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Abstract—A systematic study of the quasi-Fermi level pinning 

in various interband cascade lasers (ICLs) is reported. These ICLs, 

with either type-II or type-I quantum well active regions, cover the 

mid-infrared wavelength range from 3 to 6 m and can operate in 

continuous wave (cw) at room temperatures and above. It was 

found that the quasi-Fermi level can be pinned in many ICLs over 

a wide range of temperature, which is associated with an observed 

drop of differential resistance at threshold. For the first time, the 

quasi-Fermi level pinning was demonstrated in ICLs at room 

temperature. The temperature dependence of the quasi-Fermi 

level pinning in ICLs was also examined. A pinning factor is 

introduced to evaluate how well the quasi-Fermi level is pinned in 

ICLs with different configurations and lasing wavelengths. Also, it 

was found that the quasi-Fermi level pinning disappeared in some 

ICLs where an obvious drop of differential resistance could not be 

observed at the threshold. Furthermore, the quasi-Fermi level 

pinning was found to be correlated to the doping concentration in 

electron injectors in ICLs. Possible mechanisms and implications 

related to the quasi-Fermi level pinning are discussed. 

 
Index Terms—Interband cascade laser, quasi-Fermi level 

pinning, semiconductor heterostructure, quantum well.  

 

I. INTRODUCTION 

n recent years, even with the relative immaturity of the Sb-

based material system, interband cascade lasers (ICLs) [1] 

have been developed with excellent device performance in 

the mid-infrared (IR) wavelength range from 3 to 6 m [2-3]. 

By combining the advantages of quantum cascade lasers (QCLs) 

and interband diode lasers, ICLs achieved cw operation at 

temperatures up to 115°C with low threshold-current densities 

(e.g. 100 A/cm2 at 300 K), low power consumption (<0.1 W at 

threshold at 300 K), and cw output power exceeding 500 mW 

[2]. Single-mode distributed feedback (DFB) ICLs [4-6] have 

been developed and used in various situations for measuring 

important gases such as H2CO, C2H6, CH4 and HCl [7-11]. ICLs 

are becoming the choice of mid-IR laser source for many 

practical applications such as chemical sensing, imaging and 

industrial processing control. However, the ICL is still a 

relatively new type of semiconductor laser, even though it was 

initially proposed in 1994 [1] – more than 20 years ago. This is 

partially due to the less mature Sb-based III-V materials and 
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related device fabrication technology for ICLs, as well as 

limited resources for the growth of Sb-based materials 

compared to mature InP- and GaAs-based material systems. 

Although ICLs have some similarities with both QCLs and 

conventional diode lasers there are also very significant 

differences. For example, with the type-II broken-gap hetero-

structure for interband tunneling between cascade stages [12], 

carrier transport and generation in ICLs are quite different from 

the mechanisms in QCLs and conventional diode lasers. 

Consequently, many aspects of ICLs have been unexplored or 

remain in the early phase. One of those aspects is the quasi-

Fermi level (carrier concentration) pinning (due to optical gain 

pinning) at threshold, which is fundamentally related to carrier 

dynamics. How well quasi-Fermi level is pinned at threshold 

has important consequences on the laser device performance. 

However, there was not any focused study of quasi-Fermi level 

pinning in ICLs, except one paper [13] in which a lack of 

pinning of the spontaneous emission was reported for an ICL at 

temperatures above 180 K, implying a continued increase of the 

carrier concentration (N) above the threshold. The increase of 

N with injection current beyond the threshold would increase 

the internal loss, which might be a main mechanism responsible 

for the observed efficiency droop in ICLs at high current 

densities [14]. Also, a lack of the quasi-Fermi level pinning 

could imply extra carrier loss and incomplete carrier injection 

[15]. Hence, it is meaningful to investigate the quasi-Fermi 

level pinning in ICLs and its dependence on temperature, which 

may help to gain understanding and insights into details of the 

underlying physics and to advance the development of ICL 

technology for more applications.  

