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Following the success of quantum cascade lasers and detectors, their interband cascade
counterparts are currently an area of active research [1]. While these devices offer operation at
shorter wavelengths and a higher efficiency in general, the material system, including growth
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necessary to develop a realistic device model in the second part. This model is based on
a software package that has been developed in–house at TU Wien for cascaded semiconductor
heterostructures using a self–consistent semi–classical rate equation model as described in [2].
Extensions were recently implemented to describe peculiarities that arise in the valence band for
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group will identify further required modifications and implement them after evaluation of their
impact. Later on, the student should adjust parameters and look into new designs foroptoelectronic
interband devices. Through this hands–on experience on designing optoelectronicdevices the
student will gain further intuitive knowledge on limits and possibilities of suchstructures. The
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Abstract
This thesis focuses on the material and loss characterization of heterostructures

used in interband cascade devices and the modeling of interband cascade light-emitting
devices (ICLEDs). Interband cascade devices, particularly lasers and light-emitting
diodes, are critical for mid-infrared photonic applications due to their efficient opera-
tion and potential for integration into photonic circuits. The study involves extracting
material parameters from spectroscopic ellipsometry and FTIR measurements, and ex-
tending an existing transport model to account for radiative recombination processes,
specifically the spontaneous emission in ICLEDs. Among the different loss mecha-
nisms in these devices, particular attention was given to the valence intersubband
absorption, which degrades the operation of interband cascade devices in the mid-
infrared wavelength region above 4 m. The results, obtained through experimental
characterization of interband cascade laser (ICL) waveguides examining their transmis-
sion losses, demonstrated the impact of valence intersubband absorption under various
operating conditions. This research contributes to the optimization of interband cas-
cade structures, leading to enhanced performance and broader applicability in sensing,
environmental monitoring, and biomedical diagnostics.

Abstrakt
Tato práce se zaměřuje na charakterizaci materiálů a ztrátových mechanismů het-

erostruktur používaných v mezipásových kaskádových zařízeních a na modelování mezi-
pásových kaskádových elektroluminiscenčních diod (ICLED). Mezipásová kaskádová za-
řízení, zejména lasery a elektroluminiscenční diody, mají zásadní význam pro fotonické
aplikace ve střední infračervené oblasti vzhledem k jejich efektivitě a možnosti inte-
grace do fotonických obvodů. Studie zahrnuje extrakci materiálových parametrů ze
spektroskopické elipsometrie a FTIR měření a rozšíření stávajícího transportního mod-
elu o zářivé rekombinační procesy, konkrétně o spontánní emisi v ICLED. Z různých
ztrátových mechanismů v těchto zařízeních byla zvláštní pozornost věnována valenční
mezipásové absorpci, která zhoršuje výkon mezipámových kaskádových zařízení v oblasti
středních infračervených vlnových délek nad 4 m. Výsledky získané na základě exper-
imentální charakterizace vlnovodů tvořených mezipásovými kaskádovými lasery (ICL)
zkoumající jejich přenosové ztráty prokázaly vliv valenční mezipásové absorpce za
různých operativních podmínek. Tento výzkum přispívá k optimalizaci struktur mezi-
pásových kaskádových struktur, která vede ke zvýšení výkonu a širší použitelnosti
v oblasti detekce, monitorování životního prostředí a biomedicínské diagnostiky.
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1. Introduction

Semiconductor lasers represent an important milestone in laser technology. One of
the first semiconductor lasers was realized using a GaAs p-n junction [1], utilizing
the radiative recombination in the depletion region to provide optical gain. Soon,
advancements led to exploration of other semiconductor materials similar to GaAs, such
as InAs, InP, AlSb and their alloys, facilitating lasers at different emission wavelengths
spanning from the visible to the infrared region of the electromagnetic spectrum. Over
time, these III-V semiconductors have remained integral to the development of laser
technology, serving also as the foundation of material systems used to create novel
laser sources operating in the mid-infrared spectral region, the quantum and interband
cascade lasers.

The mid-infrared wavelength region (approximately 2–30𝜇m) holds particular sig-
nificance due to the presence of unique absorption spectra of many organic molecules
in this region (Fig. 1.1), corresponding to the excitation of these molecules to higher
vibrational and rotational states. The distinct absorption spectra of different molecules
allows for sensing and spectroscopy.

Figure 1.1: Absorption spectra of several selected molecules with strong absorption
lines in the mid-infrared spectral region. Taken from [2].
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In recent years, there has been a significant progress in the development of photonic
integrated circuit (PIC) devices operating in the mid-infrared wavelength region. These
devices combine multiple optical components onto a single chip, including light sources,
detectors, waveguides, and others, allowing miniaturization, compactness and cost-
effectiveness across several fields of application such as gas sensing and environmental
monitoring, biomedical diagnosis, and process control. In order to realize these devices,
among other prerequisites, reliable lasers operating in the mid-infrared are desired.

In the context of PIC devices, the use of interband cascade lasers (ICLs) together
with other semiconductor lasers draws considerable attention due to their stability
and also due to the potential compatibility with existing semiconductor fabrication
processes and the promise of development of single-chip devices replacing robust and
expensive conventional free-space sensing platforms consisting of several external com-
ponents combined with analyte interaction regions. On top of that, the operating
principle of interband cascade devices, discussed in Chapter 2, enables us to achieve
relatively high output power with low power consumption, making them ideal candi-
dates for integration into compact, portable and energy-efficient devices.

One of the advantages of ICLs is their narrow bandwidth and potential for adjusting
their emission wavelength through the design of their structure. This feature allows
us to match the wavelength to specific absorption lines of target molecules in sensing
applications with high spectral resolution. However, in certain cases, the need for nar-
row bandwidth can be outweighed by other considerations, leading to the exploration
of alternatives like interband cascade light emitting devices (ICLEDs) as mid-infrared
sources.

Instead of the narrow spectral emission of ICLs, ICLEDs produce incoherrent light
with a broader emission bandwidth, which can be advantageous in scenarios where
precise wavelength tuning or narrow bandwidth is not critical. This characteristic
makes them well suited for example for applications where multiple absorption lines
need to be probed simultaneously or where the absorption spectrum of the target
molecules is broad and complex.

Moreover, ICLEDs offer advantages in terms of fabrication. Although ICLEDs,
similarly to ICLs, exploit interband transitions in semiconductor heterostructures to
emit light, the primary mechanism of emission is spontaneous emission, rather than
stimulated emission and therefore, there is no need for optical feedback, which can lead
to reduced complexity in the design of the device and reduced production costs.

However, the fact that spontaneous emission serves as the primary mechanism of
emission inevitably leads also to lower power of emitted radiation, making ICLEDs
more susceptible to degradation of performance by losses, such as absorption, scattering
and non-radiative recombination within the device structure.

That is why significant part of this thesis addresses the different loss mechanisms
present in the interband cascade devices influencing their performance and experimen-
tal methods used for the measurement and analysis of these losses. The results obtained
by these measurement methods can be utilized in optimization of the ICL and ICLED
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performance.
Furthermore, in Chapter ??, the basics of modeling of interband cascade devices are

briefly explained and extension of the existing modelling tool developed at TU Wien
by implementing the spontaneous emission is presented.
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2. Interband cascade devices

This chapter serves as an introduction to the realm of interband cascade devices around
which this thesis revolves. Its purpose is to provide context and basic understanding
of the operating principles of these devices to lay the theoretical foundation for the
following chapters. First, the interband cascade laser (ICL) is introduced as this was the
original device utilizing the cascading scheme in combination with interband transitions
in semiconductor structures and because its development laid basis for the development
of other devices, such as interband cascade photodetectors, frequency combs, vertical-
cavity surface-emitting lasers, ring lasers, or light emitting devices (ICLEDs). The
section subsequent to the introduction of ICLs is dedicated precisely to ICLEDs and
includes literature research on the current state of the art in ICLED design.

2.1 Interband cascade laser

Interband cascade lasers (ICLs) are devices that emit coherent, polarized light in the
mid-infrared spectral region. They operate efficiently covering a wide wavelength range
spanning from below 2 to above 11𝜇m in pulsed mode and in continuous wave (cw)
mode at room temperature in the range approximately 3–6𝜇m [3]. They are made of
several micrometres thick epitaxially grown heterostructures composed of compound
III-V semiconductors, specifically indium arsenide (InAs), gallium antimonide (GaSb),
aluminium antimonide (AlSb), and related alloys.

Epitaxial growth

The heterostructures are typically grown by molecular beam epitaxy (MBE), a highly
versatile technique for preparing clean, well-defined monocrystalline layers with atomic
dimensional control. The MBE growth process involves the reaction of one or more ther-
mal beams of atoms or molecules with a crystalline surface under ultrahigh vacuum
(UHV) conditions characterized by a pressure lower than 10−7 Pa (∼ 10−10 Torr) [4].
The UHV provides a clean surrounding for growth, minimizing the possible contami-
nation of the structures with undesired elements from the residual gas atmosphere.

Due to exact control of the beam fluxes and deposition conditions, controlled growth
of films with precise thickness, sharp doping profiles and different chemical compositions
changing over a spatial depth of several Ångstroms can be achieved with MBE [5],
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allowing fabrication of optical devices tailored to specific needs.
In order to prepare heterostructures suitable for interband cascade lasers, two cri-

teria must be fulfilled: 1) the materials selected for growth must be lattice-matched
and 2) they must have suitable properties. One of the epitaxial growth limitations is
that the thin films adopt the crystallographic structure related to that of the substrate.
That is why, for thin heterostructure layers for high-quality devices, the heterojunc-
tions must be formed by lattice-matched or nearly lattice-matched materials to avoid
introducing a significant amount of strain and prevent the formation of defects that
would hinder the device’s operation. The lattice mismatch should satisfy the condition
Δ𝑎
𝑎

< 10−3, where ∆𝑎 = 𝑎− 𝑎epi, which is the difference in the lattice constants of the
substrate 𝑎 and of the epitaxially grown layer 𝑎epi [6].

