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Abstract 

 

By exploring a semi-empirical model, the saturation current density J0 is identified to manifest the 

significant difference in carrier lifetime between interband cascade devices (ICDs) and intersubband 

quantum cascade devices (QCDs).  Based on this model, the values of J0 have been extracted for a large 

number of ICDs and QCDs from their current-voltage characteristics at room temperature. By analyzing 

and comparing available ICD and QCD data, we demonstrate how J0 can be used as a unified figure of 

merit to evaluate both interband and intersubband cascade configurations for their device functionality. The 

significance of J0 on the performances of mid-infrared detectors and photovoltaic cells is illustrated by 

comparing the measured detectivity (D*) and the estimated open-circuit voltage (Voc), respectively. From 

extracted values of J0, which are more than one order of magnitude lower in ICDs than that in QCDs with 

similar transition energies in active regions, and discussion of the consequences on device performance, the 

advantages of interband cascade configurations over intersubband quantum cascade configurations have 

been clearly revealed based on the same framework. The overall picture for both QCDs and ICDs sheds 

light from the perspective of a united figure of merit, which will provide useful guidance and stimulation 

to the future development of both ICDs and QCDs. 
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1. Introduction 

Mid-infrared (IR) devices are needed to meet the growing demands of many applications such as gas 

sensing (from environmental and chemical-warfare monitoring to detection of pipe leaks and explosives), 

infrared countermeasures (IRCM), IR lidar, thermal imaging, medical diagnostics, free-space 

communications, thermophotovoltaic (TPV) cells, and IR illumination. In the IR spectrum, two major 

families of semiconductor optoelectronic devices operate with cascade configurations. Quantum cascade 

(QC) devices are based on intersubband transitions within the same band (e.g. the conduction band), while 

interband cascade (IC) devices are based on interband transitions between the conduction and valence bands. 

The family of IC devices (ICDs) includes IC lasers [1-4], IC infrared photodetectors (ICIPs) [5-6], and IC 

photovoltaic (ICPV) cells [7-8].  QC devices (QCDs) include QC lasers [9-11] and QC detectors [12-13].  

Although QC structures were also proposed and simulated theoretically [14-15] for PV cells, none have 

been reported experimentally. Both IC and QC devices are based on quantum-engineered layer structures, 

and have been developed nearly in parallel with remarkable advances, especially in lasers [2-4, 9-11]. 

However, they were frequently discussed and presented without reference to their counterparts. In particular, 

there has been no evaluation or comparison based on a common figure of merit to fairly describe their 

characteristics with different device functionalities.  Fundamentally, ICDs and QCDs are very different in 

terms of activated processes and distinct carrier lifetimes, i.e. picosecond range for fast phonon scattering 

in QCDs vs. nanosecond range for Auger and Shockley-Read-Hall (SRH) recombinations in ICDs. 

However, this difference in carrier lifetime and their current-voltage characteristics can be described by a 

single equation based on a semi-empirical model. In this work, such a model is employed to extract the 

saturation current density J0 from many QCDs and ICDs reported in the literature [13, 16-25] and some of 

our unpublished ICDs.  It is shown in this letter that J0 is closely connected to the carrier lifetime and can 

be considered as a unified figure of merit for both QC and IC families of devices to reflect their device 

characteristics and performance.   

Based on more than 20 years of studies on QC lasers (QCLs) and IC lasers (ICLs), it is well known that 

the relatively much longer carrier lifetime in ICDs has resulted in a significantly lower threshold current 

density (Jth) and power consumption at the threshold in ICLs at room temperature compared to that in QCLs. 

This has been demonstrated for a wide IR spectral region (2.7-6 m) [3-4].  The reverse bias characteristic 

data for extracting J0 are not readily available for QCLs as they usually operate under forward bias. Hence, 

our analysis of QCDs mainly focuses on room temperature (RT) QC detectors reported in the literature [13, 

16-20]. Some ICDs included in our study are IC laser structures that were reported previously [21-25], 

while the others were designed as IC light emitting devices (LEDs). Except one device based on type-I 

quantum well active region [23], the active regions of these ICDs are made of an asymmetric “W” quantum 

well (QW) [26] that comprises two InAs electron QW layers on both sides of the GaInSb hole QW layer. 

