively.

Detector Performance

The current–voltage (JDark–V) characteristics and differential 
resistance (R) were measured for 3-TE (210 K) for the three-
stage immersed detector and are presented in Fig. 3a. For 
bias V = −100 mV, JDark was ~ 375 mA with corresponding 

(a) (b) (c)

Fig. 1  The LWIR T2SL InAs/InAsSb barrier detector (single-stage detector) (a), multi-junction, three-stage cascade detector with  p+/n+ con-
necting regions (b) and three-stage  cascade detector with  p+/n+ connecting regions supported by GaAs immersion lens (c).
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R ~ 540 Ω. The λcut-off ~ 10.5 µm at 210 K was extracted from 
the spectral response curves and is presented in Fig. 3b. 
For λPeak ~ 8 µm the current responsivity reaches ~ 0.6 A/W 
while the detectivity reaches ~  1010 cm  Hz1/2/W for the GaAs 

hyperhemispherically immersed detector and unbiased con-
ditions, respectively.

The highly doped  n+/p+ T2SLs InAs/InAsSb tunneling 
junction connecting adjacent stages generally slightly dete-
riorates the long-wavelength response. Since that region is 
thinner than the active layer, it does not influence D*. This is 
a trade-off between long-wave spectral response and material 
growth complexity. One order of magnitude improvement in 
D* scaling with ~ n2 (n—GaAs refractive index) was reached 
in comparison to the detector without the immersion lens as 
presented in Fig. 3b.

For comparison purposes, Fig. 4 presents results for 
230 K reached by 2-TE. For bias V = −100 mV, JDark was 
1.7 mA with corresponding R ~ 88 Ω. For λPeak ~ 7.3 µm, the 
current responsivity reaches 0.25 A/W with detectivity of 
3.6 ×  109 cm  Hz1/2/W for unbiased conditions, respectively. 
Room temperature performance is presented in Fig. 5, where 
for bias V = −100 mV, JDark was 5.1 mA with corresponding 
R ~ 23 Ω. For λPeak ~ 7.5 µm, the current responsivity reaches 

Fig. 2  The schematic energy band diagram of the LWIR InAs/InAsSb 
T2SL multi-junction cascade detector with  p+/n+ tunneling region 
connecting stages for unbiased and HOT conditions.

Fig. 3  Dark current and differential resistance (a), detectivity and current responsivity (b) at 210 K and unbiased condition for LWIR T2SL 
InAs/InAsSb multi-junction cascade detector with  p+/n+ connecting regions without immersion lens and supported by GaAs immersion lens.

Fig. 4  Dark current and differential resistance (a), detectivity and current responsivity (b) at 230 K and unbiased condition for LWIR T2SL 
InAs/InAsSb multi-junction cascade detector with  p+/n+ connecting regions without immersion lens and supported by GaAs immersion lens.
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0.056 A/W while the detectivity reaches 4.2 ×  108  cm 
 Hz1/2/W for unbiased conditions, respectively. The detailed 
comparison of the D* for selected wavelengths, λ = 2.5, 4, 
6, 8, 10 µm, T and unbiased conditions is presented in the 
Table I.

An improvement in D* for the multi-heterojunction device 
in comparison to the single absorber detector scales versus 
absorption coefficient and carrier diffusion length product 
αL according to the relation as:

assuming αL <  < 1.2 That allows us to estimate the αL prod-
uct, and subsequently L. For λcut-off ~ 10 µm, the reported 
absorption coefficient for LWIR and HOT (210–300 K) 
ranges from 1400 to 1700  cm−1.7 To achieve a fully opti-
mized device, the active layer thickness should be 106 nm 
thick for T = 300 K as suggested in Table II, but with a larger 
number of cascade stages. That number scales versus the 
absorption coefficient and the single-active-layer thick-
ness product αd could be approximated by the following 

(2)D
∗
ICIP

∕D∗
Single

∼ 0.42∕(aL)1∕2,

equations (assuming α = 166900   m−1 and d ~ 106  nm, 
T = 300 K):

• Ns = (2αd)−1—when gain is not included—which gives 
30;

• Ns = (1.25αd)−1—when gain is included—which gives 
48.