Fig. 2.1a shows lattice constants and band gaps for some of the industrially impor-
tant and most researched semiconductors. The solid lines joining the binary compounds
show the variation in the energy gap as a function of the lattice constant for several
ternary solid solution systems. As can be seen in the diagram, the three marked binary
III-V semiconductors primarily used for ICL fabrication (InAs, GaSb, and AlSb) cre-
ate a fitting material system for epitaxial growth since they are nearly lattice-matched
(including AlSb/GaSb alloys) with the lattice constant close to 6.1Å.

Once we have a material system suitable for epitaxial growth, it is also essential
to meet the requirement of optoelectronic devices such as ICLs to have specific carrier
transport properties, energy gaps and refractive index discontinuities at the heterojunc-
tions that provide carrier and optical confinement. The alignment of the ICL materials
bandgaps, illustrated in Fig. 2.1b, demonstrates the fulfilment of this prerequisite. The
versatility in combining these materials and their alloys enables the creation of het-

Figure 2.1: a) Energy gap versus lattice constant at 300 K for important semiconduc-
tors. The connection lines describe the behaviour of corresponding alloys. Adapted
from [7]. b) Band alignment of and lattice constant of materials used in interband
cascade laser. Adapted from [8].
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erostructure systems with a diverse range of bandgap alignment at heterojunctions,
which is a crucial aspect also for facilitating the optical transitions necessary for laser
emission.

ICL operation

The lasing action in ICLs is achieved through optical interband transitions between
quantized states in specifically designed multiple-quantum well heterostructures. The
concept of ICLs was first proposed in 1995 by Rui Q. Yang et al. [10]. They suggested
combining the operating principle of type II diode lasers and the cascading scheme.
Type II diode lasers (Fig.2.2a) rely on the interband transitions, the recombination of
an electron from the conduction band and a hole from the valence band, accompanied
by photon emission. Unlike in type I diode lasers, where both the electron and hole
are confined within the same material, in type II diode lasers, the electron and hole
are spatially separated into different materials, which gives rise to unique optical and
electrical properties.

The active region of an ICL where the light is produced consists of several stages
with repeating patterns of material layers, creating a system of quantum wells. The
interband transitions responsible for generating photons of wavelength defined by the
structure occur in each stage. Since the ICL active-region stages are connected in
series in contrast to conventional diode lasers, electrons injected into the structure
under forward bias are reused and generate an additional photon per stage, as shown
in Fig. 2.2. Due to this process, the devices are described as cascading and it leads to
high quantum efficiencies (defined by the number of photons generated per electron)
and low power consumption.

Figure 2.2: a) Illustration depicting the type-II interband transition occurring between
the conduction band of the material layer on the left to the valence band of the material
on the right. found in diode lasers and ICLs. b) Illustration of the cascading scheme of
an ICL under a forward bias. Electron injected into the structure generates a photon
with energy 𝐸 = ℎ𝜈 (ℎ - Planck constant, 𝜈 - frequency) corresponding to the interband
transition in each of the stages [9].
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The efficient cascading scheme was initially introduced in quantum cascade lasers
(QCLs) pioneered by Jerome Faist et al. in 1994 [11]. In contrast to ICLs and tradi-
tional diode lasers, QCLs rely on intersubband electron transitions within the conduc-
tion band.

The schematic energy band diagram of 11
2

stages of an ICL lasing at 𝜆 = 3.7𝜇m is
shown in Fig. 2.3. The figure provides an example of a standard ICL design. Each stage
of the active region comprises three sections: multilayer electron and hole injectors and
the active quantum wells where the optical transitions occur.

Figure 2.3: Illustrative band diagram of 11
2

stages of typical ICL active region. Probabil-
ity densities for active electron (hole) subbands between which the radiative transition
occurs are indicated with blue (red) lines. The probability densities for the injector-
electron (hole) subbands where the electrons (holes) are transported through to the
active quantum well are indicated with dark red (green) lines. The blue (red) arrows
indicate the direction of the electron (hole) motion in the structure. The horizontal
dashed lines indicate the position of the quasi-Fermi level in each stage [12].

The optical transition occurs between a conduction band state with its wave func-
tion residing mainly in the InAs layers (electron quantum wells), and the valence band
state with wave function mainly in the Ga1−𝑥In𝑥Sb layer sandwiched between the InAs
layers (hole quantum well). These three layers form the so-called "W" quantum well
configuration that maximizes the optical gain by increasing the overlap between elec-
tron and hole wavefunctions [13]. The energy separation between the conduction and
valence band states can be changed by carefully manipulating the layer thickness. By
this bandgap engineering, the emitted wavelength can be tailored for different applica-
tions.
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In a specific structure, the emission wavelength of an ICL can be further finely
tuned by the operating current and temperature. The current injection alters the
wavelength through changing the electron and hole populations and the relationship
between temperature and wavelength results from the influence of temperature on the
band structure and the bandgap.

The state in the conduction band acting as the upper lasing level is populated
through the electron injector, and the lower lasing level in the valence band through
the hole injector. The electron injector plays a crucial role in maintaining a population
inversion that is necessary for achieving the lasing action by quickly depopulating its
states. The design of the electron injector consists of several InAs/AlSb quantum wells
with specific energy alignment and spatial configuration, facilitating rapid electron
transport via a combination of resonant and phonon-assisted tunnelling. The hole
injector, comprised of coupled GaSb/AlSb quantum wells, serves a similar purpose.
On top of that, it prevents electron tunnelling leakage from the active electron wells to
the electron injector in the next stage [14].

Although only electrons are injected into and removed from the ICL, both elec-
trons and holes are present in each stage of the ICL’s active region. This is the key
feature in any interband cascade device allowing the cascading and it is provided by the
semi-metallic interface at the boundary between the electron and hole injectors. This
interface acts as an internal generator of charge carriers, as illustrated in Fig. 2.4. The
band alignment of the InAs/GaSb so-called broken-gap heterojunction is characterized
by the bottom of the conduction band in InAs lying approximately 0.2 eV below the
top of the valence band in GaSb at room temperature [15]. This unusual band align-

Figure 2.4: The energy alignment for adjacent InAs and GaSb quantum wells in equilib-
rium (a) and under bias (b). The solid blue and red lines indicate the conduction and
valence-band edges, respectively. In the absence of a bias, quantum confinement leads
to an energy gap 𝐸g between the lowest conduction and highest valence band states
(blue and red dotted lines, respectively), whereas under bias a semi-metallic overlap
𝐸SM is imposed that leads to the generation of electron and hole densities, represented
by the solid blue and open red circles, respectively. The applied field causes carriers to
flow away from the interface (arrows). Adapted from [12].
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ment causes the junction to exhibit semi-metallic properties when an external field is
applied. Without an applied external field, electrons and holes are localized on op-
posite sides of the interface. However, when an external field is applied, the bottom
conduction subband is lowered with respect to the top valence subband, producing a
voltage-dependent band overlap of 𝐸SM(V). At typical operating voltages, this overlap
is ≈ 100meV [14]. The induced semi-metallic overlap 𝐸SM generates equal electron and
hole densities. The applied field also causes both types of carriers to flow away from
the interface towards their respective active quantum wells.

It is worth noting, that in the absence of external field, the active stages of an ICL
can function also as an detector without requiring any modifications. This is because
incident photons having energy corresponding or higher than that of the interband
transition induce photocurrent that flows in the opposite direction to that which pro-
duces gain under forward bias. The electrons get lifted to the conduction band and
then slowly decay into the next step due to the defined cascading structure.

Laser cavity

The radiative recombination in the active region supported by the effective carrier
transport itself is insufficient to achieve lasing. To sustain the lasing process by ampli-

Figure 2.5: Schematic layering of an ICL structure. The primary regions are the ac-
tive stages, top and bottom separate confinement layers (SCL), and top and bottom
superlattice optical cladding layers, grown on a suitable substrate and forming the
waveguiding structure. The cap layer ensures low-resistance electrical contact between
the metal and semiconductor, and the top and bottom metal contacts allow the ap-
plication of an external field providing the current injection. Note that the dimension
proportions in the drawing are out of scale compared to real situations.
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fying the light within the gain medium, it is necessary to incorporate optical feedback
and create a laser cavity and an efficient waveguiding structure, which confine the
electromagnetic field into well-defined optical modes.

A simplified schematic structure of a whole ICL is depicted in Fig. 2.5. The waveg-
uiding structure grown on the substrate comprises following basic building blocks: the
active region (usually 5 to 12 stages), surrounded by separate-confinement layers (SCL)
and superlattice optical cladding.

Generally, the laser waveguide needs to guarantee sufficient overlap of the propa-
gating mode with the active region while minimizing internal losses. The confinement
of the mode and the sufficient overlap with the active region is typically ensured by
creating a refractive index contrast between the active region and the cladding lay-
ers (Fig. 2.6). The thick superlattice top and bottom cladding have significantly lower
refractive index than that of the active region, leading to the confinement within by
total internal reflection and separation of the optical mode from the highly doped cap
layer and the substrate to avoid free carrier absorption (discussed in the following chap-
ter) and mode leakage to the high refractive index substrate. However, the losses in
the cladding are relatively high, which is the reason for incorporating the SCL layers,
which have higher refractive index than both the cladding and the active region, but the
doping and related carrier-absorption-induced losses are much lower. Hence, although
a large proportion of the mode is confined in these layers, they lead to improvement of
the device efficiency by effectively reducing the waveguide losses [16].

