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Introduction 

Today, many aspects of our daily life originate from data collected with various sensors. 

Indeed, everyday considerations like food, healthcare, industrial and agricultural production, 

security, power production and consumption, the physical environment and human interaction 

are monitored using information collected, stored and analyzed through communications 

technologies. Wireless sensor network appears as a technology, which provides the basis for 

broad field applications. Although the interest in sensor network is increasing, it is needed to 

build large collections of sensors exchanging information with respect to their environment or 

their own state. Using the communications infrastructure of Internet, the widely distributed 

sensors will form an electronic ecosystem known as the “Internet of Things (IoT)”. In this 

context there is a strong driving force for the development of smart and compact biological and 

chemical sensors with increased autonomy, lifetime and connectivity with the mid-term goal 

of implementing global sensor networks. To have a better knowledge of our environment, one 

solution is to monitor trace of different molecules. 

The presence of gas sensors continues to expand on the market. The sensitivity is high for 

many of them and future research should lead to their improvement. There are two main 

categories of existing gas detectors. On the one hand, those using a non-optical method and 

on the other hand, those using an optical method. Among those using a non-optical method, 

three families can be distinguished: electrochemical, thermal and classic detectors. Devices 

such as gas chromatography or mass spectrometry will not be taken into account because they 

are too voluminous. They are very efficient, sensitive and selective, but cumbersome and 

incompatible with portable system. Inversely, optical sensors based on Tunable Diode Laser  

Absorption Spectroscopy (TDLAS) are characterized by very good sensitivity, excellent 

selectivity and above all for its size that allows their integration into smart and small system for 

the new technologies. 

Covering the wavelength range from approximately 2 to 5 μm (2000-5000 cm-1), the mid-

infrared (Mid-IR) is densely populated by important spectral characteristics in particular 

between 3 and 5 µm [1] as presented in figure Figure 0-1. 
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Figure 0-1 - Absorption spectral zones of several gaseous species between 2  and 5 μm of several gaseous species of 

military interest [1] 

These include strong molecular absorption lines associated with the fundamental 

rotovibrational modes of many chemical functional groups that are vital for industrial and 

medical applications [2]–[8]. The MIR also contains several atmospheric transmission windows. 

These relatively high transparency regions are well positioned for atmospheric monitoring and 

have also attracted interest for open space communications, security and defense [9]–[12]. 

Based on the light-matter interaction, TDLAS measures the light absorption emitted by a 

laser source as it passes through a gaseous medium containing molecules capable of absorbing 

this radiation. The measurement is made directly with a suitable detector and is placed in the 

path of the light after the absorption zone. This laser source, has to be robust, powerful and 

operate under continuous electrical injection (CW) at near ambient temperature (for use in 

non-laboratory sensors). In addition, it must be sensitive to low concentrations on the order of 

ppmv (part per million) or ppbv (part per billion). The suffix “v” unit expresses the presence of 

a chemical species relative to a total volume of gas solution. Furthermore, and importantly for 

the selectivity feature, this laser source must emit in a single frequency. Indeed, each substance 

has absorption lines at specific wavelengths [13] but frequently, a gas in its natural state is 

composed of several species. Therefore, the discrimination and quantification of these species 

in the mixture is the main interest of a gas detection method. During the process, the 

absorption lines are scanned with a single frequency  laser whose spectral width has to be much 

narrower than the gas line widths, especially at atmospheric pressure (MHz versus GHz) as 

illustrated in Figure 0-2. 
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Figure 0-2 – Illustration of the principle of the tunable diode laser absorption spectroscopy with the laser linewidth 
much thinner than the gas absorption line 

The main obstacle for a widespread use of the TDLAS is the lack of reliable and easy to use 

low cost laser devices in wavelength regions with strong absorption lines. TDLAS developments 

are thus intimately dependent on the availability of adequate Mid-IR sources. Emissions into 

single spectral mode and a low output power of 1 mW are usually sufficient. [14] Nowadays, 

only edge emitting GaSb-based interband-cascade lasers (ICLs) and InP- based quantum 

cascade laser (QCL) allow covering the 3- 5 µm spectral range [15], [16]. However, if their 

properties in term of optical power (> mW) and operating temperature (>300K) are compatible 

with TDLAS technology, complex and expensive distributed feedback (DFB) laser processing is 

used to achieve single mode emission which is required for TDLAS gas selectivity. Moreover, 

threshold currents higher than 100 mA combined with, notably for QCLs, high voltage 

polarization are a lock for the development of low power consumption and low cost integrated 

sensors.  

In contrast, the electrically-pumped Vertical Cavity Surface Emitting Laser (VCSEL) is the 

only laser concept which intrinsically exhibits low threshold currents, low voltage operation, 

small footprint, easy fiber-coupling, on-wafer testing before packaging, and the most important 

single longitudinal mode emission. However, no VCSEL emitting above 3 µm in CW at room 

temperature (RT) has been demonstrated 

This thesis is a part of the ANR (Agence Nationale de la Recherche) project MIMIC-SEL (Mid-

Infrared Metamorphic Interband Cascade vertical cavity Surface Emitting Laser), whose the 

objective was to create the first electrically pumped VCSEL emitting above 3 µm in CW at RT. 

The starting point of this project was the complementary knowhow of the consortium with the 



Introduction 

 

8 
 

expertise of IES on the design,  epitaxy and study of GaSb-based lasers and VCSELs, the 

capability of LAAS for VCSELs processing and of FOTON for their expertise in dielectric materials 

dedicated to Bragg mirror. 

In the development of our work, we focused on two wavelengths, 3.3 and 3.6 µm for the 

detection of two types of gases. On one hand, 3.3 µm wavelength is targeted for the detection 

of methane CH4, because in addition to being a hydrocarbon which is a primary component of 

natural gas, it is also a greenhouse gas (GHG), so its presence in the atmosphere affects the 

earth's temperature and climate system. On the other hand, at 3.6 µm wavelength, there are 

strong absorption line of formaldehydes H2CO. This material is used in manufacture of industrial 

and consumer products, especially in building materials. Formaldehyde escaping from these 

materials may lead to poor indoor air levels that adversely affect human health and has been 

identified by the International Agency of Research on Cancer (IARC) as carcinogenic since 2004. 

The main scientific and technological goals of this thesis are to develop and investigate the 

technologies to demonstrate an electrically-pumped VCSELs offering the following properties: 

o CW at RT and above 

o Single frequency emission at 3.3 and 3.6 µm with a side mode suppression ratio of 

30 dB 

o Continuous electro-thermal tunability of 15 nm 

o Optical output power higher than 1 mW 

o Power consumption below 10 mW. 

The challenges for the realization of such VCSELs are numerous and can be summarized as 

following: 

o Investigate active material for emission at 3.3 and 3.6 µm region with high optical 

and structural quality. 

o Develop low optical losses and high reflectivity dielectric and semiconductor 

distributed Bragg reflector (DBR) 

o Control the electro-optical confinement of the VCSEL, which is the key parameter 

to obtain low threshold current and single frequency emission 

Throughout this manuscript, I will describe the steps to fabricate and study such a device. 

For this purpose, the manuscript is divided in four chapters organized as follows: 
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 Chapter 1 is an introduction to laser concepts followed by a detailed state of the art 

of active regions for lasers emitting in the Mid-IR spectral range and electro-optical 

confinement in Mid-IR VCSELs. Based on these, it will be proposed a design for the 

VCSEL. 

  

 Chapter 2 is dedicated to the study and optimization of the active region. For this 

purpose, we developed robust design, growth techniques and processing for 

obtaining high quality gain material, low threshold enabling above RT CW operation 

edge emitting lasers (EELs) at 3.3 and 3.6 µm. It will allow to determine the key 

parameters (voltage drop, efficiency, …) of the active region in view of their 

implementation in VCSEL.  

 

 Chapter 3 is devoted to the study and characterization of the semiconductor and 

dielectric distributed Bragg reflectors (DBR). Then, we studied the technology 

dedicated for the electro-optical confinement and it influence on the devices.  

 

 Chapter 4 is related to the fabrication and study of vertical cavity surface emitting 

devices taking into account the technological development from chapter 2 and 3. 
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  Mid – IR semiconductor laser sources 

The development of the laser principles was first thought in 1951 at the Columbia 

University in New York with the idea of MASER (microwave amplification by stimulated 

emission of radiation) [17], [18]. Meanwhile, in the Soviet Union, the first report on the 

theoretical possibility of constructing a molecular generator was presented by Basov and 

Prokhorov (Nobel prize in 1964) in May 1952 at the Oscillations Laboratory of the Lebedev 

Institute in Moscow [19], [20]. They proposed a method to obtain negative absorption, named 

“the pumping method”. 

Mixing the stimulated emission and negative absorption ideas, later in 1958, Bell 

Laboratories showed that masers could also operate in the visible and infrared regions [21]. 

This project was in charge of Charles Townes (Nobel prize in 1964). However, the first laser was 

demonstrated in 1960 based on a ruby pink crystal and was developed [22] at Hughes Research 

Laboratories by Theodore Maiman. 

Afterwards, since the first experimental reports [23]–[26] of working semiconductor laser 

diodes in 1962 by the research groups at General Electric, IBM TJ Watson Center, General 

Electric in Syracuse, and MIT Lincoln Laboratory, the semiconductor material growth, device 

design, processing and characterization were one of the most rapid developments in the digital 

information industry. 

Being able to reach an emission at a targeted wavelength, it is mostly a matter of finding 

appropriate materials. The Figure I-1 shows several semiconductor energy gaps as a function 

of their lattice constant.  

In the laser industry, the most "established" industries are the GaAs (gallium arsenide) for 

visible and near infrared applications [7]–[8], and the InP (indium phosphide) industry for 

telecommunications at 1.3 and 1.55 μm [9]–[10]. The GaN (gallium nitride) research extended 

the wavelength application developing high-brightness blue light emitting diodes (LEDs) and 

laser diodes (LDs) for use in full-color displays [31]–[33]. The II-VI semiconductor family also 

displays many interesting features. The direct band gap of these materials makes them well-

suited to high performance applications, such as LEDs and LDs for blue and ultraviolet 

applications [34], [35].  
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Figure I-1 - Room-temperature band gap energy Eg, as a function of lattice constant for several semiconductors. 