In this paper, we report a systematic examination of the 

quasi-Fermi level pinning in various ICLs with different design 

configurations in a wide lasing wavelength range from 3 to 6 

m. These ICLs have either type-II quantum well (QW) or type-

I QW active regions, which were grown on GaSb or InAs 

substrates. Based on extracted electrical derivative 

characteristics, we can obtain features related to the quasi-

Fermi level pinning in ICLs over a wide range of temperature. 

The details of these features and relevant discussion are 

beneficial for further study and development of ICLs.  
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II. THEORETICAL FRAMEWORK AND MEASUREMENT MODEL  

As discussed in Ref. [16], the current (I) - voltage (V) 

characteristics in a cascade stage can be described by 

𝐼 = 𝐼0(𝑒
𝑞𝑉/𝑘𝑇 − 1)       (1) 

where q is the electron charge, k is the Boltzmann constant, T is 

temperature, and I0 is the saturation current, which is 

determined by the carrier concentration and the carrier lifetime 

due to various scattering mechanisms. For an ICL with Nc 

identical cascade stages, which is connected in series from the 

equivalent circuit perspective [17], an external bias voltage V is 

equally shared by all stages and then Eq. (1) can be written as 

𝐼 = 𝐼0(𝑒
𝑞𝑉/𝑁𝑐𝑘𝑇 − 1)       (2) 

Qualitatively, this is similar to the diode equation for a p-n 

junction in an ideal case. Considering possible deviations from 

the ideal case, an ideality factor n could be introduced so that 

Eq. (2) is rewritten as 

𝐼 = 𝐼0(𝑒
𝑞𝑉/𝑛𝑁𝑐𝑘𝑇 − 1)       (3) 

Usually, n is between 1 and 2, and will approach 2 when 

Shockley-Read-Hall (SRH) recombination is dominant with a 

high defect density in the material. Eq. (3) will be used to 

evaluate I-V characteristics of ICLs coupled with a series 

resistance R. Similar to the diode laser [18], the differential 

resistance of an ICL before the threshold can be expressed as  

𝑑𝑉

𝑑𝐼
= 𝑅 +

𝑛𝑁𝑐𝑘𝑇

𝑞

1

𝐼+𝐼0
       (4) 

At threshold, the optical gain is pinned and thus the carrier 

concentration should be fixed according to the laser theory, and 

the quasi-Fermi level is pinned for every cascade stage. 

Consequently, the second term in Eq. (4) is diminished and then 

above the threshold, the differential resistance is  

𝑑𝑉

𝑑𝐼
= 𝑅          (5) 

Hence, at threshold the differential resistance has an abrupt 

drop Rth, given by  

Δ𝑅𝑡ℎ =
𝑛𝑁𝑐𝑘𝑇

𝑞

1

𝐼𝑡ℎ+𝐼0
≈

𝑛𝑁𝑐𝑘𝑇

𝑞

1

𝐼𝑡ℎ
     (6) 

as I0 is usually much smaller than the threshold current Ith. Thus, 

the drop Rth can be used to evaluate how well the quasi-Fermi 

level is pinned and is inversely proportional to Ith. In a single-

stage mid-IR laser, Ith is usually higher than 300 mA at 300 K, 

resulting in a value of Rth less than 0.09  with n=1. To have 

a standard without relying on a specific threshold current, it is 

more convenient to plot IdV/dI as a function of current I. 

Noticing that I0<<Ith, when I approaches Ith one can have 

𝐼
𝑑𝑉

𝑑𝐼
≈ 𝐼𝑅 +

𝑛𝑁𝑐𝑘𝑇

𝑞
       (7) 

So, at threshold, IdV/dI will have a drop Ith(dV/dI)th that is 

proportional to the number of cascade stages and temperature 

without relying on the current and lasing wavelength. To give a 

fair assessment of the quasi-Fermi level pinning for devices 

with different numbers of cascade stages, a pinning factor 

𝑃𝑓 = ∆(𝐼
𝑑𝑉

𝑑𝐼
)
𝑡ℎ
𝑞 𝑁𝑐⁄ 𝑘𝑇       (8) 

is introduced, which is equal to the ideality factor n if the quasi-

Fermi level is completely pinned at threshold. So, in an ideal 

case, Pf is between 1 and 2 for a complete pinning. In a real 

device, Pf could be much higher than 2 with a high leakage 

current from side walls, which adds to the threshold current.  