Figure 2.6: Profiles of the real part of the effective refractive index and optical intensity
for the fundamental TE mode of a slab ICL waveguide with a 7-stage active core and
800 nm-thick GaSb SCLs used as an illustration of the mode confinement and refractive
index contrast in the ICL waveguide. Taken from [17].
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The waveguiding structure confines the optical mode in the growth (vertical) direc-
tion. Lateral confinement is most commonly achieved by etching the semiconductor
layers to create a ridge geometry. In the simplest cases, the optical feedback is obtained
using the cleaved facets to form a Fabry-Pérot resonator. The facets formed by cleaving
the material along the crystallographic direction create a high-quality semiconductor-
air interface. Due to the refractive index discontinuity at these interfaces, the facets
act as partially reflecting mirrors. If emission from a single facet is preferential, the
facets can be coated to modify their reflectivities. The out-coupled light at both sides
of the ICL waveguide is quantified by the mirror losses given by

𝛼m =
1

2𝐿
ln
(︂

1

𝑅1𝑅2

)︂
, (2.1)

where 𝐿 is the cavity length and 𝑅1, 𝑅2 are the two mirror reflectivities.
The condition to reach the lasing threshold in ICLs as well as in other lasers is quite

simple. In order to sustain the lasing, the losses from the mirrors 𝛼m and internal losses
𝛼i stemming from the interaction of the mode with the waveguide material system need
to be overcome by the optical gain. Hence the gain at threshold 𝑔th given by material
gain and the modal overlap of the propagating light with the gain region, exactly
compensates the losses:

𝑔th = 𝛼m + 𝛼i. (2.2)

This equation separates the losses in a laser into localized losses due to the mirrors
that can be affected by treatment, and distributed losses that cannot be influenced
externally, only by the design and fabrication. Chapter 2 focuses on the origin of the
internal losses in interband cascade devices that are essential for understanding their
limitations.

The lasing threshold is usually characterized by another critical parameter which is
the threshold current density, 𝐽th, directly related to 𝑔th. Lowering 𝐽th is crucial for ef-
ficient laser operation, as it determines the minimum current required to initiate lasing.
Lower 𝐽th results in reduced power consumption, and improved thermal management.

2.2 Interband cascade light emitting device

It is conventional for LED and diode laser designs to utilize multiple quantum wells
(MQWs) to improve their performance. This strategy is employed because MQWs
can significantly enhance the internal quantum efficiency of LEDs by increasing the
probability of radiative recombination through carrier confinement.

However, a pronounced decrease in output power at room temperature is still evi-
dent in the current state-of-the-art mid-infrared LEDs. Achieving efficient mid-infrared
LED sources emitting with power greater than 1mW in the spectral region above 2𝜇m
remains a challenge. And despite the advantages of LEDs, such as low power consump-
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tion and high modulation rate, there are still relatively few examples of commercial
LED-based mid-infrared instruments due to the technical limitations [18]. Interband
cascade light emitting devices (ICLEDs) provide one way to overcome these limitations.
They use the same active stages that produce optical gain in an ICL without the optical
feedback to generate light through spontaneous emission. Therefore, they benefit from
the expertise developed for cascade active regions in ICL structures.

In contrast to ridge ICLs, a typical ICLED uses a vertical emission architecture
similar to the one displayed in Fig. 2.7. The ICLEDs are typically mounted epitaxial-
side-down, with the light extracted through the substrate. To date, ICLEDs with 15-22
active region stages have been reported.

Figure 2.7: Schematic of a typical ICLED architecture. The epitaxial-side-down
mounted device emits through an annular bottom contact on the substrate side.
Adapted from [14].

One of the first times evidence of interband electroluminescence emitted from the
surface of a type-II cascading structure in the 5–8𝜇m spectral range was reported in
1997 [19]. The structure comprised 15 stages, and the achieved output optical power
reached up to 700 nW.

Several years later, investigations by N. Das et al. showed in various papers that
treatments of the output surface could enhance emission efficiency and output power
since, although ICLEDs can achieve high internal quantum efficiencies, a low wall-plug
efficiency is obtained due to low optical extraction. The optical extraction from an
LED usually is very inefficient due to total internal reflection leading to out-coupling
from the untreated substrate to be less than 4% [14]. By thinning out a GaSb substrate
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to 20𝜇m and patterning the output surface of the substrate with square grating in [20],
the emission from an 18-stage ICLED with peak wavelength at 3.8𝜇m was increased
from 40𝜇W per pixel to 400𝜇W at room temperature. They also found substantial
enhancement of the out-coupling by deposition of 20 nm of Au on the output surface
to provide a localized surface plasmon resonance [21].

C. S. Kim et al. [22] further reported improvement in the performance of 22-stage
devices by grouping the stages into four groups positioned at antinodes of the inter-
nally reflected optical field, as shown in Fig. 2.8. By grouping the stages, the IR
radiation interferes constructively with itself when reflected at small angles from the
top metal contact of the epitaxial-side-down mounted device, doubling the maximum
output power. With this approach, an ICLED with peak wavelength 3.1 µm emitted
up to 2.9 mW of cw power at 25 °C, with a maximum wall-plug efficiency of 0.4%.

Figure 2.8: Schematic of the epi-side-down mounted ICLED mesa with 22 active stages
split into four groups positioned at antinodes of the optical field reflected from the
metal contact. The optical intensity profile |𝐸|2 is depicted by the red line next to the
schematic of the active region heterostructure [22].

The grouping of stages has been further explored by, for example, Nanoplus. Uti-
lizing this technique, they managed to obtain up to 5.1mW of CW output at peak
wavelength 3.7 µm with 640𝜇m squared mesa while also achieving the highest wall-plug
efficiency of 0.7% ever reported for room temperature [23]. Note that the wall-plug
efficiency of any mid-IR LED decreases markedly with increasing drive current and
output power due to the rapidly increasing Auger recombination rates (described in
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Chapter 3) with injected carriers, leading to lower radiative efficiency.
Another technique to enhance the out-coupling in ICLEDs is to add top and bottom

mirrors as in vertical-cavity surface-emitting lasers (VCSELs) but operate below the
gain threshold to form a resonant cavity LED. This has the effect of enhancing the
emission rate due to a higher optical field at the cavity’s antinodes while improving the
output’s directionality and narrowing the emission bandwidth [24]. While ICLEDs
adopting the VCSEL architecture lead to narrower bandwidths, it is also possible
to broaden the ICLED bandwidth by cascading independently designed stages with
different bandgaps [14].

Growth of ICLEDs on mismatched silicon substrates was also reported [25]. Despite
the lattice mismatch and additional strain caused by differences in the thermal expan-
sion coefficients of Si and III-V semiconductors, improved radiance was reported due
to the much higher transparency of silicon in the mid-infrared region. On top of that,
dissipation via the substrate allowed devices on Si to operate with much higher current
densities. The growth on Si opens up the possibility of the heterogeneous integration
of ICLEDs with widespread low-cost CMOS technology.

As was already mentioned in the introduction, ICLEDs hold potential in several
fields of application. They were already successfully utilized for the detection of
methane [26] and NO2 [27] and suggested as a potential source for IR scene projec-
tion arrays [14].
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3. Losses in interband cascade devices

The gain and loss mechanisms in semiconductor lasers are largely determined by the
band structure of the laser’s active region and the surrounding material layers. Domi-
nant loss processes vary significantly with emission wavelength and the material com-
position of the laser structure [28].

The internal losses 𝛼i in interband cascade devices stem from various mechanisms
within the device structure. These losses arise from similar mechanisms as in other
semiconductor lasers and diodes.

Internal losses include both non-radiative processes and absorption losses. Absorp-
tion losses reduce the number of already generated photons within the device, while non-
radiative losses prevent photon emission. Non-radiative losses are primarily attributed
to carrier recombination processes such as Auger recombination and Shockley-Read-
Hall recombination, carrier leakage and resistive losses. In this chapter, non-radiative
recombination and different types of absorption are reviewed.

3.1 Non-radiative recombination

In the thermal equilibrium, the product of the electron concentration 𝑛 and hole con-
centration 𝑝 is constant and known as intrinsic carrier concentration:

𝑛2
𝑖 = 𝑛𝑝. (3.1)

However, an applied external field introduces excess charge carrier in the semiconductor
heterostructure and generates a non-equilibrium situation (𝑛𝑝 > 𝑛2

𝑖 ). Recombination
processes between electrons and holes tend to restore the equilibrium state [29].

Three fundamental mechanisms of electron-hole recombination can be distinguished
and are depicted in Fig. 3.1. The radiative recombination contributes to photon emis-
sion, and the non-radiative recombination processes, Shockley-Read-Hall and Auger,
contribute to losses.

Shockley-Read-Hall Recombination

Shockley-Read-Hall non-radiative recombination, often called defect or trap-assisted,
was first observed in a germanium crystal and mathematically described in 1952 [30].
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Figure 3.1: Schematic illustration of the recombination mechanisms present in semicon-
ductor lasers. The solid red lines represent the conduction band (𝐸c) and valence band
(𝐸v) states. Radiative recombination (left) results in photon emission. Shockley-Read-
Hall recombination (centre) is relaxation via defect states or traps (dotted red line)
within the semiconductor bandgap. Auger recombination (right) involves an additional
charge carrier which is excited by absorbing the energy released by the recombination
process.