The number of cascade stages (Nc) for these ICDs is between 6 to 15.  ICDs composed of InAs/Ga(In)Sb 

type-II superlattices (SLs) studied in [27-34] are also included due to their detector and PV performances 

and denoted by “ICD_SL” to differentiate from those having QWs in their active regions. Most of these 

ICDs are square mesa type devices along with several broad area IC lasers.  

 

2. Semi-empirical Model for Dark Current Density 

Since the electronic states near the two ends of each cascade stage are located in a low energy level on 

one end and a high energy level on the other, a potential barrier region is formed between these two ends.  

When a forward bias (positive on the high energy end) is applied to a cascade stage, the number of available 

carriers that can overcome the potential barrier to move from the low energy end to the high energy end is 

increased exponentially with the bias voltage and, consequently, so is the forward current density; while 

the reverse current density approaches a constant (J0) value because the number of carriers that can move 

from the high energy end does not increase with the reverse bias voltage.  Hence, in a semi-empirical model, 
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the current density (Jd) - voltage (V) characteristics in a cascade device with identical cascade stages can be 

described by: 

           
/

0( 1)c bqV N k T

dJ J e= −                                                        (1) 

where q is electron charge, kb is the Boltzmann constant, and T is temperature. Qualitatively, this is similar 

to the diode equation for a p-n junction. Eq. (1) can be derived from a fundamental level with lengthy 

mathematical manipulations, which were discussed in detail in Ref. 35 for ICDs and in Refs. 36-38 for 

QCDs. Here, our approach captures a major feature in cascade devices and provides a simple way to derive 

Eq. (1) for current-voltage characteristics in complicated cascade structures, revealing an instructive 

connection with p-n junctions. This has not been reported previously in the literature and should be 

beneficial in helping promote a better understanding of complex cascade devices.  It has been shown that 

J0 is proportional to the carrier concentration and inversely proportional to the carrier lifetime due to various 

scattering mechanisms such as defects, doping, phonons and Auger recombination. This relationship has 

been explored by us to obtain the carrier lifetime for ICIPs [39].  From Eq. (1), the product of device zero-

bias resistance R0 and area A can be obtained as: 

0

0

c bN k T
R A

qJ
=                                                                       (2) 

and is an important parameter for evaluating detector performance. 

In principle, the value of J0 for ICDs and QCDs can be extracted by fitting the Jd-V curves to Eq. (1).  

However, in a real device, shunt and series resistances (Rshunt and Rs) are often present. Considering these 

factors, the Jd-V curve can be fitted to a modified equation: 

( ) /

0 ( 1)s d c bq V R AJ N k T s d
d

shunt

V R AJ
J J e

R A

− −
= − +                                               (3) 

where A is the device area. 

 

3. Saturation Current Density for Cascade Devices   

According to Eq. (3), the three parameters, J0, Rshunt and Rs, can be extracted by using the least-square 

fitting method. For the fits, the values of Rshunt and Rs were kept in the range of 103-104 and 1-10 , 

respectively. As an example, the measured Jd-V curves and fitting results for a large area (400 m×400 m) 

eight-stage ICD (wafer R083 in Ref. 22) and a fifty-stage QCD (110 m×110 m) [20] at 300 K are shown 

in Fig. 1. The two devices have the same transition energy E of 0.23 eV in the active region at 300 K, 

which is the bandgap for the ICD or the energy separation of the two involved conduction subbands for the 

QCD. As can be seen in Fig. 1, Jd is at least an order of magnitude lower in the ICD than in the QCD. This 

difference is attributed to having comparatively much longer carrier lifetimes in the ICD. We found that 

Eq. (3) provides an excellent fit with the measurements, supporting the validity of the semi-empirical model 

used in this work. Specifically, the extracted J0 (Rshunt) based on Eq. (3) is 0.017 A/cm2 (5945 ) and 1.8 

A/cm2 (6772 ) for the eight-stage ICD and fifty-stage QCD, respectively. The other fitting parameter Rs 

is 5  for the ICD, and 7  for the QCD with a smaller device area.   