Since the leakage current does not go through the bulk of the 

active region, it needs to be minimized for extracting the 

intrinsic value of Pf, which can be effectively done with broad-

area devices as shown in section III. 

In the next section, detailed results of electrical derivative 

characteristics extracted from I-V curves for various ICLs will 

be presented. These measurements were performed in LN2 

cryostats where heat-sink temperature can be controlled and 

adjusted over a wide temperature range from 80 to 400 K. The 

abrupt drop of differential resistance has not been observed and 

reported for mid-IR diode lasers at room temperature. This 

might be due to very small differential resistance in a mid-IR 

laser at high temperatures in contrast to that in a near IR laser 

and a lack of high-performance room temperature mid-IR diode 

lasers. ICLs with many stages alleviate the issue of very small 

differential resistance. But still, measurements need to be 

carried out carefully with stable and precision instruments. The 

experiments used an ILX Lightwave LDP-3811 precision 

current source and Keithley 2100 voltmeter. In order to 

minimize the influence of small temperature variations during 

cw operation, the sample temperature was allowed to stabilize 

before the measurement of each I-V curve.  

III. EXPERIMENTAL RESULTS AND DISCUSSION 

The various ICLs that were examined are summarized in 

Table I with relevant design and characterization parameters. 

These ICLs were made over more than 15 years with different 

device configurations, some of which were reported previously 

for their exemplary device performance. The variety of these 

different ICLs enables the development of a broad overview of 

the phenomenon of quasi-Fermi level pinning. 

A. Early Type-II ICLs on a GaSb substrate 

Early ICLs were mostly based on a simple three-layer 

waveguide structure [12] with a relatively low n-type doping 

level (e.g. 1.5-3.0 1017 cm-3) in the electron injection region.  

Here, we focus on devices made from wafer J732, which lased 

TABLE I 

PARAMETERS OF WAFERS AND PERFORMANCE FEATURES OF BROAD-AREA 

AND NARROW RIDGE DEVICES 

Wafer Type Nc 
λa 

(m) 

Jth
b  

(A/cm2) 
substrate Ref. 

J732 Type-II 12 3.34 630 GaSb [19] 

R048 Type-II 10 5.3 2700 InAs [27] 

R049 Type-II 10 5.3 2350 InAs [27] 

V1046 Type-I 6 3.19 310 GaSb [28] 

V1081 Type-I 6 3.16 236 GaSb *  

V1082 Type-I 6 3.16 243 GaSb * 

V1191 Type-II 10 4.58 290 InAs [3] 

V1192 Type-II 15 6.0 333 InAs [3] 

V1215 Type-II 15 6.26 395 InAs [3] 

Adv01 Type-II 7 3.38 143 GaSb [*,30] 

aPulsed lasing wavelength at 300 K except R049 at 295 K. 
bPulsed threshold current density at 300K except R049 at 295K. 

*Internal testing report at the University of Oklahoma 
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in pulsed mode at temperatures up to 350 K [19]. This ICL 

wafer has 12 cascade stages, each of which comprises an 

AlSb/InAs/GaInSb/InAs/AlSb W-QW [20-21] active region for 

lasing emission near 3.3 m at room temperature. The 

waveguide region is sandwiched between two InAs/AlSb 

superlattice (SL) cladding layers. In cw operation, narrow-ridge 

(NR) and broad-area (BA) devices lased at temperatures up to 

237 and 172 K, respectively. More details of the device 

performance features were described in Ref. 19. The electrical 

derivative characteristics were extracted from the measured cw 

I-V curves. The extracted differential resistance and IdV/dI for 

two representative BA and NR devices at various temperatures 

are shown in Fig. 1 and Fig. 2, respectively. As is clearly 

illustrated, the differential resistance and IdV/dI exhibit sharp 

drops at threshold in these ICLs at all cw operating 

temperatures. The drop became somewhat less pronounced at a 

temperature close to the maximum cw operating temperature, 

which was more notable for BA devices in which thermal 

dissipation is less efficient. 