Defects and impurities in the semiconductor crystal lattice create energy states within
the bandgap, also called trap levels, that act as recombination centres. Electrons
and holes can recombine through these defect states without emitting photons. The
two-step recombination process involves the relaxation of electrons to the defect level
followed by relaxation to the valence band, annihilating a hole in the process [31].

The SRH recombination rate 𝑅SRH is given by

𝑅SRH =
𝑛𝑝− 𝑛2

i

𝜏h0(𝑛+ 𝑛0) + 𝜏e0(𝑝+ 𝑝0)
, (3.2)

where 𝜏h0 and 𝜏h0 are carrier lifetimes for holes and electrons, respectively, whose values
depend on the type of trap and the density of traps [32]. The parameters 𝑛0 and 𝑝0
introduce the dependency of the rate on the trapping energy level 𝐸t as

𝑛0 = 𝑛i exp

(︂
𝐸t − 𝐸i

𝑘𝑇

)︂
(3.3)

and
𝑝0 = 𝑛i exp

(︂
𝐸i − 𝐸t

𝑘𝑇

)︂
, (3.4)

where 𝐸i denotes the middle of the bandgap. These expressions show that impurities
that introduce energy levels near the midgap are very effective recombination centres.

If the injected carrier densities are much larger than intrinsic carrier densities, the
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recombination rate simplifies to 𝑅SRH ≈ 𝑛/(𝜏e0 + 𝜏h0), yielding a linear dependence on
injected carrier density.

This type of recombination is structure-sensitive and particularly prevalent in ma-
terials with high levels of impurities or structural imperfection since the recombination
rate is directly proportional to the density of traps. Thus, high-quality heterostructures
grown by MBE are desired to suppress this type of non-radiative recombination.

Auger recombination

Auger recombination is a three-carrier process involving either two electrons and one
hole (𝑒𝑒ℎ process) or two holes and one electron (ℎℎ𝑒 process). When electrons and
holes recombine, their energy is transferred to a third carrier, which is then excited to a
higher energy state instead of emitting photons. The excited carrier eventually relaxes
back to the edge of the respective band and loses its excess energy as heat through
phonon interactions.

Fig. 3.2 shows four different 𝑒𝑒ℎ Auger processes facilitated by direct/indirect and
intraband/interband carrier transitions. Inversely, similar processes occur for the ℎℎ𝑒

Auger recombination. All of these processes need to abide by the momentum and
energy conservation.

Figure 3.2: Schematics of different Auger recombination processes: a) direct intraband,
b) indirect intraband, c) direct interband, and d) indirect interband. The solid lines
represent the energy dispersion 𝐸(𝑘) of the conduction band (CB) and valence band
(VB) subbands. The solid arrows are momentum transferred from electron-hole re-
combination, while the dashed arrows represent a scattering mechanism, such as alloy
scatttering or electron-phonon coupling. Adapted from [33].

Because this process is based on the ability of the charge carriers to exchange energy,
the probability of Auger recombination increases with a higher carrier concentration.
For an ℎℎ𝑒 process, we expect the reaction mechanism to be proportional to 𝑝2𝑛 and
𝑒𝑒ℎ process proportional to 𝑛2𝑝. Hence the Auger recombination rate 𝑅A is given by

𝑅A = 𝐶n𝑛
2𝑝+ 𝐶p𝑝

2𝑛, (3.5)
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where 𝐶n and 𝐶p are the capture probability coefficients when the third carrier is
electron or hole, respectively [34]. If the hole and electron concentrations are assumed
to be equal, the Auger rate is dependent on the cubed carrier density 𝑅A ∝ 𝑛3.

Under the assumption of parabolic bands and low carrier densities, the carriers
can be considered to follow the Boltzmann distribution, yielding the Auger capture
coefficients to be

𝐶n,p ∝ exp

(︂
−𝐸a

𝑘𝑇

)︂
. (3.6)

𝐸a is the activation energy, which depends on the in-plane masses of the carriers in-
volved in the recombination and is linearly dependent on the bandgap energy 𝐸g [35].
The dependence of the rate on the bandgap energy translates to dependence on the
wavelength. If the bandgap is smaller, corresponding to a longer wavelength, the ac-
tivation energy is also smaller, making the recombination process more probable. Ad-
ditionally, according to Eq. 3.6, higher temperature also leads to increased prominence
of the Auger recombination.

More accurate descriptions of the Auger process can be derived by considering
Fermi-Dirac statistics and the non-parabolicity of the conduction and valence bands.
Moreover, the situation in semiconductor lasers is more complex due to the forma-
tion of quantum wells and carrier confinement, which significantly alter the carrier
dynamics and recombination processes. Experimental values of the Auger coefficient
in such structures can vary widely depending on material composition, doping levels,
and temperature, and sophisticated measurement techniques are often required for the
coefficients to be accurately determined.

3.2 Absorption

Absorption in semiconductor devices results in loss of the optical signal propagating
through the device, or in other words, reduction of the number of photons generated
through radiative recombination. Depending on the material, doping, temperature,
and the wavelength range of interest, various absorption mechanisms in semiconductor
materials dominate to different degrees. The most relevant absorption mechanisms in
III-V semiconductors are free carrier absorption, inter-valence band absorption and
inter-valley conduction band absorption. These absorption mechanisms are briefly
addressed following [36]. The general description of inter-valence band absorption is
then followed by description of valence intersubband absorption in the hole quantum
well of the W quantum well system utilized in interband cascade devices, which is
subject of measurements presented in last section of Chapter 4.

Free carrier absorption

The term "free carriers" refers to the electrons in the conduction band and the holes
in the valence band that are free to move and contribute to electrical conduction. Free
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carrier absorption is a phenomenon in which a material absorbs a photon, resulting
in the excitation of an already excited free electron or hole to a higher unoccupied
energy level within the conduction or valence band, respectively. Generally, free car-
rier absorption can only occur accompanied by an additional scattering event to fulfil
momentum conservation [35].

The absorption coefficient characterizing the free carrier absorption, 𝛼FCA, is con-
ventionally defined following the classical Drude model of the charge carrier transport
as:

𝛼FCA =

(︂
𝑒3

4𝜋2𝑐3𝑚2
0𝜖0

)︂(︂
1

𝑛(𝑚*/𝑚0)2

)︂(︂
𝜆2

𝜇

)︂
𝑛e,p = 𝑠𝜆2𝑛e,p, (3.7)

where 𝑛 is the refractive index, m* is the effective mass of the carrier, 𝜇 is the mobility,
𝑛𝑒,𝑝 is the free carrier (electron/hole) concentration, and 𝜆 is the incident wavelength.
We can see that according to the classical approach, the absorption coefficient should
exhibit linear dependence on the free carrier concentration and quadratic dependence
on the wavelength.

However, more precise calculations applying the quantum mechanical principles
show that the exponent of the wavelength yields different values for different dominant
scattering mechanisms encompassing free carrier absorption. The absorption coefficient
for electrons can then be expressed as a weighted sum:

𝛼FCA = 𝑠(𝐴𝜆1.5 +𝐵𝜆2.5 + 𝐴𝜆3). (3.8)

The dependency on 𝜆1.5 represents carrier collision with the lattice resulting in scat-
tering by acoustic phonons, 𝜆2.5 represents scattering due to optical phonons, and 𝜆3

scattering by ionized impurities. 𝐴, 𝐵 and 𝐶 are fitting parameters.
To further simplify the expression and reduce fitting parameters to two, the follow-

ing equation can be used:
𝛼FCA = 𝐾FCA𝜆

𝑚. (3.9)

The constant 𝐾FCA depends directly on the doping of the semiconductor and also takes
into account any dependence of the mobility on doping.

Inter-valley conduction band electron absorption

An inter-valley conduction band absorption involves the transition of an electron be-
tween local energy minima (valleys) of one conduction subband at different 𝑘-points.
Both acoustic and optical phonons can cause the phonon-assisted electron transitions.

The dependence of the absorption coefficient characterizing this process within the
conduction band, 𝛼CB, on the energy (wavelength) of the incident photons, can be
expressed as

𝛼CB = 𝐾CBV (ℏ𝜔 − 𝐸0)
1/2 ≈ 𝐾CBV

(︂
1.24

𝜆
− 𝐸0

)︂1/2

, (3.10)

where 𝐾CBV is the fitting parameter dependent on carrier concentration, ℏ𝜔 is the
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photon energy and 𝐸0 is threshold energy for the inter-valley transitions given by

𝐸0 = ∆𝐸 + 𝐸p − 𝐸F. (3.11)

This term includes the energy separation between the valleys ∆𝐸, the energy of the
involved phonon 𝐸p and the position of the Fermi level 𝐸F.

The decrease in the absorption coefficient with increasing wavelength leads to the
inter-valley conduction band absorption being the governing mechanism of the total
internal absorption only at lower wavelengths.

Inter-valence band absorption

The valence band in typical semiconductors comprise light-hole (LH), heavy-hole (HH)
and split-off (SO) bands. Transitions of carriers within these bands are allowed, which
gives rise to inter-valence band absorption. At elevated temperatures or in heavily
doped p-type, that have a Fermi energy below the valence band edge, transitions are
possible from the LH band to the HH band or from the SO band to the HH or LH
bands [37].