 Lines connecting binary compounds represent alloy compositions.  (red indirect band gap-black: direct bandgap) 

Another material family, the so-called antimonides based compound semiconductors 

(ABCS) including GaSb (gallium antimonide), InAs (indium arsenide), InSb (indium antimonide), 

AlSb (aluminium antimonide) and their ternary, quaternary and quinternary alloys, is specially 

well suited for light sources in the mid-infrared (MIR) spectral range. This family of materials 

refers to all III–V zinc-blend alloys that can be grown on GaSb or InAs substrates (with a lattice 

constant near 6.095 Å).  

Semiconductor lasers can be fabricated from different materials but their operation is 

based on several general principals which will be described below.  

 Laser concepts 

So far, different lasers have been developed with different families of materials, but before 

continuing, I will describe several laser concepts and their operation; more specifically for 

semiconductor lasers. 

Generally speaking, a laser structure consists of an active medium in a resonant cavity. The 

cavity is an optical resonator which amplifies the light produced in the active medium (Figure 

I-2). On the other hand, the active medium is typically a 4-level system producing optical gain 

by stimulated emission. The photon energy E will be defined by the energy difference between 

the 2nd and 1st level as shown in Figure I-2a.  

The theoretical optical gain is characterized by a Lorentzian/Gaussian spectrum as depicted 

in Figure I-2b. 



I.1 Laser concepts 
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Figure I-2 - Photon emission process and gain curve 

Laser performances are mainly defined by its active medium. 

I.1.1 Active medium of semiconductors 

In semiconductor lasers, the active medium (or gain media) is often composed of quantum 

wells (QWs).  

 

Figure I-3 - Type of transitions on a semiconductor quantum well. a) Interband transition. b) Intersubband transition  

A transition from the conduction band to one of the valance bands is called an interband 

transition that involves electrons and holes; while if this occurs within the same band, it is 

named intersubband transition that requires only one type of carrier, as shown in Figure I-3. 

For an interband transition the emission is not only determined by the thickness of the well, as 

in the intersubband case, but also by the bandgap energy of the semiconductor. 

Quantum selection rules governing transitions will define the optical polarization of the 

emitted photons. The polarizations can be TE (transverse electric), when E⃗⃗  oscillates in the 

layers plane or TM (transverse magnetic) when E⃗⃗  oscillates transversely to them. For interband 

transitions, both polarization modes are allowed whereas for intersubband transitions the only 

non-vanishing optical polarization is along the growth direction [36], leading to TM polarized 

emission.  
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Polarizations are decisive for the direction of light emission. For an in-plane emission, the 

two polarizations, TE and TM are possible, whereas for an emission perpendicular to the layers, 

the polarization is purely TE because in this case E⃗⃗  can oscillate only in the plane of the layers. 

Therefore, to obtain a laser emission by the surface, interband transitions are mandatory.  

I.1.1.1 Quantum well configurations 

Generally, multiple identical QWs must be employed to provide sufficient gain at 

reasonable injection currents. Making an analogy with an electrical circuit, QWs can be 

connected in parallel or series configuration.  

When the QW share a common quasi-Fermi level for each carrier type as depicted in Figure 

I-4, the QW organization is called parallel configuration. Here, carriers are injected from the n 

and p contacts into the conduction and the valence band. In an ideal case, they are distributed 

into M equal parts to feed the M different wells (with M being the number of wells) where the 

recombination and the emission process take place. Figure I-4 illustrates how this scheme is 

equivalent to a parallel circuit. 

 
 

 

Figure I-4 - Parallel configuration in quantum wells - ideal case 

In this configuration, Jth,m is the current density needed to reach the threshold for each QW. 

Therefore, the current density required to reach the laser threshold can be written as follows:  

Jth = M ∙ Jth,m                                                          (1.1) 
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Concerning the voltage, at the lasing threshold the voltage drop Vth is equal to the energy 

gap 
Eg

q
  plus a small margin 

∆E

q
 linked to the internal losses [37] and is expressed by: 

Vth =
Eg+∆E

q
                                                               (1.2) 

In a series configuration, the carriers are injected into the first well and then pass, by tunnel 

effect and thanks to the electric field, to the next well. During this process, in each QW, the 

carriers can perform either an interband or an intersubband transition generating a photon. 

This process is repeated in all quantum wells, producing what is commonly called the cascade 

effect [38] which is equivalent to a series circuit as depicted in Figure I-5.  

 

 

Figure I-5 - Series configuration in quantum wells - cascade effect 

In this configuration the same current density feeds all QWs and is given by:  

Jth = Jth,m                                                                  (1.3) 

 As showed in the figure 1-5, the electric field aligns the lower level of one well with the upper 

level of the next well. This suggests that several voltage drops are needed to align all wells and 

allow the current flow. Therefore, the required voltage drop is equal to the sum of each voltage 

drop of the corresponding well and can be deduced by: 

Vth = M ∙
Eg+∆E

q
                                                             (1.4) 
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In general, the total power consumption of a semiconductor laser is defined as: 

Pth = Pth1  Pth2                                                           (1.5) 

where Pth1 is the power related to the total voltage drop in the active medium as a function of 

the current  I. 

Pth1 = Vth ∙ I                                                                (1.6) 

 and  Pth2 is the dissipated power related to the electrical resistance R of the whole device. 

If the series resistance is the same in both configurations, then we can write Pth2 as a function 

of the square of the current: 

Pth2 = U ∙ I = R ∙ I²                                                        (1.7) 

If S is the surface of our device, the total power consumption for each QW configuration 

can be deduced as: 

  

Pth =
Eg+∆E

q
 ∙ M Jth S  R ∙ M

2 Jth
2 S              Parallel configuration                                     (1.8) 

Pth =
Eg+∆E

q
 ∙ M Jth S  R ∙  Jth

2 S                      Serial configuration                                      (1.9) 

In an ideal case, we can deduce that for QWs connected in the parallel configuration, the 

dissipated power will be quadratic in the number of wells.  In series configuration, each injected 

electron goes through the entire circuit generating one photon per well traversed. It leads to a 

lower consumed power as there is more than one QW/branches. This strategy has driven the 

development of quantum cascade lasers (QCLs) [38] and bipolar cascade lasers [39]. 

I.1.1.2 Interband QW alignment 

As shown in Figure I-6, there are 3 types of band alignment in QWs depending on the 

semiconductor material. The type-I alignment, the density of states is quasi-two-dimensional 

(2D) and both carriers are confined in the same layer. Therefore, the wavefunction overlap is 

close to 100 %. In the case of type-II and type-III alignment, the conduction band of the first 

material might lie between the gap or below the valence band of the adjacent layer 

respectively. In these two last designs, electrons and holes are confined within the adjacent 

layers reducing the electron-hole wavefunction overlap, however the energy gap can be lower 
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than the energy gap of each material.  

 

Figure I-6 - Types of band alignments in a semiconductor quantum well and their corresponding interband transitions 

I.1.2 Resonant cavity 

The simplest resonant cavity is the "Fabry-Perot" cavity which consists of two partially 

transmitting mirrors facing each other separated by a length L. The photons, generated by 

stimulated emission, undergo numerous reflections in the optical cavity causing multiple 

interferences. Just a small fraction of photons leaves the cavity by constructive interference 

forming the so-called longitudinal modes or “Fabry Perot” modes as explained in Figure I-7.  

 

Figure I-7 - Fabry Perot resonant cavity and modes 

The optical frequency spacing between two successive transmitted optical intensity 

maxima is called the free spectral range (FSR) and is given by: 

ΔνFSR =
c

2𝑛𝑔L
                                                           (1.10) 

Where 𝑛𝑔 is the group index of the media and c the speed of light in the vacuum. 

The convolution of the gain curve given by the gain medium with the Fabry-Perot modes, 

which are the contribution of the cavity, produces the emission spectra as explained, in a 

qualitative way, Figure I-8.  
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Figure I-8 - illustration of a longitudinal laser spectrum. 

 Active regions for emission in the mid infrared 

In this paragraph, it will be presented the different configurations to obtain laser emission 

in the mid-infrared with their performances and limitations.  

I.2.1 Sb-based type-I QWs active regions 

As mentioned before, antimonides are the most relevant materials for interband emission 

at wavelengths longer than 1.6 µm. Figure I-9 shows the related position of band gap of III-V of 

antimonides among other III-V semiconductors. Indeed, all three band alignments can be 

obtained using the antimonides. [40] (see Section I.1.1).  

The first GaSb laser was demonstrated by Kobayashi et al. at Nippon Telegraph and 

Telephone (NTT) Research Laboratories [41] in 1980. It was a double heterostructure (DH) laser 

grown by liquid phase epitaxy (LPE) emitting at 1.8 µm in pulsed mode. Then, the first MIR DH  

laser grown by molecular beam epitaxy (MBE) was reported by Bell Labs in 1983 with emission 

at 1.78 µm [42]. 

Over the next decade, the performance of Sb-based lasers was significantly improved with 

the use of strained quantum well structures.  

 

Figure I-9 - a) Different semiconductor band offset b) Energy gap as a function of lattice parameter 
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The first Sb-based QW laser was developed at NTT. The active zone was made with lattice 

matched type-I GaSb QWs whitin AlGaSb barrier. The laser was grown by MBE and operated in 

pulsed mode at room temperature (RT) with an emission at 1.65 µm [43].  

Then, to increase the wavelength and reduce the threshold currents the MIT and the 

Sarnoff Corporation increased In and As contents within the QWs [44], allowing type-I QWs 

with higher compressive strain. With active region containing GaInAsSb Type-I QWs in AlGaAsSb 

barriers, they achieved RT operation in CW at 2.05 µm [45] and 2.7 µm [46]. 

The reduction of the energy gap by increasing In and As compositions in the QWs 

progressively shifts the conduction and valence bands of GaInAsSb QW towards lower energies 

as described in Figure I-10. The valence band offset decreases   5̴0 meV, leading to a weak hole 

confinement, which degrades the laser performances because of the thermal hole escape. To 

overcome this issue, the Al-content in the barriers was increased while varying the 

incorporation of InAs into the QWs, but this design reached its limits at λ = 2.82 µm [47] because 

of the remaining poor hole confinement. In 2005, the Walter Schottky Institute (WSI) in 

Germany proposed the use of quinary AlGaInAsSb alloys in  barriers [48] improving greatly the  

hole confinement. With this new material, one can tailor independently both the conduction 

and valence band offset [49]. This approach allowed to demonstrate laser emission at RT at 

3.44 µm [50]  in CW operation and 3.73 µm in pulsed mode [51]. Beyond these wavelengths, 

the hole confinement becomes again inefficient thus limiting the application of Sb-based type-

I QWs for MIR lasers.  