Based on the model with fits to Eq. (3), the extracted values of J0 are plotted in Fig. 2 for a number of 

ICDs [21-25] and QCDs [13, 16-20] at 300 K.  As shown in Fig. 2, the value of J0 is more than one order 

of magnitude lower in ICDs than in QCDs with similar E, showing the significant effect of carrier lifetime 

on transport current, which is consistent with the threshold behavior in laser performance for a wide infrared 

spectral region mentioned earlier. It is evident in Fig. 2 that J0 tends to increase exponentially with a 

decrease in E (or inverse wavelength =E/hc where h is Planck’s constant and c is the speed of light) 
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for both ICDs and QCDs. This is because the thermally generated carrier concentration is inversely 

proportional to an exponential function of E. It should be pointed out that ICDs are more sensitive to 

surface leakage currents because of the presence of surface states in their bandgap. Hence the extracted J0 

in Fig. 2 might be more overestimated for ICDs than for QCDs. Because of the substantial variation in 

device area, the product of the resistance and area is a more appropriate quantity as used effectively in Eq. 

(3). Generally, the value of RshuntA extracted from fitting is smaller for QCDs compared to ICDs. However, 

the ratio of RshuntA to R0A is typically higher in QCDs than in ICDs, which reflects the relatively lower 

percentage of surface leakage in QCDs than in ICDs. Moreover, material qualities and processing 

technologies between different groups may differ substantially. Overall, the extracted values of J0 are much 

lower in ICDs than in QCDs, which not only manifests significantly different threshold current densities 

and power consumption in lasers between the two families, but also results in considerable differences in 

detector and PV device performance as discussed in next two sections. The very significant difference in J0 

between ICDs and QCDs is fundamentally attributed to their distinctive carrier lifetimes as J0 is inversely 

proportional to the lifetime. In QCDs, longitudinal optical (LO) phonon scattering is dominant and fast (in 

ps or shorter) between and within the conduction subbands of the QWs. In ICDs and at high temperatures, 

Auger and SRH (through defects) processes are the main scattering mechanisms. With interband transitions, 

the carrier lifetime is in the nanosecond range and is three orders of magnitude longer than for phonon 

scattering. The extracted J0 is much lower in ICDs compared to in QCDs, which unambiguously confirms 

the much longer lifetime in ICDs (~ns) than in QCDs (~ps).     

    

 

Fig. 1. The measured and fitted Jd-V curves for a 8-stage ICD and a 50-stage QCD at 300 K. The ICD and 

QCD were mentioned in Ref. 22 (wafer R083) and Ref. 20, respectively. 
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Fig. 2. The extracted values of J0 for ICDs and QCDs at 300 K. Some ICDs have been described previously 

in Refs. 21-25, while others are from our unpublished studies. The QCDs are from Refs. 13 and 16-20.  

 

4. Effect of J0 On the Performances of Detectors  

The saturation current density J0 is a measure of Johnson noise in a photodetector. The R0A mentioned 

in Eq. (2) is also reflected in the specific detectivity D*, which is essentially a measure of signal to noise 

ratio – a common figure of merit for a photovoltaic photodetector operating at zero bias, and is defined by: 

 
* 0

4
i

b

R A
D R

k T
=                                                                 (4) 

where Ri is the responsivity. The measured peak Ri for ICDs and QCDs at 300 K is shown in Fig. 3 (a). In 

addition to some of the ICDs presented in Fig. 2, another two ICDs (devices A and B in Ref. 5) and ICD_SLs 

from Refs. 27-34 are included in Figs. 3 (a) and (b). As can be seen in Fig. 3(a), the peak Ri is generally 

higher in ICDs than in QCDs, and is especially high in ICD_SLs with SL absorbers used for enhancing 

absorption. The lower Ri in QCDs is partially attributed to the low escape probability pe that is proportional 

to the carrier lifetime [13, 40] for QCDs, while this value is close to unity for ICDs with the much longer 

lifetime [6]. Another reason might be related to the polarization selection rule for intersubband transitions 

in conduction band QWs [40-41], which prohibits the absorption of normal incidence light in QCDs. To 

accommodate normal incidence light, QCDs typically have facets made by polishing at an angle of 45o to 

the growth direction. In addition, an improved responsivity can be achieved for intersubband photodetectors 

by employing a photonic metamaterial that can enhance the light-matter interaction. This was recently 

demonstrated in QW IR photodetectors (QWIPs) with photo-conductive gain near 9 m at RT [42], in 

which the responsivity (~0.2 A/W) in the QWIP is comparable to those in ICD_SLs as shown in Fig. 3(a). 