The theoretical description of inter-valence band absorption is much more complex
than in the previous cases. Following the Kane model describing the III-V semiconduc-
tor band structure, the derived absorption coefficients for different inter-valence band
absorption processes show linear dependency on the carrier density. The obtained ex-
pressions also facilitate the different effective masses of the respective bands and the
frequency of the incident radiation.

When designing a laser, resonances between the lasing wavelength and the split-off
energy 𝐸SO separating the SO band from LH and HH bands at the Γ-point (𝑘 = 0)
of the band structure should be avoided since the absorption depends on the carrier
density, which is highest at the Γ-point. However, the absorption due to transition
from the SO band at Γ-point occurs only in materials where 𝐸SO < 𝐸g. This does not
apply, for example, in GaSb, and the inter-valance band comes mainly from LH-HH
transitions.

The inter-valence band absorption is believed to have a more significant effect at
higher wavelengths as it has been previously considered to be a possible cause of
the temperature sensitivity of threshold currents in longer-wavelength semiconductor
lasers [38].

Valence intersubband absorption in the W quantum well

The ICL performance "sweet spot" lies in the 3–4𝜇m range, where the performance
is considered optimized since the threshold current and power densities appear to be
approaching theoretical limits [17]. Outside this wavelength range, ICL performance
degrades, and it has proven highly challenging to extend the cw operation at room
temperature toward longer wavelengths. The same can be said about other interband
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cascade devices since their operation and limitations are governed by the same under-
lying mechanisms, especially in the active region.

In the longer-wavelength devices, the degradation of ICL performance is typically
attributed to the rapid wavelength scaling of the multi-carrier Auger recombination
and the free-carrier absorption, along with the reduced overlap of the electron and
hole wavefunctions in the W quantum well (W-QW) [17]. However, very recently, H.
Knötig et al. [39] recognized resonant intersubband absorption in the valence band to
be causing the performance drop in ICLs operating in the 4–5𝜇m region and presented
a solution to overcome it. This research, supported by simulations and experiment,
found a direct dependency of the valence intersubband absorption on the thickness of
the Ga1−𝑥In𝑥Sb hole quantum well (h-QW) in the W-QW system and presented a way
to reduce the unwanted absorption.

Most of the ICL designs presented in the literature, predominantly employing h-
QWs with the thickness of 3 nm, always exhibited performance degradation at longer
wavelengths. Knötig et al. suggested that a more careful design of the active W-QW
can overcome this negative trend. Some of the results of the numerical simulations
conducted in their work are shown in Fig. 3.3. The electronic band structure at the
Γ-point of a specific W-QW design with emission wavelength of 4.6𝜇m and 3 nm thick
Ga0.65In0.35Sb h-QW is depicted in Fig. 3.3a. The red and black subbands have domi-
nant heavy-hole and light-hole band contributions, respectively. The red arrow in the
plot in Fig. 3.3b, depicting the valence band structure in dependence on the in-plane
wave vector for the same design, indicates a possible transition between those subbands.
For the specific design, this transition matches the emission wavelength of the device.

To obtain a more detailed picture, they simulated absorption with varying h-QW
thickness. The simulation results are shown in Fig. 3.3c. As can be seen from the
absorption map, following the dashed white line representing an h-QW thickness of
3 nm corresponding with the previously mentioned design, a pronounced absorption
does, in fact, occur at the emission wavelength 4.6𝜇m, undeniably confirming the pres-
ence of intersubband absorption in this device. Note that the nature of the absorption
mechanism is, however, nontrivial as the two solid lines in this plot corresponding to
the transition energies at the Γ-point between the calculated subbands do not fit the
absorption features completely since dominant absorption can also occur at nonzero
in-plane 𝑘 values.

The data in Fig. 3.3 were calculated for a Fermi level set to the uppermost valence
subband at 𝑘 = 0 and for a temperature of 300K. Assuming the thermal distribution
of carriers with a fixed Fermi level, the intersubband absorption is expected to increase
with temperature, as it is expected to depend on the hole density. By this reasoning, one
would also expect that the resonant absorption would depend on the voltage applied to
the devices, as higher voltage introduces more carriers and, hence, a higher probability
of intersubband transitions. This voltage dependency is experimentally proven in the
following chapter.
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Figure 3.3: a) Simulation of a W quantum well band structure of an ICL with 3 nm
thick Ga0.65In0.35Sb h-QW emitting at 𝜆 = 4.7𝜇m calculated at the Γ-point. Probabil-
ity densities of the heavy hole-like and the light hole-like subbands are plotted in red
and black, respectively. b) Relevant subbands for the intersubband transitions plotted
in dependence on the in-plane wave vector 𝑘 for the same ICL design as in (a). A possi-
ble intersubband transition is indicated by the red arrow. c) Calculated absorption in
the valence band depending on the Ga0.65In0.35Sb layer thickness and wavelength. The
two solid white lines indicate the wavelengths corresponding to the energy difference
at the Γ-point between the calculated subbands (red-black and red-gray). The dashed
line indicates the h-QW thickness of 3 nm. d) Dependence of the absorption on wave-
length for three structures emitting at 𝜆 = 4.35𝜇m with Ga0.6In0.4Sb h-QW calculated
for different h-QW thicknesses. The Fermi level was fixed to the uppermost valence
subband at 𝑘 = 0 and a temperature of 300K was used for the simulations [39].

26



4. Methods and results

4.1 Spectroscopic methods

4.1.1 Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy allows, like classical spectroscopy, to obtain
the transmission spectrum of the sample under investigation. For the measurements
conducted in this thesis, Burker VERTEX 70v FTIR Spectrometer located at TU
Wien was used. The spectrometer provides the possibility to acquire a complete far-
and mid-infrared spectrum from 6000 cm−1 to 50 cm−1 in a single step measurement
corresponding to the wavelength range 1.66𝜇m to 20𝜇m. (Here, the wavenumber is
defined as 𝜈 = 1/𝜆). A simplified scheme of the optical setup in this FTIR Spectrometer
is shown in Fig. 4.1. The setup of the light source, interferometer, sample compartment,
and a detector.

Figure 4.1: Schematic illustration of the optical path beam in the Bruker FTIR spec-
trometer setup configuration used for the measurements.
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The measured samples are mounted on a holder in evacuable compartment with the
vacuum in reaching 0.2 hPa (150mTorr). The vacuum environment helps to eradicate
the strong absorption of water vapor and CO2 present in the mid-infrared spectral
region.

The light beam from the broadband infrared light source, consisting of a globar (a
glowing silicon carbide rod), first passes through a Michelson interferometer, where the
light is collimated and than directed to a beam splitter. The beam splitter splits beam
into two, one beam is refracted towards the fixed mirror and one transmitted towards
the moving mirror. Light is reflected from the two mirrors back to the beam splitter
and some fraction of the original light passes into the sample compartment. There, the
light is focused on the sample.

The movable mirror serves to change the difference in the optical paths of the
interfering beams refleted from the mirrors 𝛿. If the difference in the optical paths
is 𝛿 = 𝑛𝜆, where 𝜆 is the wavelength of the light coming from the source, the light
interferes constructively at the interferometer output. For 𝛿 = (𝑛 + 1

2
)𝜆, the light

interferes destructively. Thus, in general, for monochromatic light, the intensity at the
output of the interferometer can be described as [40]

𝐼(𝜆, 𝛿) =
1

2
𝐼0(𝜆) +

1

2
𝐼0(𝜆) cos

2𝜋𝛿

𝜆
, (4.1)

where 𝐼0 is the intensity of the incoming light. The first term in Eq. 4.1 is constant,
unlike the second term that changes with 𝛿. An interferogram is a plot of this intensity
as a function of 𝛿 showing the interference pattern produced by the interferometer. In
the following text, we consider only the second term, which represents the oscillatory
part of the interferogram and is responsible for the interference pattern observed.

If there is a broad-spectrum source at the input of the interferometer, the intensity
at the output will be:

𝐼(𝛿) =

+∞∫︁
−∞

1

2
𝐼0(𝜆) cos

2𝜋𝛿

𝜆
𝑑𝜆 . (4.2)

In the experiment, this signal is then altered by the interaction with the sample quan-
tified as the transmittance 𝑇 (𝜆). The transmission through a material system changes
the interferogram in the following way:

𝐼(𝛿) =

+∞∫︁
−∞

1

2
𝐼0(𝜆)𝑇 (𝜆) cos

2𝜋𝛿

𝜆
𝑑𝜆 . (4.3)

During the measurement, the interferometer mirror is moved and the intensity is
recorded by the detector, in our case a HgCdTe (MCT) photodetector cooled to liq-
uid nitrogen temperature. To retrieve a spectral dependence of the intensity after
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transmission, 𝐼T, the obtained signal 𝐼(𝛿) is processed using the Fourier transform [40]

𝐼T = 𝐼0(𝜆)𝑇 (𝜆) =

+∞∫︁
−∞

2𝐼(𝛿)𝑒
−𝑖2𝜋𝛿

𝜆 𝑑𝛿. (4.4)

Since the interferogram in an actual experiment cannot be measured over an infi-
nite interval, the Fourier transform results in the convolution of the spectrum with a
window function corresponding to the measured interval. To suppress this artifact, the
interferogram is typically multiplied by a suitable function before the transformation.
This process, known as apodization, involves multiplying the interferogram by a func-
tion prior to the Fourier transformation to remove false sidelobes introduced due to
the finite limits of optical path displacement [41].

4.1.2 Infrared spectroscopic ellipsometry

Spectroscopic ellipsometry is a non-contact non-destructive experimental method that
serves primarily the purpose of characterizing thin films by determining their thickness,
and optical constants (complex refractive index). However, it can be also applied to
analysis of composition, crystallinity, roughness, doping concentration and other mate-
rial properties associated with a change in optical response while providing sensitivity
necessary to measure nanometer-scale layers used in microelectronics [42].