Figure I-10 - Illustration of a typical approach to extending the laser emission wavelength in GaSb-based type-I QW diode 
lasers 
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I.2.2 Auger effect 

The Auger effect is the most important mechanism of non-radiative recombinations which 

limits performances of long wavelengths semiconductor lasers. In this process, the energy 

released by an electron that recombines with a hole is absorbed by another carrier. This carrier 

finally dissipates its energy through a phonon emission heating the material as a consequence. 

This mechanism is a three-carrier process with rate which scales as the cube of carrier density 

α n3  (with n = p). Within the Boltzmann approximation [52], one can calculate the Auger 

recombination coefficient, C as follows:  

C = C0 ∙ e
− 

Ea
kBT                                                       (1.11) 

Where C0 depends on the material, kB is the Boltzmann constant, T is the temperature 

and Ea  is the activation energy needed for the process. There are two main Auger 

recombination processes occurring in QWs, CHSH and CHCC, which are illustrated in Figure I-11 

and detailed thereafter. 

 

Figure I-11 - The two main Auger recombination processes in QWs 

I.2.2.1 CHSH process 

In the CHSH process, an electron in the conduction band (C) recombines with a heavy hole 

(H), while an electron in the spin orbit (S) band is excited to the heavy hole (H) band. This 

process is explained in Figure I-11(a). The activation energy for this process is:  

                    Ea (CHSH) =  
ms

2mh+mc−ms 
 ∙  (Eg − ∆SO)    ,                       Eg > ∆SO           (1.12) 

                    Ea (CHSH) =   ∆SO − Eg  ,                                                     Eg < ∆SO           (1.13) 
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Where Eg is the energy gap of the material, mc, mh and ms are the in plane effective carrier 

masses for the electron, heavy hole and spin orbit bands and ΔSO is the spin orbit splitting. 

According to Anikeev et al. [53], the proximity of the electron-hole recombination energy and 

the energy separation of the spin orbit valence band enhances CHSH auger recombination. For 

bulk material as GaSb and InAs, the energy gap is close to the split-off separation as shown in 

Table 1, which increases the probability of non-radiative recombination by CHSH Auger effect. 

This resonance can be easily avoided by the strained GaInAsSb QW and then the CHSH 

resonance decreases 

Material 𝐄𝐠(𝐞𝐕) Energy gap ∆𝐒𝐎(𝐞𝐕) Split-off 

GaSb 0.72 0.76 

InAs 0.3 0.39 

InSb 0.17 0.81 

Table 1 - Energy gap and split-off of several II-V semiconductors 

I.2.2.2 CHCC process: 

In the CHCC auger process, the energy released by the electron-hole recombination excites 

another electron in the conduction band to a higher energy level as depicted in Figure I-11(b). 

Assuming parabolic bands under the simplified Kane model, the activation energy during this 

mechanism is [54]:  

Ea (CHCC) =  
mc

mc+mh
 ∙  Eg                                             (1.14) 

where Eg is the energy gap of the material and mc and mh are the effective carrier masses 

for the electron and heavy hole bands.  

Figure I-12 shows the CHCC activation energy and its Auger coefficient as a function of the 

wavelength for GaInAsSb material strained at 1.5 % [55]. One can observe that the CHCC auger 

coefficient grows exponentially whilst the activation energy decreases in the narrow gap 

materials required to obtain long wavelength emissions. The activation energy at 3.3 µm is only 

0.126 meV leading to a high Auger coefficient around 2.8 10-27 cm6s-1. 

This is due to the fact that to reach long wavelength emissions one has to use narrow gap 

materials with small electron effective mass, which leads to a small activation energy (equation 

1.14) and thus, to a high Auger coefficient rate. 



Chapter I: Mid – IR semiconductor laser sources 

 

22 
 

 

Figure I-12- the CHCC activation energy and its Auger coefficient as a function of the wavelength for GaInAsSb material 
strained at 1.5% at RT [55] 

The situation is different in type-II QWs when small transition energies can be obtained 

using wide bandgap materials with large electron effective mass [56]. The spatial separation 

between electron and holes in type-II QWs makes more difficult conservation of momentum 

during the Auger process, which further reduces its efficiency  [57]. The possibility to suppress 

Auger effect in type-II structures has been proved experimentally. 

 

Figure I-13 - Auger coefficient versus emission wavelength at 300 for type-I and Type-II structures [58]. 

Figure I-13 presents Auger coefficients as a function of wavelength for several III-V bulk 

materials and QWs of different types. The Auger coefficient C was found to be one order of 

magnitude lower in type-II QWs compared with type-I emitting at the same wavelengths  [58]–

[62]. These results demonstrated advantages of type-II structures for the development of long 

wavelength emitters. 

Type-II
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I.2.3 Sb-based type-II QWs active regions 

The use of type-II structures for light emission was theoretically identified in 1983 as a 

possible laser structure [63]. Afterwards, such laser was demonstrated by A. Baranov et al. at 

the Ioffe Institute with a type-II InGaAsSb/GaSb heterojunction grown by LPE and emitting at 

1.86 µm [64]. Later, laser emissions in CW at RT in the 2 – 3 µm wavelength range was achieved 

using type-II GaInAsSb/GaSb. [65]–[70] As regards of longer wavelengths, several efforts were 

made since then, achieving type-II heterojunction lasers at wavelengths of 3.2 µm at cryogenic 

temperatures [71]. In 1998, MBE started to be used at the Ioffe and allowed to grow type-II 

QWs, demonstrating electroluminescences in the 3 – 4 µm spectral range at 77K [72]. 

The main drawback of the type-II design is the weak wavefunction overlap of the electron 

and holes due to their spatial separation.  

To increase the gain, the idea, previously proposed in 1987 for Infrared detectors [73], was 

to assemble several type-II QWs adjacent to each other. Following this way, type-II superlattice 

lasers appeared. Its mechanism forces the wavefunctions to overflow and increase their 

electron-hole overlap forming a mini-band while maintaining the same energy gap. The 

University of Montpellier has made progress using InAs/GaSb and InAsSb/InAs superlattice 

lasers achieving, at cryogenic temperatures, emissions at wavelengths of 2.85 [74] and 3.5 µm 

[75], respectively. These heterostructures alleviated the main issue of type-II design. 

Nonetheless, they suffer from three-dimension (3D) electron and hole population, which 

demonstrated inferior performances than QWs with their quasi-2D carrier population [76]. 

To overcome this issue,  in 1995 Meyer et al., developed the type-II “W” QWs [77]. The W 

design, presented in figure I-14, is composed of a GaInSb hole QW surrounded by two InAs 

electron QWs. This structure provides high electron hole overlap despite the type-II band 

alignment. Besides, the transition energy in the W-QW can be easily tuned by adjusting the 

thickness of the InAs wells with only a few monolayers. This “W” concept enhances differential 

gain and maintains the strong Auger effect suppression of the regular type-II structures leading 

to lower threshold and higher operating temperature. 

In 1996, the Naval Research Laboratories (NRL) and the University of Houston 

demonstrated the first laser emission using such W-QWs. This optically pumped laser emitted 

between 3.9 and 4.1 µm in pulsed regime at temperatures up to 285 K [78]. Room temperature 
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operation was then achieved the same year by the same research group at of 3.2 µm [59] and 

then optically pumped VCSEL operating at 2.9 µm was also reported in pulsed mode up to 

280 K.  

 

Figure I-14 - Band structure of a Type II - W multi quantum well design. Conduction band in red line and valence and 
split off bands in solid and dash black lines respectively. Electron and hole wavefunctions are depicted by the red and black 

transparent curves. 

In 1999, the NRL demonstrated the first RT operation of an electrically pumped laser 

beyond 3 µm using this type-II W MQWs. They reached an emission wavelength of 3.3 µm at 

310 K in pulsed mode mode [79] with 10 W-QWs in the active region. One year later, they 

achieved continuous wave (CW) regime up to 195 K with only 5 W-QWs in a broad area laser. 

This device exhibited a threshold current density of  1.4 kA/cm² and a CW output power of 

3.5 mW at the maximal operation temperature [80]. Further improvements of type-II lasers 

have been achieved using cascade structures initially proposed by R. Q. Yang in 1994.  

I.2.4 GaSb-based Interband Cascade active zone 

 

Interband Cascade active zones are composed of several QWs connected in a series 

configuration within a cascade scheme allowing an interband transition. It is a hybrid structure 

between conventional laser diodes in which the photon emission is produced by an electron-

hole recombination and the cascade design where electrons are recycled as in QCLs (Figure 

I-15).  
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Based on the idea of multi-heterojunctions made by Esaki et al. in 1981 [81], interband 

cascade lasers (ICLs) were firstly proposed by R. Q. Yang et al. in 1994 at the University of 

Toronto in Canada [82]. This structure consisted of the union of two InAs-GaSb QWs, forming 

a broken band gap alignment, into a cascade arrangement as depicted in Figure I-16. 

In this design, the conduction band of the InAs QW is lower than the valence band of the 

GaSb QW. Besides, the broken band-gap alignment, carrier confinement is obtained with two 

thin AlSb barriers on each side. Therefore, the electron energy state and the hole energy state, 

can be tailored from a few meV to 700 meV by varying the InAs and GaSb QW layers thickness. 

Thus, it is possible to cover a wide spectral range from 3 to 12 µm.  

In ICLs, carriers recycling occurs at the semimetallic interface [83]. This interface is 

composed of a GaSb/InAs junction. Indeed, for a wide range of Fermi energies, the GaSb/InAs 

interface can act as a carrier source for electrons and holes on either side of the junction. As 

presented in Figure I-16, at the semimetallic interface, an AlSb layer is inserted between the 

InAs and the GaSb layers to reduce the overlap wavefunction and therefore to reduce the 

optical losses due to parasitic interband absorption at the semimetallic interface [84] . Under 

forward bias, electrons are generated at the semimetallic interface and pass through an 

Figure I-15 - Operating principle of Interband Cascade Laser 

Figure I-16 - First Sb-based type-II laser proposed by Rui Q. Yang et al. in 1994 [82] 
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electron injector formed by an InAs/AlSb superlattice, to reach the next period of active QW. 

On the other side, after their generation at the junction, holes swept into the active region to 

recombine with electrons to generate a photon. They are supposed to be blocked into the GaSb 

QW and cannot flow to the electron injector. This process recycles injected electrons enhancing 

the efficiency. 

In 1996, the NRL proposed to use a strained GaInSb hole quantum well to increase the 

emission wavelength. For better carrier confinement in the active QWs they inserted a second 

GaInSb layer right after the AlSb layer adjacent to the main active wells [85], as shown in Figure 

I-17. This part, named hole injector, prevents tunneling leakage from the InAs electron active 

well directly into the injection region. 