Figure 6 presents the detectivity performance compari-
son of the GaAs hyperhemispherically immersed three-stage 
T2SLs InAs/InAsSb-based detector developed in this work 
with the T2SLs InAs/GaSb-based ICIPs operating at 300 K, 
with quantum cascade detectors (QCD) operating at 100 K 
and multi-junction HgCdTe PVM. In addition, the immersed 
detector was compared to that without immersion for a 
wavelength of 10 µm. The medium-wave infrared (MWIR) 
QCDs reaches D* ~ 2 ×  1011 cm  Hz1/2/W for λPeak ~ 4 µm 
and D* ~ 6 ×  109 cm  Hz1/2/W for λPeak ~ 5.75 µm requiring 
higher cooling (T = 100 K) to operate than ICIPs.8 Lotfi et al. 
demonstrated T2SLs InAs/GaSb/Al0.2In0.8Sb/GaSb ICIPs 
reaching D* ~ 5.85 ×  109 cm  Hz1/2/W for λPeak = 2.1 µm and 

Fig. 5  Dark current and differential resistance (a), detectivity and current responsivity (b) at 300 K and unbiased condition for LWIR T2SL 
InAs/InAsSb multi-junction cascade detector with  p+/n+ connecting regions without immersion lens and supported by GaAs immersion lens.

Table I.  The LWIR T2SLs 
InAs/InAsSb based ICIP 
detector and single absorber 
performance for unbiased 
conditions

3im, GaAs immersed detector; λLWIR-Peak, peak wavelength within LWIR range

T (K)/0 V Ns λcut-off (µm) λLWIR-Peak (µm) λ = 2.5 µm λ = 4 µm λ = 6 µm λ = 8 µm λ = 10 µm
D* (Jones) D* (Jones) D* (Jones) D* (Jones) D* (Jones)

210 1 9.6 7.9 1.01 ×  108 1.9 ×  108 2.2 ×  108 2.9 ×  108 1.6 ×  108

3 10.1 7.5 6.1 ×  108 8.2 ×  108 6.5 ×  108 6.4 ×  108 3.7 ×  108

3im 10.5 8 6.5 ×  109 9.8 ×  109 8.4 ×  109 1.0 ×  1010 3.1 ×  109

230 1 9.8 7.9 3.4 ×  107 7.4 ×  107 9.2 ×  107 1.2 ×  108 7.3 ×  107

3 10.3 7.5 1.9 ×  108 3.1 ×  108 2.5 ×  108 2.5 ×  108 2.1 ×  108

3im 10.3 7.3 1.3 ×  109 3.1 ×  109 4.1 ×  109 3.5 ×  109 1.9 ×  109

300 1 10.4 7.9 2.1 ×  106 7.6 ×  106 1.1 ×  107 1.5 ×  107 7.3 ×  106

3 10.8 7.5 0.13 ×  108 0.28 ×  108 0.29 ×  108 0.31 ×  108 0.292 ×  108

3im 10.8 7.5 1.3 ×  108 3 ×  108 4 ×  108 3.7 ×  108 2.8 ×  108
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T = 300 K.9 MWIR equal absorbers ICIPs T2SLs InAs/GaSb 
were presented by Tian et al., Li et al., Yang et al., Gautam 
et al. and Kubiszyn et al. (Kubiszyn et al. deposited ICIP on 
GaAs with a GaSb buffer layer).10–14 Huang et al. presented 
a LWIR device with λPeak = 7 µm.15 The LWIR matched-
absorber detector was demonstrated by Lei et al. and Hack-
iewicz et al.15–17 The matched-absorbers ICIP reaches ~  108 
cm  Hz1/2/W for wavelength λ ~ 8 µm, twice as high as for the 
multi-junction PVM HgCdTe operating at 300 K.18 Compar-
ing the three-stage ICIP T2SLs InAs/InAsSb-based detector 
with 10.6 µm PVM HgCdTe reaching ~ 1.3 ×  107 cm  Hz1/2/W, 
the non-immersed ICIP device exhibits ~ 3 ×  107 cm  Hz1/2/W 
for 300 K. With GaAs immersed, D* reaches ~ 3 ×  108 cm 
 Hz1/2/W for 300 K.

Conclusions

The GaAs hyperhemispherically immersed LWIR T2SLs 
InAs/InAsSb-based cascade photodetector with highly 
doped  p+/n+ connecting regions for HOT conditions was 
designed, grown and processed. Detectivity of the immersed 
multi-junction heterostructure detector exceeding  1010 cm 
 Hz1/2/W was measured at wavelength λ ~ 9 µm and T = 210 K 
[three-stage thermoelectric (TE) cooling] and ~ 3 ×  108 cm 
 Hz1/2/W T = 300 K, achieving a tenfold improvement in 

detectivity in comparison to the device without an immer-
sion lens and 30-fold improvement in D* in comparison to 
the single-stage device with net active layer thickness of 
2.2 µm, comparable to the net thickness of the three-stage 
cascade detector. Comparing the three-stage ICIP T2SLs 
InAs/InAsSb-based detector with 10.6 µm PVM HgCdTe 
reaching ~  1.3 ×  107 cm  Hz1/2/W, the non-immersed ICIP 
device exhibits ~ 3 ×  107 cm  Hz1/2/W while GaAs-immersed 
D* reaches ~ 3 ×  108 cm  Hz1/2/W for 300 K.
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