 

The differential resistance drop Rth as a function of 

temperature is plotted in Fig. 3 for several devices with different 

sizes.  Also included in Fig. 3 is the product of Rth and the 

device area A, which is more meaningful in terms of its intrinsic 

property and less sensitive to device size. The value of Rth had 

some uncertainties or relatively large inaccuracies for narrow 

ridge devices at low temperatures (e.g. 80 K) because their 

threshold currents were very low (a few mA) so that the 

instruments (current source and voltage meter) in the 

experiment did not have sufficient stability and accuracy to 

precisely determine a derivative at the threshold. Most extracted 

values of Rth from BA devices are consistent, while it has 

some relatively large variations for NR devices at low 

temperatures (100 K) due to low threshold currents and 

possible leakage current via etched side walls associated with 

imperfect passivation. This is also reflected in the extracted 

pinning factor plotted in Fig. 4.  

 

 
As shown in Fig. 4, the extracted value of Pf was abnormally 

high for a NR device J732W1D at low temperatures (e.g. Pf>3 

at 80 K). This is because of a significantly higher threshold 

current density (42A/cm2 at 80K) compared to that (~10 A/cm2) 

in BA devices, indicating a high percentage of leakage current 

(from side walls) that added to Ith and caused a high value of 

IthRth. If the leakage current could be deducted, the pinning 

factor would be lowered to a reasonable value.  In a BA device 

or at high temperature, the bulk resistance became smaller and 

the side wall leakage current effect was reduced. Hence, putting 

data together from both BA and NR devices, we can deduce that 

the quasi-Fermi level was pinned at threshold in these ICLs 

over a wide temperature range of cw operation. The degree of 

pinning was reduced when the heat-sink temperature was close 

to the maximum cw operating temperature. This could be due 

to substantial heat accumulation inside an ICL, which raised the 

actual device temperature [22] and may not be the same in 

different stages. Consequently, the differential resistances of 

 
Fig. 1.  Differential resistance (bottom) and IdV/dI (top) for a BA 

device from J732 in cw operation at various heat-sink temperatures. 

 
Fig. 3.  Rth and RthA as a function of temperature for devices from J732. 

 
Fig. 4.  Pinning factor as a function of temperature for devices from J732, 

where a NR device J732W1D had a relatively high threshold current density 

of 42A/cm2, indicating a high percentage of leakage current and resulting in a 

high value of IthRth.  

 
Fig. 2.  Differential resistance (bottom) and IdV/dI (top) for a NR device 

from J732 in cw operation at various heat-sink temperatures. 
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individual stages might be changed at different currents so that 

the pinning happened modestly over an expanded current range 

near the threshold, which made it difficult for the instrument to 

detect. Alternatively, the quasi-Fermi level could be unpinned 

or incompletely pinned at a high injection current density due 

to carrier heating as discussed by Vinnichenko et al. regarding 

observed lack of the carrier density pining in conventional non-

cascade type-I QW mid-infrared lasers [23]. 

 It is worth noting that the abrupt drops in the differential 

resistances at threshold were initially observed in earlier ICLs 

operating at low temperatures [24-25] although the Fermi level 

pinning was not discussed there.  Later, two sequential drops of 

the differential resistance at two threshold currents were 

observed from a dual-wavelength ICL with GaSb separate 

confinement layers (SCLs) [26]. 