In 1997 the University of Houston and Sandia National laboratories, demonstrated the first 

Interband cascade laser using 20 stages for the active zone [86]. This laser emitted near to 

3.8 µm in pulsed operation up to 170 K with a threshold current density of 4.2 kA/cm² at 80 K 

and a differential quantum efficiency lower than 100 %. Quantum efficiency of 130% was then 

demonstrated the same year with conventional type-II [87] and type-II-W [88] QWs at 

wavelengths of 3.8 and 2.8 µm, respectively. Both designs operated only under pulsed mode 

with threshold current density of 0.8 kA/cm² at 165K. It is important to notice, that the 

operation temperature of the ICL with W-QWs was able to reached 220 K, i.e.  55 K higher than 

for the ICL with conventional type-II design. 

A design with type II-W QWs containing a second GaInSb hole injector allowed the NRL to 

increase the maximum operating temperature of ICLs to 286 K [89]. This ICL operated in the 

Figure I-17 - Addition of hole injector made with GaInSb 
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pulsed regime with an emission wavelength around 3.6 µm and a threshold current density of 

7.5 kA/cm2  with higher threshold current densities (2.2 kA/cm² at 92K) compared with the 

previous type-II-W ICL [88]. In 2000, the ARL reported the first ICLs operating in CW mode. They 

demonstrated CW operation up to 70 K with 23 stages of type-II QWs  [90]. Then in 2002, a 

collaboration between Maxion Technologies and the Jet Propulsion Laboratory (JPL) led to the 

demonstration of RT operation from a type-II ICL lasing near 3.5 µm with threshold current 

densities of 6.5 kA/cm² at 300K [91]. 

The ICL performances were then continuously improved. The threshold current density was 

reduced to 1.04 kA/cm2 at 300 K [92]  with 15 cascade stages, 3.8 A/cm² at 78 K and 590 A/cm² 

at 300 K with 20 periods [93]. The maximum operating temperatures in CW regime were 

increased to 264 [94], 269 [95] and 288 K at the end of 2007 [93]. 

Intensive efforts in epitaxy and device technology, along with careful design optimizations 

(as the implementation of SL transition regions before and after the active zone to smooth the 

band profile, the donor density in different sections of the active zone, etc.) [96] resulted in the 

operation temperatures in CW mode. An important step towards this goal was the 

implementation of separate confinement layers (SCLs), made of GaSb, surrounding the active 

zone. SCLs was mainly used to increase the optical mode confinement in the active region, 

avoiding its overlap with the cladding layers and thus reduce optical losses [97]. Due to the 

higher refractive index of GaSb (3.8) compared with the active region (3.5) , these layers 

increase the average refractive index contrast between the cladding and the core regions and 

thus improve the optical confinement. Consequently, lasers with the structures using SCLs were 

expected to have better performances in CW operation. However, CW operation of such ICLs 

was still limited to temperatures of 260 and 266 K, at 3.7 and 3.43 µm, respectively [98].  

Finally, in 2008, Kim et al. from NRL reported a five stage type-II W QWs ICL, operating in 

CW mode up to 319 K at  = 3.75 µm using low doped (1.5 - 2 X 1017cm-3) GaSb SCLs [99]. At 

300 K, the threshold current density was 588 A/cm² with a maximum CW output power of 

10 mW under 0.5 A of driven current.  

In 2010 the University of Wurzburg in Germany proposed to shorten the electron injector 

in order to increase the gain. By using nine InAs/AlSb [100] QWs instead of ten [78] , the 

intensity of the optical mode overlap throughout the complete active region was increased by 
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about 15% [100]. Although the performance of the laser was not as good as the state of the 

art, the comparison of the two different designs demonstrated a reduction of the threshold 

current density by approximately a factor 2. Moreover, the turn-on voltage decreased from 5  

to 4 V with the shortened design and the maximum operating temperature increased from 15 

to 20°C. 

 Therefore, it was clearly shown that besides the choice of the active QWs each element 

constituting the active stage has to be refined carefully to improve the performance. Indeed, 

in 2011 NRL developed a new generation of ICLs [101], based on empirical tests. They 

demonstrated that the hole-injector QWs states must be located below the upper active-hole 

energy level, while the electron states of the first electron-injector QW next to the semi-

metallic interface must be lower than the active electron QW state. These energy conditions 

imply that the electron population remains localized in the injector rather than in the W-QWs 

region (wine-colored line in Figure I-18.(a), whereas in the case of holes, most of them reach 

the GaInSb active hole QW through the  double QWs hole injector design (green-colored line 

in Figure I-18(a) [101].  

This situation generates an electron-hole population disparity in the W-QWs region at 

lasing threshold (pth >> nth) depicted in Figure I-18(a) reducing the gain per unit current 

density. To prevent this constraint and equilibrate the carrier population ratio, they reduced 

the number of electron injector QWs to 6, and highly n-doped QW from the 2nd to the 5th. 

Figure I-18(a) and (b) shows the hole and electron density distribution when the InAs QWs 

Figure I-18 - The electron (wine-colored) and hole (green) density distributions are shown for: (a) a conventional ICL 
design with four InAs electron injector QWs doped moderately with Si to 4×1017 cm− 3, and (b) a rebalanced design in which 

four injector QWs are doped much more heavily to 5×1018 cm− 3. The blue and red lines indicate the conduction- and valence-
band bulk band edges, respectively. Positions of the doped QWs in each structure are indicated by the arrows. [101] 
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within the electron injectors are moderately doped (4 1017 cm-3) and highly doped (5.1018 

cm-3), respectively. For the high doping level, the extrinsic electrons rebalance excessive holes 

in the active region readjusting carrier populations at lasing threshold. This new generation of 

ICL operated in the CW regime at temperature up to 109°C with emission wavelength ranging 

between 3.57 and 3.92 µm. The threshold current densities were as low as 167 A/cm² at 300 K 

for an emission at 3.67 µm [101]. The power consumption required to reach the laser threshold 

was approximately 0.029 W at 25°C, is far lower than the best MIR QCL in which the input 

power varies between 0.8 W at 4.5 µm [102] and 6.4 W at 3 µm [103]. Applying the rebalanced 

carrier density approach has extended the high performance operation of ICLs to longer 

wavelengths, beyond 4.2 µm [104]. Moreover, it was the starting point of fast progress of ICL 

performances. An  output power as high as 592 mW with 7 active stages under CW operation 

at RT was demonstrated [105] and threshold current density as low as 90 A/cm² at 10°C was 

obtained with 10 active stages under pulsed operation [106]. In 2015, the NRL demonstrated 

that when the cavity length is reduced to 1 mm, both 10-stages and 7 stages ICLs can reach 

18% wallplug efficiency in CW at 25°C [107]. 

Finally, Figure I-19, shows the wavelength dependence of RT threshold current densities 

for broad area ICLs with different number stages [15]. These results represented the state of 

the art of ICLs in 2015. These data show clearly that type-II W ICL can cover the full range 

between 3 to 4 µm with threshold current density lower than 200 A/cm2 at RT.  

 

Figure I-19 - Pulsed threshold current densities for broad area ICLs with various stage numbers at 300 K 
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The main application area of mid-IR laser is the spectroscopy, which requires light sources 

producing a single narrow emission line with power of a few mWs.  

 VCSELs 

I.3.1 Single mode lasers: DFB & VCSELs 

As presented in paragraph  I.1.2, the convolution of the gain curve and the Fabry Perot 

modes gives a multi-frequency emission spectra. For the applications targeted, single mode 

lasers are required. The single mode emission can be realized mainly with two different 

technologies, the distributed feedback lasers (DFB) and vertical cavity surface emitting lasers 

(VCSELs). 

 

Figure I-20 - Process to realize single-mode laser with a multimode longitudinal spectrum on the left and a single mode 
one on the right.  

The term single-mode operation, applied to lasers, is ambiguous, as it is used with different 

meanings:  

- It can be single-longitudinal-mode operation, where the linewidth of the laser radiation 

can then be very small (often only a few kilohertz) and the coherence length accordingly 

long. It is defined by the free spectral range already explained. 

- It can mean single-transverse-mode operation, where a laser operates on a single kind 

of transverse or spatial mode which is almost always a gaussian mode. However, laser 

oscillation may then still occur on multiple longitudinal (or axial) modes, which have 

essentially the same transverse shape but differing optical frequencies, separated by 

the free spectral range. 

In most cases DFB lasers are used to provide single mode emission.  Operation of such 

devices is based on the optical feedback distributed along the laser ridge created by periodic 

modulation of the complex refractive index of the waveguide. The optical mode that can be 
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amplified in such devices in one for which its wavelength λB can be coupled with the waveguide 

periodicity Λ following the equation:  

Λ = 
m λB 

2neff
                                                                (1.15) 

where neff is the effective refractive index. 

Another technology providing single frequency emission is the vertical cavity surface 

emitting lasers (VCSELs). They are semiconductor laser diodes in which the light emission is 

vertical, parallel to the growth axis. In VCSELs the mode selection is provided by short optical 

cavity. 

As seen in the section I.1.2, the FSR is given by: 

ΔνFSR =
c

2𝑛𝑔L
                                                       (1.16) 

For VCSELs, the physical thickness of the cavity L is in the range of a micrometer, leading to 

a large FSR which favors an intrinsic single longitudinal emission as depicted in .  

 

Figure I-21 - VCSEL cavity on a micrometric scale (a) leading to a spacious FSR which in convolution with the gain 
bandwidth (b) concludes in a single longitudinal mode spectrum (c). 

One of the important requirements for the operation of a VCSEL is to compensate the small 

amount of gain media due to the geometry. In order to compensate the small gain and reach 

lasing threshold, metallic or multilayer mirrors, as distributed Bragg mirror (DBR), with 

reflectivity values exceeding 99.5% should be used below and above the active cavity. The 

principle of DBR operation will be described in the chapter III.  

The first laser with emission perpendicular to the layer plane was demonstrated by I. 

Melngailis at MIT in 1965 [108]. An n+pp+ InSb structure, with a polished surface on one side 

and a metallic Ag/Au layer on the other side acting as mirrors. This structure emitted in the MIR 
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at only 10 K. The term VCSEL was proposed by Prof. Kenichi Iga from Tokyo Institute of 

Technology (TIT) in 1979 [109]. A vertical laser with two metallic mirrors sandwiching a DH 

made of GaInAsP which emitted at 1.2 µm in pulsed mode at 77 K. Later, in the early 1980s, 

several laboratories, including the Bell Labs and the Optical Science Center at the University of 

Arizona, began studying the use of lasers and nonlinear optical phenomena in microcavities for 

potential applications in optical switching, signal processing and optical computing. Afterwards, 

the first report on RT CW operation of GaAlAs/GaAs VCSEL was made at the TIT in Japan [110].  