However, due to significant noise with a high dark current density, its detectivity D* (~2.8×107 Jones) is 

about one order of magnitude lower than that in ICD_SLs with similar E as shown in Fig. 3(b). 
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Fig. 3. Measured peak (a) responsivities and (b) detectivities for ICDs, ICD_SLs and QCDs at 300 K. In 

addition to some of the ICDs presented in Fig. 2, two ICDs (devices A and B in Ref. 5) and all ICD_SLs 

from Refs. 27-34 are included. One QWIP is from Ref. 42. 

  

According to Eqs. (2) and (4), D* is inversely proportional to the square root of J0. The measured peak 

D* values at 300 K for the studied ICDs and QCDs are shown in Fig. 3 (b). As can be seen in this figure, 

the values of D* are nearly one order of magnitude higher for ICDs than for QCDs. At 300 K, the attainable 

D* in most QCDs is less than 3×107 Jones due mainly to a high J0, while most D* values for ICDs are higher 

than 1×108 Jones and some even exceed 1×109 Jones. Also, the difference in D* between ICDs and QCDs 

is more significant compared to the difference in Ri between them. This stems from more than one order of 

magnitude lower Jo in ICDs than in QCDs even though the number of cascade stages Nc (<15) in the ICDs 

is less than in the QCDs (≥30).  If they had the same Nc, the value of D* would be increasingly larger in 

ICDs than in QCDs. According to Eqs. (2) and (4), D* is proportional to the square root of the number of 

cascade stages if Ri is unchanged. This is approximately correct when individual absorbers are made of a 

pair QWs or thin, and the total absorber thickness does not cause a substantial attenuation of light intensity 

[6].  When the light absorption is significant in individual absorbers (e.g. especially in ICD_SLs), the 

attenuation of light intensity along the propagation direction needs to be considered in evaluating the 

responsivity Ri, which will decrease with an increase in Nc [33,35,43].  In such a scenario, D* for a non-

current matched cascade device (e.g. with identical absorbers) will reach a maximum value at a finite Nc as 

discussed in Refs. 35 and 43.  This is particularly true for ICD_SLs where SLs are used in the active region 

to enhance absorption and responsivity for attaining the highest value of D* among all devices, as shown 

in Fig. 3. Nevertheless, compared to ICDs, the additional increase in D* for ICD_SLs is not as significant 

as the boost in the peak Ri. This is because Jo is much higher in ICD_SLs with thicker SL absorbers than in 

ICDs.  Nevertheless, with two adjustable parameters, the SL absorber thickness and the number of cascade 

stages, ICD_SLs can be optimized with more flexibilities to achieve high D* for better device performance 

at high temperatures [35,43]. At present, long wavelength (8-12 m) ICIPs have already been operated at 

RT and above with D* exceeding that of commercial uncooled HgCdTe detectors at similar wavelengths 

[43-44].  

Additionally, the voltage responsivity (defined as the ratio of the output signal voltage to the input 

power) [45] can be used to evaluate the detector performance. Similar to p-n diodes, assuming negligible 

100 150 200 250 300 350 400 450 100 150 200 250 300 350 400 450

10
7

10
8

10
9

QWIP

10
2

10
1

ICD

QCD

ICD_SL

 

P
ea

k
 r

es
p

o
n

si
v
it

y
 (

m
A

/W
)

Transition energy (meV)

(a)

10
0

1210 8 6 4
Wavelength (m)

QWIP

(b)

 

 P
ea

k
 d

et
ec

ti
v
it

y
 (

J
o
n

es
)

ICD

QCD

ICD_SL

Transition energy (meV)

1210 8 6 4
Wavelength (m)



7 

 

shunt and series resistances, the current density J in ICDs and QCDs under light illumination can be 

approximately expressed as: 

   
/

0( 1)c bqV N k T

phJ J e J= − −                                                      (5) 

where Jph is the photocurrent, which has been simply presumed to be bias independent. In a real case, the 

photocurrent may be bias dependent as has been shown in our PV cells based on IC structures [34]. Based 

on Eq. (5), the open-circuit voltage Voc for an ICD or a QCD is: 

0

ln( 1)
phc b

oc

JN k T
V

q J
= +                                                         (6) 

Therefore from Eq. (6), one can see that the lower J0, the higher Voc, and a high value of J0 will reduce Voc. 