B. Early Type-II ICLs on InAs substrates 

ICLs made from wafers R048 and R049 (wafers B and A in 

[27]) had a low n-type doping (1.51017cm-3) in the electron 

injection regions and lased in pulsed mode at room temperature 

near 5.3 m [27]. Both ICL wafers have 10 cascade stages 

sandwiched between two undoped InAs SCLs with highly 

doped n+-InAs layers as cladding/contact layers.  The wafers 

differ primarily in their top waveguide cladding designs.  Ridge 

waveguide (width between 15 to 40 m) devices from the two 

wafers lased in cw at temperatures up to 247 K. More details of 

the device performance and ICL structures were described in 

Ref. 27.  Their electrical derivative characteristics were 

extracted from the measured cw I-V curves. The extracted 

differential resistance and IdV/dI for two representative devices 

(one from each wafer) at various temperatures are plotted in Fig. 

5 and Fig. 6, where abrupt drops in differential resistance and 

IdV/dI can be seen at threshold in these ICLs at their cw 

operating temperatures. Similar to what observed in devices 

from J732, the drop became less pronounced at a temperature 

close to the maximum cw operating temperature. 

 
Compared to J732, although the lasing wavelength is longer 

with the narrower bandgap, the differential resistance drop 

Rth and the corresponding Rth are comparable to what 

observed in devices from J732, which are shown as a function 

of temperature in Fig. 7. This is because wafers R048 and R049 

have relatively high surface defect densities (>2105/cm2) with 

an ideality factor exceeding unity. For this reason and to reduce 

the number of defects in ICLs, BA devices were not made from 

the two wafers. To reduce possible uncertainties of extracted 

derivatives for devices with a low threshold current at low 

temperatures, device R048B3F in Fig. 5 was recently measured 

again with more sampling points near the threshold. Its 

threshold currents at various temperature did not change, but 

the extracted differential resistance (red points) is more 

accurate, which is in good agreement with the earlier data 

(black points) for the device at temperatures higher than 120K 

as shown in Fig. 7. Also included in Fig. 7 is another NR device 

from R049.  The extracted pinning factors in these ICLs at 

different temperatures are plotted in Fig. 8.  Pf is higher than 2.5 

for two ICLs from R049 at 80 K, which might be caused by 

some leakage current from side walls and limited accuracy with 

very small currents. At temperatures above 100 K, these ICLs 

had quite consistent value of Pf near 1.5, which is higher than 

that in J732 due to a higher ideality factor in R048 and R049 

with high defect densities. Pf decreased with temperature T, 

especially when T was close to the maximum cw operating 

temperature. Hence, the quasi-Fermi level pining in these 

relatively long wavelength InAs-based ICLs is similar to 

devices made from J732. 

 

 

 
Fig. 5.  Differential resistance (bottom) and IdV/dI (top) for a NR device from 

R048 in cw operation at various heat-sink temperatures. 

 
Fig. 6.  Differential resistance (bottom) and IdV/dI (top) for a NR device from 

R049 in cw operation at various heat-sink temperatures. 

 
Fig. 7.  Rth and RthA as a function of temperature for devices from R048 and 

R049. Red and green points are recently measured data. 
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C. Type-I ICLs on GaSb substrates 

This section reports a study of ICLs made from three wafers, 

V1046, V1081 and V1082. They had 6 cascade stages grown 

on GaSb substrates with the essentially same active regions 

based on AlAsSb/Ga0.45In0.55As0.22Sb0.78 type-I QWs with lasing 

wavelength near 3.2 m at 300 K. ICLs made from V1046 were 

reported previously in Ref. 28. BA devices made from them had 

low threshold current densities at 300 K as shown in Table I. 

NR devices could lase in cw at 300 K and above. Their 

electrical derivative characteristics were extracted from the 

measured cw I-V curves. The extracted differential resistance, 

IdV/dI, and output power for three representative devices at 

various temperatures are plotted in Figs. 9-11. Abrupt drops in 

differential resistance and IdV/dI were observed at threshold in 

these type-I ICLs at all operating temperatures up to 300 K in 

cw mode. It is the first time that a clear drop of differential 

resistance at threshold was observed in ICLs at such a high 

temperature. Again, these drops became somewhat less 

pronounced at a temperature close to the maximum cw 

operating temperature. The values of Rth  and the 

corresponding Rth are comparable to what observed in 

devices from J732, which are shown as a function of 

temperature in Fig. 12.  Compared with that in devices made 

wafer J732, threshold current densities in these type-I ICLs 

were significantly lower and consequently according to Eqs. (7) 