Principles of ellipsometry

Ellipsometry is based on the analysis of the change in the polarization state of light
when reflected from or transmitted through a material structure. Generally, ellipso-
metric studies are carried out mostly in the reflection mode that is not restricted by
the transparency of the ambient-film-substrate system for accessibility of the transmit-
ted light [43]. The measurements conducted in this thesis were also performed solely
within the reflection regime, so the principle of the method will be explained using this
particular geometry.

Polarization is an intrinsic property of any transverse wave. Light represented by
electromagnetic waves shares this property. For the description of light polarization, it
is adequate to discuss the behaviour of the electric field component in time and space.
The electric field is always orthogonal to the propagation direction. Hence, a wave
traveling along the 𝑧-direction can be described by its 𝑥- and 𝑦- components. When
the electric field vectors are randomly oriented in all directions perpendicular to the
propagation direction, the light is considered unpolarized. If the electric field vectors
follow a specific pattern in space, the light is considered polarized.

From the solution of Maxwell equations in a homogeneous isotropic medium in the
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form of a plane wave, the components of the electric field 𝐸⃗ are

𝐸𝑥 = 𝐸𝑥0 sin(𝑘𝑧 − 𝜔𝑡+ 𝜙𝑥), (4.5)

𝐸𝑦 = 𝐸𝑦0 sin(𝑘𝑧 − 𝜔𝑡+ 𝜙𝑦), (4.6)

where 𝜔 is the circular frequency, 𝜙𝑥 and 𝜙𝑦 are constants and 𝑘 is the wavenumber
related to the wavelength of the incident radiation as

𝑘 =
2𝜋

𝜆
. (4.7)

From Eq. 4.5 and Eq. 4.6 it is possible to derive equation of ellipse:(︂
𝐸𝑥

𝐸𝑥0

)︂2

− 2
𝐸𝑥

𝐸𝑥0

𝐸𝑦

𝐸𝑦0

cos∆ +

(︂
𝐸𝑦

𝐸𝑦0

)︂2

= sin2∆, (4.8)

where ∆ is the phase shift between the x- and y-components of the electric field defined
as

∆ = 𝜙𝑦 − 𝜙𝑥. (4.9)

There are three distinguishable polarization types, schematically depicted in Fig. 4.2.
Eq. 4.8 describes the general elliptical polarization state of light when the phase shift
and the amplitudes 𝐸𝑥0 and 𝐸𝑦0 have arbitrary values. If 𝐸𝑥0 = 𝐸𝑦0 and ∆ = ±𝜋/2,
Eq. 4.8 is reduced to equation of a circle and the light is described as circularly polarized.
If ∆ is equal to an integer multiple of 𝜋 and Eq. 4.8 is reduced to equation of a line
and the light is described as linearly polarized. The relative amplitudes 𝐸𝑥0 and 𝐸𝑦0

determine the resulting orientation.

Figure 4.2: Linear, circular and elliptical polarization and projection of the electric field
x- and y-components onto a plane perpendicular to the propagation direction [44].

Upon reflection at a surface in the ellipsometry measurements, linearly polarized ra-
diation generally becomes elliptically polarized. The polarization change is represented
by two values extracted from the measurements, the phase difference, ∆, and the angle
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Ψ defined as
tanΨ =

𝐸𝑥0

𝐸𝑦0

. (4.10)

The two ellipsometric parameters can be combined into a single parameter, 𝜌, which
relates to the complex Fresnel reflection coefficients 𝑟𝑝 and 𝑟𝑠 through the following
equation:

𝜌 = tanΨ𝑒𝑖Δ =
𝑟𝑝
𝑟𝑠
. (4.11)

When considering reflection from a surface, the polarization of light is conventionally
described in terms of two components: p-polarized and s-polarized light. P-polarized
light has its electric field in the plane of incidence, while s-polarized light has its electric
field perpendicular to this plane. The plane of incidence is defined as the plane that
contains both the incident light ray and the normal to the surface at the point of
incidence (see Fig. 4.3).

The complex Fresnel reflection coefficents for s- and p-polarization are derived from
the boundary conditions of the interface for the tangential components of 𝐸⃗ and Snell’s
laws as

𝑟𝑠 =
𝐸𝑟𝑠

𝐸𝑖𝑠

=
𝑁1 cos(𝜃𝑖)−𝑁2 cos(𝜃𝑡)

𝑁1 cos(𝜃𝑖) +𝑁2 cos(𝜃𝑡)
, (4.12)

𝑟𝑝 =
𝐸𝑟𝑝

𝐸𝑖𝑝

=
𝑁1 cos(𝜃𝑡)−𝑁2 cos(𝜃𝑖)

𝑁1 cos(𝜃𝑡) +𝑁2 cos(𝜃𝑖)
. (4.13)

In these equations, 𝜃𝑖 and 𝜃𝑡 denote the angles between the normal to the interface and
the incident and transmitted beams, respectively. The terms 𝑁1 and 𝑁2 are the complex
refractive indices of the materials forming the interface, 𝑁1 represents the medium of
the incident light (the surrounding medium), while 𝑁2 represents the medium into
which the light is transmitted.

The complex refractive index, defined as

𝑁(𝜔) = 𝑛(𝜔) + 𝑖𝑘(𝜔), (4.14)

where 𝜔 is the angular frequency of the light interacting with the material, encapsulates
the spectral dependency of the material’s optical properties. The real part, 𝑛(𝜔),
describes the phase velocity of light in the material, while the imaginary part, 𝑘(𝜔),
represents the material’s absorption of the light. Understanding the refractive index is
crucial for material characterization. Specifically, from ellipsometric data, we aim to
determine the refractive index to assess the material’s optical properties.

Direct calculation of the optical constants 𝑛 and 𝑘 from the measured ellipsometric
parameters ∆ and Ψ is only possible when studying the simplest possible system, which
is a single optical interface. It is given by the following equation: [45]:

𝑁2 = 𝑁1 tan(𝜃𝑖)

√︃
1− 4𝜌 sin2(𝜃𝑖)

(𝜌+ 1)2
. (4.15)
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For more complex structures involving multiple interfaces (layers), the concept of
the effective refractive index becomes essential. The effective refractive index, inte-
grates the contributions from all layers in the structure, providing a comprehensive
description of the optical response. A detailed description of calculations the complex
Fresnel coefficients for the multilayer systems using the Jones matrix formalism and
introducing also the thicknesses of the layers can be found for example in [46].

Furthemore, in the case of studying more complex systems, for example, if only a
thin layer on a substrate is involved, 𝑛, 𝑘 and the thickness of the layer at known values
of the optical constants of the substrate cannot be obtained by direct calculation. In
general, the procedure is as follows: a set of ellipsometric spectra is obtained experi-
mentally for several different incidence angles. Then, a suitable model is utilized for
the system under study and the aim is to fit this model to obtain model parameters so
that the calculated data are as close as possible to the measured values. The accuracy
of the model fit is evaluated by the mean squared error [45].

Experimental setup

Scheme of a typical configuration of optical components of an ellipsometer is shown in
Fig. 4.3. The unpolarized light generated by the light source is first linearly polarized
by the polarizer. This polarized light then passes through the first compensator, which
is an optional component that introduces a known phase shift between the orthogonal
components of the light. This phase shift is usually introduced for creating elliptically
polarized light, which interacts more sensitively with the sample’s surface.

Upon striking the sample at an oblique angle, the light reflects and its polarization
state changes according to the sample’s optical properties. The reflected light then
passes through a second optional compensator, which helps to decode the changes
imparted by the sample by introducing another controlled phase shift.

Next, the analyzer, another polarizing element, is used to investigate the reflected
light. By rotating the analyzer and measuring the intensity of light that passes through

Figure 4.3: Schematic illustration of a conventional configuration of an ellipsometer.
Adapted from [47].

32



it, we can determine the ellipsometric parameters, ∆ and Ψ. Finally, the light reaches
the detector, where the intensity measurements are recorded. The detector data, com-
bined with the known input polarization state and the adjustments made by the com-
pensators and analyzer, allows for the precise calculation of the sample’s optical prop-
erties.

The instrument used for the measurements conducted in this work was J. A. Wool-
lam IR-VASE Spectroscopic Ellipsometer. The spectroscopic scans in this instrument
are done using an FTIR spectrometer as the light source.

4.1.3 Measurement results

The spectroscopic methods described above were employed to measure the losses and
optical constants of the components of the interband cascade device structures. Mea-
surements were conducted progressively, starting with the substrates, followed by the
substrate with buffer layers, and finally the substrate with buffer layer, superlattice
cladding, and active regions. All of the samples were grown and provided by the
Optoelectronic Epitaxy group at TU Wien.

Substrate

The transmission of mid-infrared radiation in the wavenumber range from 6000 to
1000 cm1 through different substrate samples was measured in the FTIR. The set
of samples consisted of cleaved single side polished 500𝜇m thick wafers of different
III-V semiconductors, InAs, p-doped GaSb and n-doped GaSb. The doping of the
n-GaSb was 2 · 1017cm−3 and the doping of the p-GaSb was 5 · 1016cm−3 . These
three semiconductors were considered due to them being the most commonly used
substrates for the interband cascade devices lattice-matched growth. The measured
spectral intensity was divided by the reference spectra for the transmission through
vacuum to obtain the transmittance 𝑇 (𝜈) of the individual samples. The combined
transmittance spectra is shown in Fig. 4.4.