For VCSELs, to reach single-mode operation it is necessary that the output aperture of the 

laser beam is small in the order of 5 - 10 µm for the IR [111], [112]. Based on mesas technology 

VCSELs were able to achieve single mode emission obtaining new results. A monolithic 

structure grown by metal organic chemical vapour deposition (MOCVD) operated in a single 

transverse longitudinal mode at 0.9 µm with Ith of 32 mA at 22.5 °C. Since then, the InGaP, 

AlGaInAs and GaAsSb material platforms based on GaAs substrates offered emission range from 

0.65 to 1.3 µm [113]–[119] exploiting AlGaAs alloys for DBR mirrors.  

Moreover, the current injection by an anode of annular geometry leads to a non-negligible 

radial inhomogeneity. In this case, VCSELs cannot lase in their center when their diameter 

exceeds a few tens of microns because the peripheric injection of the anode electrode 

combined with self-heating problems are fatal for uniform emission [120]. 

For this reason, designing the best and most adapted electro-optical confinement 

technique is essential to achieve a circular and low divergent laser beam and obtain low 

threshold currents. 

I.3.2 Electro-optical confinement in VCSELs 

The first method of electrical confinement in VCSELs was proposed in the late 1990s. It was 

based on the ions implantation into the top of the structure forming a ring of which the center 

was protected from the ion flux [121] [115] (Figure I-22.a.). In this structure the lateral 

confinement is gain guided and the size of the pumped part of the active region depends on 

the current. For this reason, high order transvers modes can appear at high currents. 

Simultaneous optical and electrical transverse confinement can be obtained in 

GaAs/AlGaAs-based VECSELs by lateral oxidation of Al-containing layers of the top Bragg mirror 
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as displayed in Figure I-22.b. These layers are converted to AlOx funneling the current into the 

center of the cavity. This oxide has a smaller refractive index than the AlAs inducing a transverse 

confinement of the photons. This approach introduced by Huffaker et al. in 1994 [122] is to 

date the most widely used technique for electro-optical confinement in GaAs-based VCSELs 

[123]. 

 
Figure I-22 – Schematics of some common VCSELs structures. (a) Proton implanted, current confined by semi-insulating 

region of implant; (b) AlAs layer oxidized generating confinement for the current and the optical beam; (c) BTJ structure for 
the electro optical confinement. 

Extending the wavelength beyond 1300 nm have required new materials. The InP 

technology with InGaAsP QWs for emission wavelengths at 1300 and 1500 nm is suited for 

interconnections in telecommunication applications. With these materials, obtaining sufficient 

reflectivity is challenging because of the small available refractive index contrast in InGaAsP/InP 

DBRs [124]. Then, GaAs/AlGaAs DBRs wafer-bonded to InP lattice-matched QWs was exploited 

to take advantage of the great maturity and high refractive index difference of As-based DRBs 

[125]. To reach electro-optical confinement, InP-based VCSELs commonly employs the buried-

tunnel junction (BTJ) technology [126] depicted in Figure I-22.c. In this approach, the growth is 

done in two steps. The first growth is finished after the active zone by an 

InGaAlAs(p++)/InGaAs(n++) TJ layer. Afterwards, circular mesas are etched down to the TJ 

interface. Subsequently, the overgrowth starts with a n-InP layer forming a blocking pn-junction 

outside of the mesa. Therefore, the carriers will pass only through the InGaAlAs(p++)/InGaAs 

(n++)/InP(n) junction, focusing the current only in the center of the device and pumping a 

reduced volume of the active zone. The current is injected via a highly doped InGaAs contact 

layer placed on top of the p-InP layer and through the n-doped bottom mirror. With this 

technology, the WSI with VERTILAS GmbH company demonstrated the first single-mode InP-

based VCSEL operating in CW mode at temperatures up to 40°C at 2.3 µm using InGaAs QWs. 

A threshold current of 12.5 mA and a maximum output power of 1.5 mW at 0°C were observed 
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[127]. Further efforts in this technology allowed extending the wavelength to 2.5 µm [128] in 

CW with a maximal operating temperature of 10°C. 

As mentioned before, antimonide materials are well suited for laser diodes operating in the 

MIR spectral range. Optically pumped VCSELs were first developed for GaSb-based lasers using 

Type-II - W QWs. CW operation up to 160 K was achieved at λ = 2.9 µm [129]–[131]. 

I.3.3 MIR Sb-based VCSEL 

The first electrically pumped GaSb based VCSEL was demonstrated in 1998 by Baranov et 

al. at the University of Montpellier [132]. It was a monolithic p-i-n structure with six type-II 

GaInAsSb/GaSb strained QWs grown by MBE, using top and bottom GaSb/AlAsSb quarter-

wavelength DBRs. Vertical emission at 2.2 µm was observed at RT with Jth of 2 kA/cm² and a 

peak optical power of 20 mW. The main limitation of this design preventing CW operation came 

from the upper p-AlAsSb/GaSb DBR. Indeed, this semiconductor DBR presents low electrical 

conductivity and high free carrier absorption losses [133]. The problem has been alleviated by 

the same research group using an InAsSb (n++)/GaSb (p++) tunnel junction above the active 

region. This layer allowed carriers to flow from the GaSb valence band directly to the InAsSb 

conduction band giving the possibility to use n-type for both top and bottom DBRs [134]. In 

2009, monolithic structures demonstrated transverse multimode laser emission at 20°C in CW 

at 2.3 µm and in pulsed regime up to 2.63 µm using type-I GaInAsSb/AlGaAsSb QWs [135]. 

Further extending the emission wavelengths have been obstructed by the lack of an 

efficient lateral confinement method compatible with the GaSb material. Indeed, for this 

material family the proposal based on the Al-rich layer oxidation technique used for 

AlGaAs/GaAs structures [136] [137] is not suitable because a wet oxidation of AlAsSb layer 

forms metallic antimony aggregates [138]. This not only causes an increase in the volume of 

the layer leading to the destruction of the device, but also creates undesirable current 

channels. [138]. An original suggestion to circumvent the problem was to exploit metamorphic 

structures with Sb free AlAs oxidation layer. This metamorphic concept successfully tested on 

InP VCSELs [139] still remains challenging for GaSb-based devices with only one attempt at 

2.3 µm . This VCSEL operated in CW mode up to -5°C and the low performance was attributed 

to the large wavelength misalignment between the gain peak and the microcavity mode [140]. 
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Today, for mid-IR VCSELs, two major technologies to circumvent this problem are reported: 

The Buried-Tunnel Junction (BTJ) and the under etched TJ aperture. 

In the first approach, the BTJ which comes from InP-based VCSELs [126], the growth is done 

in two steps. The first growth step is finished after the active zone by a GaSb(p++)/InAsSb(n++) 

TJ layer. Afterwards, circular mesas are etched down to the TJ interface. Subsequently, the 

overgrowth starts with a n-GaSb layer forming a blocking pn-junction on the outside of the 

mesa. Therefore, the carriers will pass only through the GaSb(p++)/InAsSn(n++)/GaSb(n) 

junction, focusing the current only in the center of the device and pumping a reduced volume 

of the active zone. The current is injected via a highly Te-doped InAsSb contact layer placed on 

top of the p-GaSb layer and through the n-doped bottom mirror. Using this technology, the first 

single-mode GaSb VCSEL operating in CW mode at RT at 2.3 µm was demonstrated by the WSI 

in 2008 with type-I GaInAsSb/GaSb QWs. The laser exhibited a threshold current of 3.3 mA with 

a maximum output power of 87 µW at RT [141]. One year later, several efforts invested in this 

technology allowed increasing the maximum temperature operation up to 75°C [142] and the 

optical power up to 0.8 mW at 0° C [143] at 2.3  µm and to extend the wavelength of cw 

operation at RT up to 2.6 µm [144].  

However, injecting the current through the n-doped DBR increases the self-heating of the 

device and limits the achievement of maximum reflectivity due to free carrier absorption [144]. 

This problem has been solved by using an intracavity approach with an InAsSb layer placed 

between the bottom DBR and the active zone allowing reflectivities close to 100 %. Taking into 

account this design and using quinternary barriers in QWs, a single mode emission at 2.97 µm 

in CW was achieved at temperatures up to 5°C [145]. 

The second technology was proposed by the University of Montpellier in 2012. In this 

monolithic structure, the electro-optical confinement was provided by lateral InAs/GaSb TJ 

under-etching [146] [147] as depicted if Figure I-23(a). 

The gap created by under-etching, ensures both electrical and optical confinement. This 

device exhibited single mode emission at 2.3 µm up to 70°C in CW operation with a threshold 

current of 1.9 mA at RT [147]. In this technology the output power was improved by using a 

cascade scheme connecting several active zones which was initially demonstrated on GaAs 

[148] and InP [149] VCSELs. A VCSEL with two stacks of type-I GaInAsSb/AlGaAsSb active zones 
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separated by an InAs/GaAs tunnel junction enhanced the maximum output power by more than 

five times compared with one single active zone stage.  

 

Figure I-23 – a. Cross-section SEM picture of selectively etched InAs/GaSb tunnel-junction in a monolithic GaSb VCSEL; b. 
Laser emission spectra taken at 20 °C under different CW drive currents for an under etched GaSb-VCSEL. [147]. 

It reached 1 mW of emission at 30 °C with a 5% of wall-plug efficiency [150]. Despite these 

very encouraging results, the under etching technique is not reliable due to its low 

reproducibility caused by the poor mechanical stability making this technique difficult to 

industrialize. 

In 2016 The NRL demonstrated the first GaSb-based VCSEL emitting beyond 3 µm. They 

used a cascade design with 3 X 5 IC active zone stages and a top dielectric DBR. This concept 

achieved single mode laser emission at 3.4 µm in pulsed regime without any electrical or optical 

confinement [151]. Later, in 2017, the WSI extended the laser emission wavelength to 4 µm at 

a maximum temperature of -7°C in CW operation using type-II - W QWs and a BTJ design [152]. 