and (8) the pinning factor Pf in type-I ICLs is somewhat lower 

as shown in Fig. 13. Although there were variations with 

different sizes, multiple devices provided values of Pf 

consistently less than 0.8. From the measured output powers of 

these ICLs at relative low temperatures, which increased 

linearly with the injection current as shown in Figs. 9-11, their 

slope efficiencies were nearly unchanged with current. This 

suggested that the carrier concentration (and the quasi-Fermi 

level) was pinned in these ICLs at threshold over a wide range 

of operating temperature.  The reason that Pf is less than unity 

in these ICLs might be associated with a high n-type doping 

concentration (2.31018 cm-3) in the electron injectors based on 

the carrier rebalancing approach [29]. Such a high doping 

changed the carrier distribution so that the carrier transport 

deviated somewhat from the simple relationship between 

current and voltage based on Eq. (3). However, Eq. (3) can still 

be used to approximately describe carrier transport with a 

reduced ideality factor n compared to ICLs with a low n-type 

doping. It is also possible that the quasi-Fermi energy had 

substantial variations over an individual cascade stage under a 

forward bias and consequently only part of the quasi-Fermi 

level for a particular local electron density was pinned at 

threshold. Another possibility is incomplete carrier injection 

[15] with the high doping. Further investigation of carrier 

transport with different doping levels in the electron injectors is 

required to understand this. 

 

 

 

 

 
Fig. 8 Pinning factor as a function of temperature for devices from R048 

and R049. Red and green points are recently measured data. 

 
Fig. 9.  Differential resistance (bottom), output power (bottom right axis) and 

IdV/dI (top) for a BA device from V1046 in cw operation at various heat-

sink temperatures. 

 
Fig. 10.  Differential resistance (bottom), output power (bottom right axis) and 

IdV/dI (top) for a NR device from V1046 in cw operation at various heat-sink 

temperatures 

 
Fig. 11.  Differential resistance (bottom), output power (bottom right axis) and 

IdV/dI (top) for a NR device from V1081 in cw operation at various heat-sink 

temperatures 
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D. Recent Type-II ICLs on InAs substrates 

These recent InAs-based ICLs have an advanced waveguide 

configuration with relatively high n-type doping (2.61018 to 

3.91018 cm-3) in electron injection regions [3]. ICLs made from 

wafers V1191, V1192 and V1215 comprise 10 and 15 stages, 

respectively as indicated in Table I and were grown on InAs 

substrates with excellent material quality as reported [3].  BA 

devices were made from the three wafers and could lase over a 

wide temperature range from 80 K to above room temperature 

in pulsed mode. Their lasing wavelengths covers from 3.95 (80 

K) to 4.85 m (369 K) for V1191, 5.0 (80 K) to 6.27 m (357 

K) for V1192, and 5.2 (80 K) to 6.44 m (335 K) for V1215. 

They exhibited low threshold current densities at 300 K as 

shown in Table I.  NR devices were made only from two wafers 

V1191 and V1192 and could lase in cw at room temperature. 

More details can be found in Ref. 3. Their electrical derivative 

characteristics were extracted from the measured cw I-V curves. 

The extracted differential resistance, IdV/dI and output power 

for four representative devices at various temperatures are 

plotted in Figs. 14-17. 

 

 

 

 
Fig. 12.  Rth and RthA as a function of temperature for devices from type-I 

ICL wafers. 

 
Fig. 13.  Pinning factor as a function of temperature for devices from type-I 

ICL wafers, where high values of Pf for a NR device at 80 and 100 K were 

caused by limited precision with very small current. 

 
Fig. 14.  Differential resistance (bottom), output power (bottom right axis) and 

IdV/dI (top) for a BA device from V1191 in cw operation at various heat-sink 

temperatures. 