From the measured data, we can see that the transmittance is overall highest for
p-GaSb and lowest for InAs. This confirmes the expected results. In p-GaSb, the
dominant charge carriers are holes. These holes have a lower effective mass compared
to electrons ... in n-GaSb, resulting in higher mobility and lower absorption coefficient
for free carrier absorption (see Eq. 3.7). InAs has a narrower bandgap compared to
GaSb, resulting in higher absorption of photons in the mid-infrared.

The bandgap energy can be also determined from the measured data by analyz-
ing the onset of absorption abvove the bandgpap, corresponding to the transmittance
abruptly dropping to zero. This sharp decrease in transmittance corresponds to the
absorption edge, marking the energy threshold required to excite electrons across the
bandgap. The estimation of the bandgap energy from these measurements is for InAs
𝐸g,InAs ≈ 0.34 eV and for GaSb 𝐸g,InAs ≈ 0.69 eV at room temperature.
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Figure 4.4: Transmittance spectra in dependency on the incident light wavenumber
for InAs, p-GaSb, and n-GaSb 500𝜇m thick substrates.The vertical lines indicate the
wavelength region 3–6𝜇m where the interband cascade devices operate.

The wavelength range in which interband cascade devices operate is marked in the
plot by dashed vertical lines. From these measurements, we can conclude that out of
these substrate materials, the one that would be most suitable for substrate-emitting
ICLEDs is p-GaSb due to the fact that the light transmitting through this material is
the least attenuated.

The optical constanst 𝑛 and 𝑘 of the p-GaSb substrate were also measured in
the ellipsometry setup and subsequently fitted. The fit of the optical constants for
this particular substrate and the doping was saved in the material library and can be
utilized in future measurements as reference data for measurements of structures based
on this substrate.

Buffer on GaSb substrate

Next, several samples with different thickness of n-GaSb buffer layers on top of the
previously measured p-GaSb substrate were measured in the ellipsometry setup. The
overview of the measured samples and their growth parameters is in Tab. 4.1.

The measured data were fitted by the general Drude model. The Drude model
allowed us to enter the material type, doping levels and carrier mobility of the materials
of the substrate and the buffer layers. However, when fitting the thickness of the
layers, the model converged to zero. One of the hypothesis to explain the fact that the
model didn’t converge to the real values was based on the possibility that the charge
carriers from the substrate could have flooded the thin buffer layer. This possibility was
outruled by calculation of the charge carrier density across the PN junction created
by the p- and n-doped GaSb. The calculation was done considering the depletion

34



Table 4.1: Parameters of the different measured GaSb buffer layers. 𝑝Ga and 𝑝Sb are the
partial pressures of Ga and Db in the MBE chamber. The valve position given in mil
(thousandths of an inch) controls the flux of Sb atoms (higher value means higher flux).
RMS is the root mean square rougness of the sample surface. The growth temperature
was 𝑇growth = 485 °C.

𝑡 (nm) 𝑝Ga (Torr) 𝑝Sb (Torr) Sb valve position (mil) RMS (nm)
70 3.615 · 10−7 1.228 · 10−6 100 1.899
70 3.744 · 10−7 1.696 · 10−6 120 0.377
100 3.767 · 10−7 1.434 · 10−6 110 0.990
100 3.717 · 10−7 1.704 · 10−6 120 0.808
300 3.609 · 10−7 1.438 · 10−6 110 0.462
300 3.903 · 10−7 1.700 · 10−6 120 0.236

approximation [48]. The results based on this approximation are plotted in Fig 4.5.
The charge carrier density is plotted over position, while the substrate-buffer interface
is set to zero, the vertical lines in the plot indicate the buffer-air interface. We can see
that in comparison to the thickness of the buffer layer, the depletion region impacts
only very small part of the layer. Precisely, the the width of the depletion region on
the n-type side of the junction was approximated as 𝑥n = 3.7 nm. The width of the
whole depletion region was 𝑤 = 150.2 nm.

Another possibility is that the surface (buffer-air) effects the results. In the case of
the buffer layers, especially when they are relatively thin, the surface properties might
become crucial. If there are surface states or defects at the buffer-air interface, they can
affect the carrier dynamics and the optical properties of the material. This could lead
to deviations from the ideal behavior assumed by the Drude model, making it difficult
to fit the thickness accurately. Additionally, the presence of any surface roughness
can also complicate the fitting process. Surface roughness can scatter light, altering
the effective optical properties observed by ellipsometry and making it challenging to
accurately determine the thickness of the buffer layer. To include the surface effects
into the fitting would require further and more complicated models. To include the
surface effects into the fitting would require further and more complicated models,
which are beyond the scope of this thesis.

However, from the raw data, it was possible to see that the imaginary part of the
refractive index indicated higher losses in certain parts of the spectra for the 70nm
buffer sample with the highest surface roughness of RMS = 1.899nm.

35



Figure 4.5: Approximation of charge density dependent on the position across the de-
pletion region. Zero in the position coordinate marks the interface between n-doped
GaSb substrate (negative values) and p-doped GaSb buffer (positive values). The verti-
cal lines mark the position of the buffer-air interfaces for buffers of different thicknesses.

ICL waveguide structure

Lastly, two samples (ICL1 and ICL2) consisting of the whole ICL structure for emission
at 𝜆 = 4.3𝜇m provided by nanoplus were measured. The ellipsometry data for the
incidence angle 60° comparing the optical constant 𝑘 for these two samples are plotted
in Fig.4.6. The sample ICL1 was slightly lower doped.

The comparison between the optical constant 𝑘 for the sample ICL1 and the ab-
sorbance extracted from FTIR measurement of the same sample are shown in Fig. 4.7.
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Figure 4.6: Comparison of data obtained from ellipsometric measurement for the inci-
dence angle 60° for the different ICL samples.

Figure 4.7: Comparison of the absorbance data from FTIR measurement and the
imaginary part of the refractive index 𝑘 from ellipsometry measurement plotted against
the wavenumber for the sample ICL1.
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4.2 ICL waveguide characterization

In order to characterize the voltage-dependency of the losses due to the valence in-
tersubband absorption in the W quantum well influencing interband cascade devices’
performance operating at wavelengths >4𝜇m, custom optical setup for waveguide char-
acterization was constructed. To fit the data measured using an ICL as a waveguide
and subsequently extract the ICL losses, a model based on the transfer matrix method
was utilized.

4.2.1 Waveguide loss characterization

Fabry-Perot method

The main principle of loss characterization in this setup is based on measuring changes
in the optical power transmitted through a waveguiding structure. One of the main
challenges in characterizing optical waveguides is accurately measuring propagation
losses. Several approaches in the literature provide precise results, but the Fabry-Perot
interferometer method exhibits the least uncertainties. It is particularly well-suited for
characterizing waveguide losses even below 1 dB/cm [49].

The Fabry-Perot interferometer method relies on measuring the contrast of a Fabry-
Perot cavity. Structures composed of III-V semiconductors have a large effective refrac-
tive index, resulting in a significant refractive index mismatch and high internal reflec-
tivity at the waveguide-air interfaces. Consequently, the waveguide forms a Fabry-Perot
resonator. Multiple reflections from the waveguide facets interfere, creating fringes in
the transmitted signal. By analyzing the amplitude and periodicity of this periodic
modulation, which occurs when the optical path length of the waveguide changes, we
can determine the propagation loss and the effective refractive index of the waveguide.
Changes in the optical path can be induced by altering the waveguide’s temperature,
as the optical path length depends on the physical length of the waveguide and its
refractive index, both of which are temperature-dependent. Alternatively, the optical
path can be changed by tuning the probe laser wavelength [50].

In 2004, Revin et al. [51] used the Fabry-Perot technique to measure losses in mid-
infrared semiconductor laser waveguiding structures with a probe laser wavelength
different from the emission wavelength of the laser under investigation. A similar
approach was chosen to determine the attenuation of light in the ICL waveguides.

Optical setup

The schematic illustration of the waveguide characterization setup built in an optical
laboratory at the Institute of Solid State Electronics at TU Wien are depicted in
Fig. 4.8. It consist of several optical components and a signal detection system.

As the probing laser, a distributed-feedback (DFB) ICL (nanoplus) emitting single-
mode cw radiation at 𝜆 ≈ 4.6𝜇m was utilized. The sealed housing system of the laser
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Figure 4.8: a) Schematic illustration of the experimental setup for waveguide charac-
terization measurements.

incorporated a built-in lens, providing collimated beam, and thermoelectric cooling and
heating in combination with Peltier elements for temperature control and for ensuring
the stability of the emission. QubeCL driver was used to optimize and control the
laser’s operation parameters. The laser is exchangeable if different emission wavelength
is needed for different applications.

The laser beam, modulated by a mechanical optical chopper for better signal ac-
quisition, travels through free space to the lenses-waveguide system, which is the most
important part of the setup. For end-fire in-coupling, which is a way to excite guided
modes by spatial mode matching by precisely focusing light onto the facet of the waveg-
uide, and for out-coupling, lenses with high numerical aperture are used. Light coupling
into and out of the waveguide under investigation was achieved using an optical system
consisting of two aspheric lenses (Thorlabs, NA = 0.85), which focused and collimated
the free-space mode, respectively. The lenses in holders were placed on manual 3-axis
(xyz) translation stages to adjust the alignment with respect to the beam. The lens
holders also allowed tilt adjustment. The waveguide samples were mounted on a holder
attached to another translation stage used to move the waveguide with respect to the
lenses.