Nonetheless, processing BTJ technology is complex and implies epitaxial overgrowth.  
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 Conclusion 

Table 2 compiles different laser parameters of the different technology for emission in the 

MIR. With regard to the present performance of both MIR edge-emitting lasers and VCSELs, it 

appears clearly that the low-cost potential together with lower power consumption 

development of VCSELs above 3 µm can be considered as a key component to definitively open 

TDLAS to a much broader market. ICLs can serve as sources for photonic sensing because of 

their low power consumption in the range of 50 mW in comparison of QCL (  ̴700 mW), but they 

require DFB process to give single mode emission. However, the development of Sb-based 

VCSELs at wavelength higher than 3 µm requires new paradigm and approaches for both active 

region and device processing. Indeed, as presented before, GaSb type-I QWs laser evidences a 

severe efficiency drop above 2.8 µm and the selection rules of QCL are incompatible with 

surface emission without resorting to complex, dedicated processing [153]. The only active 

zone compatible with vertical emission and having demonstrated high laser performance in the 

3 – 6 µm wavelength range till now is the type-II ‘W’ active region in an ICL scheme. Although, 

at the beginning of this work, IC-VCSELs have been already demonstrated in pulsed regime at 

RT and VCSELs with type-II W QWs in CW at -7°C, there was not VCSEL operating in CW above 

RT emitting between 3 and 4 µm.  

Furthermore, the VCSEL design, and therefore its technology, has to be modified for 

emissions at such a wavelength. In fact, a fully monolithic approach is not viable since the 

thickness of the DBR scales with the wavelength. As an example, a 22 pairs AlAsSb/GaSb pairs 

DBR (R> 99.8%) for 3.6 µm is 11.5 µm-thick which leads to a monolithic structure thicker than 

20 µm. Oxidation of an Al(Ga)As metamorphic layer for the realization of an efficient electrical 

confinement has been successfully tested on GaSb-VCSEL emitting at 2.3 µm by the consortium 

of the MIMIC-SEL project [140]. Moreover, oxidation of Al(Ga)As for electrical confinement is 

Table 2 - laser parameters for several technologies in the MIR. 
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now well established in the VCSEL technology, it will address the stabilization of the 

technological flow for a simplified applicability of MIR-VCSELs. 

Figure I-24 shows the final VCSEL, it will be based on ICL design for the active zone, a 

metamorphic oxide lateral confinement scheme and on an hybrid-mirror technology with 

performances suited for spectroscopy applications. 

The next chapters will detail the development of the interband cascade active stage, the 

semiconductors and dielectric DBRs, the metamorphic III-As confinement layers and finally 

vertical devices.  

 

Figure I-24 - Hybrid & metamorphic IC - VCSEL proposal 
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 Interband Cascade Active Region  

 Introduction 

The active zone that provides optical gain is one of the mainstay parts of a VCSEL. As 

presented in the previous chapter, type-II-W IC active region can cover efficiently the full 

spectral range between 3 and 4 µm. To evaluate its performance before its adaptation into a 

VCSEL, we studied the type II-W IC active zone in edge emitting lasers (EELs). Interband cascade 

lasers (ICL) allow simple and short technological process and will assess the performances of 

the active zone. 

 Design of the active region 

The study of a laser structure is performed in a 4-steps cycle: modelling, growth, 

technological process, and characterization. In the course of this work, the modelling of the 

active zone’s band structure was carried out with Nextnano software [154]. It allows to 

calculate the band dispersion via the k∙p method to obtain the band structure of the active zone 

taking into account that the electron wave function satisfies the time-independent Schrodinger 

equation in a periodic semiconductor crystal. First simulations reproduced the NRL design in 

order to position ourselves in the state of the art. Figure II-1 represents the band structure of 

one stage of the IC active zone designed by the NRL [101] for an emission at 3.3 µm under an  

electric field of 80 kV/cm. The cascade structure is divided into 4 parts: the type-II W active 

QWs, the hole injector, the semi-metallic interface, and the electron injector. The type-II W 

active QWs, where the electron-hole recombination takes place, are composed of two coupled 

InAs electron-QWs sandwiching a single GaInSb hole-QW. They are followed by an AlSb barrier 

layer. Its function is to reduce the wave-function overlap between the electrons and holes 

within the W-QWs and the subsequent layers. The hole injector controls the hole population 

reaching the active QWs and acts as a barrier for electrons increasing their confinement within 

the W region. Then, a semimetallic interface (SMIF), made of a GaSb/InAs junction, generates 

electrons and holes on each side. This junction is separated by an AlSb layer to prevent optical 

losses, indeed optical absorption can occur in the diagonal transition between the holes and 

electron states.  
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Figure II-1 - Simulated band diagram of one stage of the ICL active core for an emission at 3.3 µm at an average applied 
electric field of 90k V/cm. 

Finally, the electron injector composed of a gradual InAs/AlSb superlattice is located after 

the junction and allows the electrons to reach the next active QWs.  The four inner InAs-QWs 

are highly N-doped (5.1018 cm-3) to rebalance the carriers in the active QWs. The electrons then 

pass through the injector and end up in the conduction band of the next W-zone featuring the 

cascade configuration.  

The layer thicknesses of this active stage are presented in Table 3, where the W active QW 

is highlighted in red. 

  Layer Thickness (Å)  Layer Thickness (Å) 

1. AlSb 25 11. AlSb 12 

2. InAs 17 12. InAs 32 

3. Ga0.65In0.35 Sb 30 13. AlSb 12 

4. InAs 14 14. InAs 25 

5. AlSb 10 15. AlSb 12 

6. GaSb 30 16. InAs 20 

7. AlSb 10 17. AlSb 12 

8. GaSb 45 18. InAs 17 

9. AlSb 25 19. AlSb 12 

10. InAs 42 20. InAs 17 

Table 3 - Thicknesses of one period of IC active zone for emission at 3.3 µm. 

GaSb 
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 Design, epitaxy and structural characterization of ICL 

structures  

II.3.1 Design of ICL for active stage studies 

Figure II-2 displays the scheme of the ICL structure designed to carry out the studies on the 

IC-active stage. The active region is made of seven IC active stages and sandwiched between 

two GaSb SCHs to increase the refractive index difference between the active zone and the 

cladding layers. It allows obtaining a better optical confinement (see section I.2.4 of the Chapter 

I on page 23). To confine the optical mode within the active region, we used AlGaAsSb bulk 

material as top and bottom claddings [155] instead of the usual AlSb/InAs cladding layers [15]. 

Indeed, the epitaxial growth of AlGaAsSb cladding layers by MBE is well controlled by the 

Nanomir group and is commonly used for GaSb-based diode lasers emitting between 1.55 μm 

and 3.7 μm [51], [55], [156]–[159]. These layers, depicted in Figure II-2 in yellow, have a high 

Al-content (85%) and leads to a refractive index of n = 3.3 [97] at 3.3 µm. This increases the 

overlap between the optical mode and the active zone [160]. The thicknesses are 2.5 and 2 µm 

for the bottom and the top claddings, respectively.  Furthermore, the thermal conductivity of 

this material is higher (7 W/m.K) compared to InAs/AlSb SL (3 W/mK) [161]–[163]. Thus, the 

AlGaAsSb bulk material will promote better heat dissipation and should result in better laser 

performance. 

Between the claddings and the active zone, the orange layers represent n-type transition 

layers. They are inserted at each interface between the different regions of the structure. They 

lower the parasitic voltage drops at band discontinuities. Finally, the top contact layer is 

composed of 300 nm thick GaSb followed by 20-nm thick InAs layer. 

II.3.1 Growth temperature of the Type-II W QWs 

Quantum structures such as W-QWs and injectors require growth accuracies of the order 

of 0.1 Å, which are usually accessible by molecular beam epitaxy (MBE). Its precise control of 

atomic and/or molecular beams vaporized from high temperature sources onto a heated 

substrate in ultra-high vacuum (UHV) chamber makes it the most suitable technique for the 

growth of QW lasers. 
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Figure II-2 - Complete design of ICL 

As the first step in the fabrication process, the material growth is fundamental to the laser 

performance. Hence, before starting the epitaxy of the whole structure, it is necessary to 

evaluate the growth conditions in terms of temperature. Indeed, this growth parameter was 

found as one of the most relevant for obtaining a high emission efficiency [164]. For this reason, 

four W-QWs samples were grown between 425 to 465°C for assessment by 

photoluminescence. The structures were grown by solid source MBE equipped with As- and Sb- 

valved cracker cells. 

The band structure of these samples is presented in Figure II-3. It is composed of five “W” 

QWs designed for emission around 3.3 µm (see Table 3) separated by GaSb barriers. A 20nm 

AlSb is inserted on each side to prevent the escape of photo-pumped carriers.  
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Figure II-3 - Band structure of the W-QWs samples used for photoluminescence. 

The structures were studied by photoluminescence (PL) at room temperature (RT) and 

excited with a 780 nm GaAs diode. The spectra were measured with a Fourier transform 

Infrared (FTIR) spectrometer equipped with a cooled InSb detector. The PL spectra are depicted 

in Figure II-4(a). The PL peak intensity presented in Figure II-4(b) for the different samples 

clearly evidences that 435°C is the growth temperature that provides the best PL performance. 

The degradation  of the PL at low growth temperature can be attributed to the formation of  In 

clustering within the W-QW, while at high temperature the deterioration is related to atoms 

inter-diffusion at the QW interfaces [164]. This result allowed determining the growth 

temperature for the IC-active region of all the structures presented throughout this work. 

 

Figure II-4 - PL at RT for  W-QWs grown at different temperatures. a) spectra. b) PL peak intensity 
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II.3.2 Epitaxy and structural characterization of ICL 

The growths of ICL structures were performed on 2-inch (100)-oriented n-type GaSb 

substrates. After thermal de-oxidation at 550°C under Sb flux, the temperature was ramped 

down to 500°C to grow the n-doped GaSb buffer and the lower cladding layer. During the 

growth of the bottom-SCH the substrate temperature was ramped down to 435°C for the 

growth of the active region. Next, during the growth of the 400-nm-thick n-type GaSb upper-

SCH, the temperature was ramped up to 490°C for the top cladding and contact layers. The 

claddings were n-doped with Te. The doping concentration was 1.1017 cm-3 close to the SCH, to 

reduce the optical losses [133] and was gradually increased to 2.1018 cm-3. The SCHs were low-

n-doped (5.1016 cm-3) also with Te. 

The crystalline quality of the structures was evaluated by high-resolution X-ray diffraction 

(HR-XRD) using a PANalytical X'Pert3 MRD equipped with a PIXcel1D linear detector, an X-ray 

tube delivering the CuKα1 radiation and a four-bounce asymmetric Ge (2 2 0) monochromator.  