 
Fig. 15.  Differential resistance (bottom), output power (bottom right axis) and 

IdV/dI (top) for a NR device from V1191 in cw operation at various heat-sink 

temperatures. 

 
Fig. 16.  Differential resistance (bottom), output power (bottom right axis) and 

IdV/dI (top) for a BA device from V1192 in cw operation at various heat-sink 

temperatures. 
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Obvious drops in differential resistance and IdV/dI were 

observed at the threshold in these InAs-based type-II ICLs in 

cw operation. Similarly, these drops became somewhat less 

pronounced at a temperature close to the maximum cw 

operating temperature. At low temperatures, their threshold 

current densities were very low. Also, compared to the type-I 

ICLs in the preceding section, the narrower bandgaps in these 

devices for the longer lasing wavelengths had a significantly 

lower differential resistance in individual stages, especially for 

devices made from V1192 and V1215.  The two factors added 

accuracy limitations to extract their differential resistances at 

low temperatures with our current experimental set-up.  This 

can be seen from Figs. 16 and 17 where the drops in differential 

resistance and IdV/dI could not be clearly identified within a 

small current range at low temperatures. Hence there were 

relatively large uncertainties and possible errors in the extracted 

values of Rth  and Rth at low temperatures, which are 

nevertheless kept to give a complete overall picture. With 

increased numbers of cascade stages, the values of Rth  and the 

corresponding Rth in these ICLs are still comparable to 

values observed in devices from type-I ICLs, which are shown 

as a function of temperature in Fig. 18.  However, their pinning 

factor Pf is in the range of 0.1 to 0.6 as shown in Fig. 19, which 

is somewhat lower than those in type-I ICLs. This may be 

correlated to the narrower bandgaps and somewhat higher n-

type doping (2.61018 to 3.91018 cm-3).  From the very good 

linear relationship at relatively low temperatures between the 

measured output powers of these ICLs (especially BA devices) 

and the injection current as shown in Figs. 14-17, their slope 

efficiencies were nearly unchanged with current. This hinted 

that the carrier concentration (and the quasi-Fermi level) was 

pinned in these ICLs at the threshold over a wide range of 

operating temperature.  The reduced value of Pf in these ICLs 

might be again associated with a high n-type doping 

concentration (in the electron injectors based on the carrier 

rebalance argument [29]). Such a high doping may have more 

significant influence in the carrier distribution and transport to 

these narrow bandgap ICL structures. 

 

 

E. Recent Type-II ICLs on a GaSb substrate 

Wafer Adv01 is an advanced type-II ICL structure based on 

the carrier rebalance design [29] with seven (7) cascade stages 

sandwiched between GaSb SCLs and InAs/AlSb SL cladding 

layers and grown on a GaSb substrates. BA and NR devices 

were made from this wafer. These GaSb-based type-II ICLs 

lased in pulsed mode at temperatures above 400 K and in cw up 

to 356 K, covering a wavelength range from 2.92 (at 80 K) to 

3.57 m.  The relative intensity noise and linewidth broadening 

factor for these ICLs at room temperature have been recently 

studied and reported [30-31].  The threshold current density in 

these ICLs is very low. For example, an ICL had a threshold 

current density of 143 A/cm2 in pulsed operation at 300K, 

which is comparable to the best reported value of ICLs with 

similar number of cascade stages [2].  As shown in Figs.20-21, 

output powers of these ICLs at relative low temperatures 

increased linearly with the injection current and thus their slope 

efficiencies were nearly unchanged with the current. This 

implied that the carrier concentration (and the quasi-Fermi level) 

should be pinned in these ICLs at low temperatures. But, from 

the obtained I-V curves (shown in Figs. 20-21), the extracted 

differential resistance did not exhibit an observable drop at the 

threshold even at low temperatures as illustrated in the top panel 

of Fig. 21.  The lack of drop in differential resistance in these 

ICLs at threshold may be due to the limited precision and 

stability of instruments used in experiment combined with the 

effect of high n-type doping in electron injectors that was 

mentioned previously for type-I ICLs and recent InAs-based 

type-II ICLs. This is an observation that is not understood at 

this moment. 