The most crucial part of the measurement effecting the precision is the alignment
of the waveguiding structure with the lenses. It is also the most challenging due to
operation in the mid-infrared spectral region, where the beam can be visualized only
using thermal paper, and also due to the relatively small dimensions of the waveguide
facet resulting in sensitivity to the alignment in range of tens of nm.
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Therefore, the alignment of the setup was done in the following way. First, the
lenses were aligned to the probing laser beam in respect to the Pyrocam IV (Ophir),
a pyroelectic array camera allowing the modal analysis of the incident beam. When
the lenses are properly aligned, the displayed beam has a Gaussian shape. The flip
mirror then allows us to direct the beam to thermoelectrically cooled mercury cadmium
telluride (MCT) detector with an integrated pre-amplifier (Vigo) connected to a digital
lock-in amplifier (Zurich instruments). The tilt of parabolic mirror focusing the beam
onto the detector was adjusted to maximize the signal.

After the alignment of the lenses, the outcoupling lens was brought back and the
measured sample was inserted between the lenses. The measured samples consisting of
several parallel ICLs were mounted on a copper holder shown in Fig 4.9. The sample
was using solder paste to the narrow part of the holder. The ICLs were wire-bonded to
the PCB (printed circuit board) glued to the broader part of the holder. To align the
ICL with the first lens, it was used as a photodetector. To measure the photocurrent
generated in the ICL structure by coupling in the focused beam, the PCB was connected
to the lock-in amplifier. By moving the ICL, the highest possible signal retrieved by the
lock-in amplifier can eventually be found. Consequently, this allows us to also determine
the position of the focal spot of the in-coupling lens. That is because reaching the signal
maximum means that the beam is perfectly centered and focused on the front facet
of the ICL ridge. Afterwards, the outcoupling lens was brought back to the position
indicated by the maximum signal of the outcoupled light detected by the MCT.

For the purpose of alignment with regular waveguides that cannot be used as pho-

Figure 4.9: Picture of the sample holder with the ICL waveguide sample mounted on
the narrow part of the holder inserted betwwen the lasers. The ICLs are wire-bonded
to the PCB on the broader part of the holder. The PCB is electrically connected either
to the lock-in amplifier or the power supply.
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todetectors, the waveguide and the second lens can be briefly substituted with and
interband cascade photodetector mounted on a PCB attached to another stage. The
position of the photodetector can be monitored with the help of a homemade micro-
scope constructed using Thorlabs cage system and consisting of a 50x objective (ZEISS,
NA = 0.42, infinity-corrected), a lens, light illumination syste„ and a CMOS camera
(Blackfly USB3, Teledyne FLIR). After finding the focal spot with the photodetector,
the pixel coordinates of the photodetector’s front facet would be saved and subsequently
the waveguide placed so that the front facet of the waveguide is aligned to the same
spot. For our purposes the imaging system was used only for observing the ICL during
measurements for monitoting the ICL’s position.

To measure the signal attenuation dependency on operating current/voltage, the
ICL under investigation was connected to a dual-channel DC power supply (Keithley
Instruments) during the measurements. The sample was connected to the power supply
in the same manner as during the alignment process to the lock-in amplifier.

4.2.2 Transfer matrix method

To fit the data acquired from the measurements, we used a numerical model for the
transmission through a Fabry-Perot cavity, which was obtained using the transfer ma-
trix method. The transfer matrix method is a method used mostly in optics to analyze
the propagation of electromagnetic waves through a multi-layered medium. It can be
exploited to simulate and aid the design of real optical components such as lenses,
Bragg mirrors, antireflection coatings, waveplates, or polarization converters [52].

The transfer matrix describes the transformation of electromagnetic field when it
passes through one material layer. For light with given wavelength 𝜆 propagating
through the layer at normal incidence the transfer matrix is defined as

𝑀 =

(︃
cos 𝑘0𝑁𝑑 𝑖𝑍0

𝑁
sin 𝑘0𝑁𝑑

𝑖 𝑁
𝑍0

sin 𝑘0𝑁𝑑 cos 𝑘0𝑁𝑑

)︃
, (4.16)

where 𝑑 is the thickness of the layer, 𝑁(𝜆) is the complex refractive index of the material
used for this layer, 𝑍0 is a constant defined as 𝑍0 = 𝜇0/𝜖0, and 𝑘0 the magnitude of
the wave vector defined as 𝑘0 = 2𝜋/𝜆.

The change in the electromagnetic field components, the electric field 𝐸 and the
magnetic field 𝐻, over the distance 𝑑 for propagation along 𝑥 is then calculated using
the transfer matrix as (︂

𝐸(𝑥+ 𝑑)

𝐻(𝑥+ 𝑑)

)︂
= 𝑀 ·

(︂
𝐸(𝑥)

𝐻(𝑥)

)︂
. (4.17)

The amplitude reflectance and transmittance coefficients of the light upon incidence
with an interface were defined as

𝑟 =
𝑁0𝑍0M00 +𝑁0𝑁𝑠M01 − 𝑍0

2M10 −𝑁𝑠𝑍0M11

𝑁0𝑍0M00 +𝑁0𝑁𝑠M01 + 𝑍2
0M10 +𝑁𝑠𝑍0M11

, (4.18)
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𝑡 =
2 ·𝑁0 · 𝑍0

𝑁0 · 𝑍0 · M00 +𝑁0 ·𝑁𝑠 · M01 + 𝑍2
0 · M10 +𝑁𝑠 · 𝑍0 · M11

, (4.19)

where 𝑁0 is the refractive index of the medium that the light is traveling through and
𝑁𝑠 is the refractive index of the medium into which part of the light is transmitted.
The reflectance and transmittance determining the fraction of the incident intensity
transmitted and reflected by the interface are given by

𝑅 = |𝑟|2 (4.20)

𝑇 =
𝑁𝑠

𝑁0

· |𝑡|2 (4.21)

.
For multilayer system consisting of 𝑁 layers, the matrix characterizing the whole

system 𝑀total is obtained by sequentially multiplying the transfer matrices 𝑀𝑖 for each
of the layers:

𝑀total = 𝑀𝑁 ·𝑀𝑁−1 · . . . ·𝑀2 ·𝑀1. (4.22)

The coeffiecients 𝑟 and 𝑡 of the entire system can then be derived from the elements of
𝑀total using the same formulas as before.

4.2.3 Experiment and results

The ICL under investigation (Fig. 4.10) measured in the waveguide characterization
setup to prove the dependency of the valence intersubband absorption on bias had
emission wavelength of 3.3𝜇m and the thickness of the hole quantum well in the active
quantum well system in the ICL structure was 3 nm.

Figure 4.10: Optical microscope picture of the measured sample with several parallel
ICL wavegudis (left) and SEM picture of the ICL’s facet.

The probing laser with wavelength 4.6𝜇m was chosen to specifically target the
valence intersubband transitions while also avoiding resonant absorption between the
laser optical transition states. To measure the transmission losses using the Fabry-Perot
method, the probing laser wavelength was tuned by changing the operating current in
the range 4.604–4.610𝜇m.
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Figure 4.11: The measured and fitted data of the transmitted power in dependence on
the wavelength.

The measured and fit data are shown in Fig. 4.11. We can see already from this plot
that with higher current/voltage, the power of the transmitted light and the amplitude
of the fringes are decreasing.

Transmission losses obtained from the model utilizing the transfer matrix method
in dependancy on the operating current and voltage are shown in Fig 4.12.

Extracted waveguide losses determined from the measueremnt under different oper-
ating current and bias confirm the pivotal role of the valence intersubband absorption
as when higher current introduces more carriers (holes) into the ICL structure, the
probability of the intersubband transition rises together with the losses.
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Figure 4.12: Losses extracted from the fitting plotted against current and voltage
applied to the ICL waveguide under investigation.
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5. Conclusion

This thesis presents a study on the material characterization methods and modeling of
interband cascade devices, focusing especially on interband cascade light emitting de-
vices (ICLEDs). By investigating the optical properties of interband cascade structures,
the aim was to verify possible use of the presented methods on the way to the devices’
optimization, which could lead to enhancement of their efficiency and applicability in
mid-infrared photonic integrated circuits in sensing and on-chip spectroscopy.

After introduction of the interband cascade devices and the loss mechanisms present
in these devices causing degradation of their performance, the focus was placed on var-
ious experimental methods, specifically spectroscopic ellipsometry, Fourier transform
infrared spectroscopy (FTIR), and waveguide loss characterization method. These
methods were employed to extract critical material parameters, providing a deeper
understanding of the optical properties of the interband-cascade structures.

The ellipsometry and FTIR measurements focused on extraction of optical param-
eters and transmittance of different structural components of the interband cascade
devices that could be useful in choosing the suitable materials for the fabrication of
ICLEDs.

Among the different loss mechanisms, particular attention was given to valence
intersubband absorption, which significantly degrades the performance of interband
cascade devices in the mid-infrared wavelength region above 4 𝜇m. Experimental
characterization of ICL waveguides revealed the impact of this absorption under various
operating conditions, providing valuable insights for further device optimization.

The existing transport model was extended to incorporate the spontaneous emission,
which is the dominant emission mechanism in ICLEDs. This extension allowed for
more accurate predictions of ICLED performance, particularly in terms of efficiency
and emission characteristics.

Future work could explore further refinements of the transport model and the devel-
opment of new ICLED structures with enhanced performance. Additionally, integrating
these devices into photonic integrated circuits remains a promising avenue for creating
compact, efficient, and versatile mid-infrared sensing systems.
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