 

Figure II-5 - -2  HRXRD scans at the (0 0 4) reflection for a typical ICL structure. 

The typical -2 patterns of a full ICL structure is shown in Figure II-5. The diffractogram 

depicts a peak at 30.36° corresponding to the GaSb substrate. A series of satellite peaks up to 

the 16th order is also shown arising from the periodicity of the stages of the IC active zone. The 

thickness of the IC active region extracted from the angle separation between the satellite 

peaks is 41.2 nm, in good agreement with the target value of 41.5 nm. 
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 Technological process 

Table 4 represents the synoptic of the technological process developed for the ICLs: 

1  

1 – Epitaxied ICL structure 

2- Negative resist on the 

structure 
2  

3  

3- Photolithography – 

etching mask 

4 – Developing 
4  

5  

5 – Etching for mesas ridges 

6 – Resist removal 
6  

7  

7 - Photolithography – 

isolation using photoresist 

8 – Developing + baked 

@200°C – 2h 8  

9  

9- Photolithography – 

Metallization mask with 1 

simple photoresist 

10- Developing 

 

 

11- Structure after 

metallization  

12- Final devices  

  

Table 4 - Complete technological process for the ICLs. 

10 

12 



Chapter II: Interband Cascade Active Region 

 

46 
 

The descriptions and the optimizations of each step are detailed in the next paragraph. 

II.4.1 Cleaning 

After the growth, the 2-inch wafer is cleaved into pieces of approximately 1 cm x 1.5 cm. 

Then, the samples are cleaned with acetone, methanol, isopropanol and deionized water. If 

impurities persist on the sample, a second cleaning using reacting ion etching (RIE) with argon 

and oxygen is carried out with low RF power (50 W) to prevent damaging of the InAs cap layer. 

The cleaning step is followed by baking the sample at 120°C for 5 min. This bake is important 

to dehydrate the sample surface and facilitate the photoresist adhesion in the next steps. 

II.4.2 Etching 

Before the etching process, the ridge area is defined by UV photolithography. This 

technique is based on the exposition of a photo-sensible polymer (a photoresist) deposited on 

the sample. The UV insolation is realized through a mask which is partially metalized with 

chrome forming a pattern. The polymer molecules reached by the UV-light are altered to be 

more or less soluble in a developer. It depends whether the photoresist is positive (dissolve 

away the exposed regions) or negative (dissolve away the non-exposed regions). In our process, 

we used the AZ1518 positive photoresist. It was spin coated on the sample at 3000 rpm creating 

a   ̴2 µm thick photoresist film. Then, the sample was exposed to the UV light for 23 s with a 

MJB4 mask aligner. The ridge pattern consisted of eight periodic ridges of different widths: 15, 

19, 23, and 27 µm. Then the UV-insulated parts of the resist were removed with AZ726MIF 

developer. After the ridge pattern development, we etched the sample using either wet 

(chemical) or dry (physical-chemical) etching. 

II.4.2.1 Wet etching 

The wet-based etching process employs liquid etchants. The 

sample is immersed in a bath of the etchant, which reacts with the 

semiconductor by gradually removing the layers from the exposed 

surface. For the ICLs structures, we used two etchant solutions. The 

first one, a citric acid solution (C6H8O:H2O2 (1 : 1)) diluted 2:1 in 

deionized water, allows etching Indium-based materials. Indeed, citric-

based solution is highly selective between InAs and GaSb [165]. The 

kinetics of Sb-based material etching is so slow that the etching is stopped at the GaSb layer. 

Figure II-6 - MESA ridge 
after wet etching process. 
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With the citric based solution, we removed the InAs cap layer in 13 seconds. The second etchant 

is based on chromic acid (CrO3) and hydrofluoric acid (HF) solution. The concentration is 

HF(1):Cr2O3(1):H2O(3) diluted 1:4 in deionized water. This solution, originally used to reveal 

dislocations in GaAs [166], has been adapted for the etching of Sb-based structures [167]. It 

etches mainly aluminum or gallium-based materials, but does not etch indium-based 

compounds. Table 5 shows the etching rates of these two solutions for the different materials 

of interest. Figure II-6 shows smooth and almost vertical walls in the upper cladding. When 

entering the SCH the etching rate decreases until it stops in the first layers of the active zone 

containing indium. The presence of AlSb/InAs chirped SL within the active region lies to a high 

in plane electrical conductivity, and therefore the lateral current spreading in ICLs is significant 

[15] [168], increasing the threshold current. Thus, an etching that allows to etch completely the 

active zone is mandatory, to constrain the current injection only on the laser ridge and reduce 

the laser threshold. In the laboratory, we do not have a solution which can etch with similar 

etching rates In-based and Al-based materials. For this reason, we have to use another etching 

technique to fabricate our lasers.  

 ETCHING RATE (nm/min) 

SOLUTION / MATERIAL InAs InAsSb GaSb AlAsSb 

Citric-based solution [169]  92.8 ± 2.8 88.9 ± 3.0 0.84 ± 0.04 - 

Cr & HF-based solution [170] 125 ± 3 142 ± 4 3900 ± 100 12700 ± 700 

Table 5 - Etch rates for the various materials and etchants. 

II.4.2.2 Dry etching: 

The whole etching could be performed in a single 

run through the active zone down to the bottom 

cladding by dry etching using AZ1518 photoresist 

mask. We studied the chlorine-based inductively 

coupled plasma reactive ion etching (ICP-RIE). This 

technique uses BCl3 and Cl2 chemistry combined with 

ion bombardment and physical desorption of Ar 

plasma as a key factor to control the etching 

characteristics of GaSb and/or relative 

semiconductors [171]. In this process we used Ar: 6.5 sccm, Cl2: 2 sccm and BCl3: 4 sccm. The 

Figure II-7 - SEM picture of an ICL ridge 
performed by dry etching. 
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pressure was 2 mTorr, the temperature was 10°C and the RF and ICP powers were 60 W and 

300 W, respectively. The sample is adhered to the holder with thermal oil for efficient thermal 

contact. After 15 min of etching time, we get a 5.3 µm deep trench. Figure II-7 depicts a laser 

ridge fabricated with these dry etching conditions. The sidewalls and the etching surface are 

smooth with low roughness.  

II.4.3 Passivation 

After the etching, the ICLs are insulated with a dielectric material deposited by plasma 

enhanced chemical vapor deposition (PECVD). The deposition is achieved by introducing 

reactive gases between parallel electrodes, a grounded and a biased electrode. The capacitive 

coupling between the electrodes ignites a plasma, which induces a chemical reaction and 

results in the reaction product to be deposited on the substrate. 

 

Figure II-8 - SEM picture of an ICL ridge formed by dry etching after Si3N4 deposition by PECVD 

For the ICL, a 300 nm-thick Si3N4 layer is deposited at a temperature between 200°C and 

280°C. The choice of Si3N4 over SiO2 (also used for isolation) relies on the use of oxygen plasma 

which would strongly oxidize the walls surface. This oxidation would cause appearance of 

metallic antimony which will migrate to the surface resulting in short circuits or lateral leakage. 

Figure II-8 shows an ICL after deposition at 280°C of a conformal Si3N4 at a rate of 144 nm/min. 

The Si3N4 film outline perfectly the ridge structure even with under-etched side walls as 

depicted in Figure II-8. After the Si3N4 deposition, we carried out the second photolithography 

to perform the dielectric opening for the current injection contact. The patterning design was 

performed using the AZ1518 positive resist which was spin coated at 3000 rpm during 30s. The 

openings were narrower than the ridge width to prevent electrical short circuit and 

corresponds to 11, 15, 19 and 23 µm ridge widths from the narrowest to the largest ridge, 
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respectively. After the developing, CHF3 based RIE process (pressure 13 mTorr, RF 40 W, CHF3 

100 sccm, and O2 35 sccm) was carried out to etch the dielectric on the ridge. It is important to 

notice that during this work the PECVD found several problems. Thus, an optional way for the 

ridge passivation was to use directly the AZ1518 resist as displayed in Table 4 - Figure 7 and 8. 

This was baked in a furnace at 200°C for two hours after the developing. 

II.4.4 Metallization 

The next step is the metal deposition on the top of the ridge to ensure ohmic contact. 

Before the deposition of the contact the samples are de-oxided in a 10 % diluted HCl solution. 

This step removes the native oxide formed on the semiconductor on the top of the ridge. 

Afterwards, we performed a second photolithography and then, a metal film was deposited 

over the entire surface of the sample. The unwanted parts were removed by eliminating the 

resist with a solvent. The resist removed the metal that have been deposited on its surface, 

leaving behind the desired metallic patterns on the ridge. This process is commonly called Lift-

Off. When a photosensitive resist is used for the metallization mask, the polarity of the resist 

will have a significant influence on the efficiency of this process. Indeed, a negative resist will 

result in a profile with a negative slope reached by underexposing the photoresist (Figure II-9, 

exposition time t1). This slope will be convenient for the lift-off creating a discontinuity of the 

deposited metal film as depicts Figure II-9, time t1. This discontinuity allows the solvent (usually 

acetone) to be in contact with the resist and dissolve it. 

 

Figure II-9 - Photolithography with a single negative resist and profile after metallization as a function of insulation time. 
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Another factor to consider for a successful lift-off process is the metal deposition 

technique. In the laboratory, at the beginning of my thesis, we had only a sputtering available 

for metallization. This technique is a plasma-based coating method. Positively charged 

energetic ions from a magnetically confined plasma collide with a negatively charged target 

material. The material is then ejected (or “sputtered”) in atoms from the target (metal) and are 

deposited onto a sample. This technique is isotropic and allow to deposit metal in all directions 

making the lift-off more difficult. 

A study of several types of photoresist-mask was carried out in order to choose the most 

suitable for the lift-off. Five samples were processed using five different resist masks and the 

same chromic mask design.  

The first two samples were treated using single layers of AZ2020 and AZ2070 photoresists. 

The other three samples employed bilayer resists with different sensitivities to obtain a more 

inclined profile mask. For the bilayers, the first spun resist was always the LOR5A which is 

sensitive only to the contact with a developer. The second layers were negative photosensitive 

resists for each sample: AZ2020, AZ2070 and AZ5214 respectively. All resists were spin coated 

at 4000 rpm during 30 s with the photolithography parameters shown in Table 6. 

The SEM pictures a. and b. in the Table 6 depict the mask profiles with a single photoresist 

layer, AZ2020 and AZ2070 respectively. In those two cases, there is no metal discontinuity even 

with a thinner metal thickness on the side walls resulting in an unreliable lift-off.  