 
Fig. 17.  Differential resistance (bottom), output power (bottom right axis) and 

IdV/dI (top) for a NR device from V1192 in cw operation at various heat-sink 

temperatures. 

 
Fig. 18.  Rth and RthA as a function of temperature for devices from 

recent InAs-based type-II ICL wafers. 

 
Fig. 19.  Pinning factor Pf as a function of temperature for devices from 

recent InAs-based type-II ICL wafers. 
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IV. SUMMERY AND CONCLUDING REMARKS 

Quasi-Fermi level pinning in various ICLs based on type-I or 

type-II QW active regions is investigated through an extraction 

of their electrical derivative characteristics. These ICLs grown 

on either GaSb or InAs substrates comprise different numbers 

of cascade stages and cover a mid-IR wavelength range from 3 

to 6 m.  By extracting an abrupt drop of differential resistance 

that is proportional to the number of cascade stages, it is 

revealed that the quasi-Fermi level is pinned at the threshold for 

many ICLs over a wide range of operating temperature. The 

quasi-Fermi level pinning does not depend on the choice of QW 

active regions, consistent with laser principle.   Although it is 

challenging due to much smaller differential resistance in mid-

IR lasers with narrower bandgaps compared to that in near-IR 

lasers, a clear drop of differential resistance at threshold was 

demonstrated in ICLs at room temperature for the first time, 

providing an essential evidence of the quasi-Fermi level 

pinning at threshold for laser operation.  This is partially 

attributed to the series connection of multiple cascade stages, 

which enhanced the drop of differential resistance at threshold. 

The quasi-Fermi level pinning becomes weak or disappeared 

with a soft drop or the lack of an observable drop of differential 

resistance when the heat-sink temperature was close to the 

maximum cw operating temperature.  How this happened is not 

understood yet, which might be related to nonuniform 

temperature distribution in the active regions of a device with 

substantial heating accumulation or carrier heating as discussed 

for conventional non-cascade diode lasers in Ref. 23.  Differing 

from the conventional diode lasers, individual QW active 

regions in an ICL are separated by electron and hole injectors 

and are connected in series.  Hence, individual QW active 

regions in an ICL can have different temperatures and 

resistances when there is substantial heat accumulation with 

large current injection or poor thermal dissipation. 

Consequently, how individual cascade stages are pinned at the 

threshold is an open question that needs to be addressed in the 

future.  Methods that can accurately extract differential 

resistance in pulsed modes with minimized heating effect are 

needed, which will be helpful to answer this question.  

 A pinning factor Pf is introduced to fairly evaluate how well 

the quasi-Fermi level is pinned at the threshold in ICLs with 

different numbers of cascade stages. It is found experimentally 

that Pf is higher in ICLs with high defect densities and a 

relatively low n-type doping in electron injectors.  In ICLs with 

relatively high n-type doping in electron injectors, Pf is reduced 

or even disappeared (i.e. the quasi-Fermi level pinning is not 

observable).  The correlation between the quasi-Fermi level 

pinning and the doping in electron injectors, as well as related 

carrier transport, is not well understood at this stage, but should 

be interesting topics to be investigated in the future. This may 

require a detailed study of every involved states in the cascade 

stages, for example using a rate equation approach coupled with 

the photon field, since the quasi-Fermi level pinning is a 

consequence of the optical gain pinning at threshold.  A study 

of QCLs using the rate equation has shown that the drop of 

differential resistance at threshold could be enhanced or 

reduced (or even eliminated) depending on the design [32].  

Experimentally observed drops of the differential resistance at 

threshold in QCLs were reported [32-33]. As the quasi-Fermi 

level pinning has an important impact on device performance 

characteristics such as output power and wall-plug efficiency, 

extensive efforts are required to deepen our understanding on 

this matter, which should shed light on further development of 

ICLs.  
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