Also, when the photocurrent density is smaller than the dark current density, which is common in the 

detection of weak light at high temperature, Voc can be approximated to first order as:  

0J

J

q

TkN
V

phbc
oc = ,     (7) 

which is linearly proportional to the number of cascade stages and the ratio of photocurrent to saturation 

current densities. Hence, with the open circuit voltage as the detected signal, more stages and a lower 

saturation current density will be beneficial for enhanced device performance.  According to Fig. 2 and 3, 

the voltage responsivity will be much higher in ICDs than in QCDs. This is due to the higher photocurrent 

(proportional to responsivity) and the much lower J0 in ICDs compared to QCDs. Overall, in terms of either 

current or voltage responsivity, ICDs will have advantages over QCDs. 

 

5. Effect of J0 On the Performances of Photovoltaic Cells 

Regarding photovoltaic cells to convert light into electricity, the saturation current density J0 remains 

an important parameter to evaluate device performance. Since the transition energy E in the active region 

of ICDs and QCDs is in the mid-infrared region, based on the Shockley-Queisser detailed balance model 

[46], they are appropriate for a TPV application [47-49] with the heat source temperature typically in the 

range of 1300-2000 K. Indeed, TPV cells based on IC structures have been experimentally demonstrated 

with high open-circuit voltage Voc exceeding the single bandgap determined value, showing the cascade 

effect [8,34,49]. In contrast, TPV cells based on QC structures have not been reported experimentally, 

possibly due to high values of J0 in QCDs.  

Based on Eq. (6) and data in Figs. 2 and 3, the open-circuit voltage Voc can be estimated for ICDs, 

ICD_SLs and QCDs under light illumination at an incident power density Pinc. Assuming Pinc=1 W/cm2, 

about ten times that of the solar radiation at the surface of the earth, and the radiation source emits at the 

peak response wavelength (with spectral control in a TPV system) for ICDs and QCDs so that Jph=Ri·Pinc, 

Voc is estimated and plotted in Fig. 4 for the devices shown in Fig. 3.  As can be seen, QCDs have a very 

low Voc (<3 mV) due to a high J0 even with many stages (≥30), which may explain why QC PV cells have 

not been demonstrated in experiment. In contrast, the value of Voc is significantly higher (more than an 

order of magnitude in most cases) for ICDs than for QCDs, which mainly results from the much lower J0 

in ICDs compared to QCDs (Fig. 2). Combined with the higher photocurrent density as implied in Fig. 3 

(a), the IC structure is more advantageous than the QC structure for TPV applications. Note that, despite 

the much higher Ri (Fig. 3 (a)), Voc is similar between ICD_SLs and ICDs because of the higher J0 in 

ICD_SLs. However, with higher Ri and Jph, ICD_SLs will have a higher output power and conversion 

efficiency when they have the same number of cascade stages.  
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Fig. 4. Estimated Voc at 300 K for the ICDs, ICD_SLs and QCDs shown in Fig.3. 

 

 

6. Concluding Remarks 

In summary, the saturation current density J0 has been shown to reflect the fundamental difference in 

carrier lifetime between ICDs and QCDs.  By analyzing and comparing available ICD and QCD data, we 

demonstrated that J0 can be used as a unified figure of merit to evaluate both interband and intersubband 

cascade configurations in terms of their device functionality. The significance of J0 on the detector and PV 

cell performances was illustrated by comparing the measured detectivity and the estimated open-circuit 

voltage, respectively. From extracted values of J0, which were more than one order of magnitude lower in 

ICDs than in QCDs with similar transition energies, and discussion of the consequences on device 

performance, the advantages of interband cascade configurations over intersubband quantum cascade 

configurations were clearly revealed based on the same framework. The overall picture for both QCDs and 

ICDs sheds light from the perspective of a united figure of merit, which will provide useful guidance and 

stimulation to the future development of both ICDs and QCDs. It should be remarked that ICDs and QCDs 

both have their respective merits. For example, QCDs are narrow band devices based on more mature 

material systems with well-established epitaxial growth and device processing technologies.  Consequently, 

at the present stage, QCDs can have better uniformity, less surface leakage, and higher output power as 

lasers (for applications where a high operating current density can be afforded with good thermal 

management). Hence, both QCDs and ICDs will coexist for various applications with different requirements. 
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