When we used a bilayer resist mask as presented in Figures c., d., and e. in Table 6, the 

width of the dissolved resist after the developing was different for each layer resulting in a cap-

shaped mask profile. Since the shape is mainly driven by the difference in the development of 

each resist, it is better to overexpose the sample during the photolithography as explained in  

Figure II-10 time t3. Even if Figure c. in Table 6 shows a very thin metal film on the profile wall 

on the bilayer with AZ2020 photoresist, we obtained a successful lift-off for all three bilayer 

masks. Thanks to the cap-shaped geometry, the metal film deposited was more discontinuous 

as the photoresist thickness increased as shown in the Figures c., d., and e. in the Table 6. 

However, a thick photoresist reduces the resolution of the deposited metal as in the case for 

the bilayer using AZ2070 photoresist. 
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Resist Bake UV time 
Developing 

time 

Profile 

AZ2020 
1 min @110°CBefore and 

after insolation. 
6 s 1 min 45 s 

 

AZ2070 
1 min @ 110°CBefore and 

after insolation. 
9 s 1 min 30 s 

 

LOR 5A 

+ 

AZ2020 

2 min @ 180°C - LOR5A. 

1 min @110°C AZ2020 + 1 

min @110°C AZ2020 after 

insolation 

8 s 2 min 15 s 

 

LOR 5A 

+ 

AZ2070 

2 min @ 180°C - LOR5A 

1 min @ 110°C AZ2070 + 

1 min @ 110°C AZ2070 

after insolation 

10 2 min 30 s 

 

LOR 5A 

+ 

AZ5214 

2 min @ 180°C - LOR5A 

1 min @ 110°C AZ5214 

Insolation 

1 min @ 110°C 

Insolation flood exposure 

8 s + 1 

min flood 

exposure 

1 min 5 s 

 

Table 6 – Metallization masks 

 

The choice then rested between the bilayers using AZ2020 or AZ5414 on the mask that 

provides the best resolution. As in the method using AZ5214 photoresist there is an extra step 

with flood exposure, our choice for the mask for the metallization was the bilayer LOR5A and 

AZ2020 displayed in Figure C in Table 6. The top contact layer is made of n-type InAs. Thus, 

after the lift-off process, the deposition of 20 nm of Ti for adhesion layer, followed by 300-nm-

thick Au leads to a very low ohmic contact resistance [172]. 

a. 

b. 

c. 

d. 

e. 
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Figure II-10 - Photolithography with a bilayer LOR5A and a negative resist and mask profile after metallization 
(sputtering) as a function of insulation time. 

II.4.5 Polishing and bottom contact 

The top contact deposition is then followed by the thinning of the substrate and the 

deposition of the bottom contact. The substrate is thinned to ease the cleavage along [011] 

crystalline axis and to form the mirror facets on each side of the ridge. Initially the substrate is 

550 µm thick and is polished down to 150 µm. Then the GaSb substrate is de-oxided with HCl 

before the bottom contact metallization. In this case, the junction between the metal and the 

n-GaSb forms a Shottky barrier as depicted in Figure II-11(a). This increases the voltage required 

to reach current flowing. The influence of this barrier can be reduced by heavily doping the 

semiconductor improving the carrier flow by electron tunneling. Unfortunately, the doping of 

GaSb with Te, is limited to 2.1018 cm-3 [173]. To get an ohmic contact, it is necessary to anneal 

the sample after metallization. The annealing allows the metal diffusion into the 

semiconductor, creating an overdoped layer on the surface which reduces the potential barrier 

at the metal-semiconductor interface as shown in Figure II-11(b). Previous studies have 

established that Pd/AuGeNi allows an ohmic contact with a resistivity as low as 5.10-6 Ω cm² 

[111] on N-type GaSb. Thus, the substrate was coated with 5 nm of Pd and 200 nm of AuGeNi 

alloy. Then the sample was annealed at   ̴ 200°C during 30-60 s. The annealing completion can 

be directly observed under the microscope with the tarnishing of the metal color. 
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Figure II-11 – Scheme of the band structure of the metal- GaSb(n) interface a) before and b) after annealing. 

II.4.6 Mounting and top contacting 

Finally, the structures are cleaved forming the laser facets perpendicular to the mesas with 

different length ranging from 1 to 4 mm. Afterwards, the devices are separated for mounting. 

They are then soldered epi-side "down" with indium on a copper plate to promote the heat 

dissipation from the ICL [174]. A pad of gold-plated alumina is placed on the copper plate to 

connect the other contact. Then, 50 µm diameter gold wires were bonded between the bottom 

contact of the device and the alumina pad. Pictures of an ICL mounted is depicted in Figure 

II-12.  

 

Figure II-12 - Epi-side down ICL mounted in a copper plate. 

 Characterizations of ICLs 

Until now, we have detailed the key elements of the design and process of ICLs for emission at 

3.3 µm at RT. In this section, we will present the electro-optical characterizations of ICLs, such 

as threshold current density, threshold voltage, characteristic temperature (T0), emission 

wavelength, internal losses (i) and internal quantum efficiency (i). The first measurements 

are carried out in pulsed regime on broad area (100 µm wide-ridges) ICLs to avoid thermal issue 
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and determine the real properties of the devices. Pulse widths between 100 ns and 1 µs at 

frequencies between 10 and 100 kHz were used. No change in threshold or quantum efficiency 

was observed over these pulse ranges. Various structures and designs will be studied and 

simulated using Nextnano software in order to improve the ICL performances. 

II.5.1 Studies and improvement of the IC active region 

II.5.1.1 First ICL structure (ICL A) 

The design and the HRXRD of this structure were given in the paragraph II.3. 

  

Figure II-13 - (a) Pulsed (300 ns/100 KHz) light-current-voltage characteristic of a 2-mm-long ICL and (b) Laser emission 
spectra both from ICL A. 

The ICL A was processed in broad-area 100-μm-wide ridges and cleaved into 2 mm long 

cavity. The ICLs were characterized in pulsed mode (100 ns pulses, 100 kHz repetition rate) at 

RT. The optical intensity was measured with a cooled InAs-based photodetector. Figure II-13(a) 

shows light-current-voltage (L-I-V) characteristics of a set of six ICLs, whereas Figure II-13(b) 

displays the emission spectrum. The average threshold current density was around 0.6 kA/cm² 

with a minimum of 0.55 kA/cm2, a value 3 times higher than the state of the art [15]. The 

threshold voltage is Vth= 9 V which is 3.1 times higher than the theoretical value at 3 µm (Vℏω = 

ℏω x 7   ̴2.89V). This value corresponds to a voltage efficiency of 32 %, well lower than 80 % 

usually obtained in ICLs [101]. The series resistances is around 4.3 Ω which is higher than the 

typical value for GaSb laser with AlGaAsSb cladding layer (1.8 Ω) [160]. The saturation of the 

optical intensity observed in Figure II-13 is due to the measuring InAs photodetector device. 

The emission wavelength is λ = 3 µm which is 10% shorter than the targeted wavelength. 

Despite the higher threshold current and voltage and the blue-shifted wavelength, these results 

were a very encouraging starting point for the comprehension of ICL design. The next 
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paragraphs will be dedicated to the analysis of the obtained results and the consequent 

optimization of the design. 

II.5.1.2 Voltage drop issue 

In ICLs structures, the majority of the potential drop occurs in the active region and is 

proportional to the energy of the emitted photon and the number of QW stages. Thus, to better 

understand the operation of our devices, we used Kelvin Probe Force Microscopy (KPFM) 

technique to visualize the special profile of the voltage drop across the structure. In this 

technique, an AFM tip, performs two scans on the cleaved facet of the sample. During the first 

pass, a topographic measurement is performed. Once the topography has been recorded, the 

sample is placed at a given distance. The surface is scanned at this height, reproducing the 

topography acquired during the first pass. In this way, only the variations due to applied 

potential are measured. 

 

Figure II-14 - KPFM voltage characterization performed in a facet  of the ICL.. 

Figure II-14 depicts both a schematic diagram of the measurement and the obtained results 

for the ICL with and without bias below the threshold voltage (V = 2.72 V). When the laser 

structure is biased, the bands bend modifying their work function. We can thus measure the 

potential difference at each layer composing our structure. Although, the applied voltage was 

below the threshold voltage (2.7 V) the voltage drop found is 1.5 V. The results obtained are 

therefore purely qualitative since the surface states modify the measurement of what really 

happens in the volume. However, these results clearly show that most of the potential drop 

occurs in the active zone as displayed in Figure II-14.  
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For better understanding, it is interesting to explore the band structure diagram of the 

whole active region. It is divided in 3 parts: the input transition region, the active stage and the 

output transition region. In our ICL, the input transition region connecting the GaSb SCH and 

the first cascade is composed of InAs/AlSb layers where the AlSb is 12 Å thick and the InAs (Si 

doped to 5.1018 cm-3 to rebalance carriers on the first stage of the AZ) thickness is increased 

from 10 Å to 17 Å with a step of 1 Å in order to shift the electronic level down to the W-QW. 

The output transition region is made with the same design that the electron injector and three 

InAs layers with thickness of 16 Å, 13 Å and 10 Å separated with 12 Å of AlSb layers. The active 

region and the calculated module square of the wave-function of the structure under an 

average applied voltage of 90 kV/cm (ℏω /41.85 nm) are shown in Figure II-15. It represents 

three active stages instead of seven for sake of clarity. 

 

Figure II-15 - Band structure simulation of an extended active zone design of the ICL A. The simulation was done with an 
electric field of 90 kV/cm and the transition region has been doped at 5.1018 cm-3 

The simulation revealed a defect of this design as illustrated in Figure II-15. Due to the 

heavy doping within the input transition region (5.1018 cm-3). The bands are significantly bended 

in this zone and the semimetallic interface is misadjusted as illustrated in the inset in Figure 

II-15. Indeed, the electron level of the semi-metallic interface is above the hole level just before. 

This misalignment prevents the electron-hole generation and consequently the carrier 

transport. For this reason, an additional bias is required to align the semi-metallic interface, 

which occurs at the average electric field of 238 kV/cm corresponding to 7 V applied to the 

entire structure. The real threshold voltage is even larger (9 V) due to the high series resistance 

of the device as depicted in Figure II-13. 
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II.5.1.1 ICL with improved voltage drop  

To verify this hypothesis, a simulation of a new structure without doping of the InAs layers 

within the transitions region is presented in Figure II-16. For an average electric field of 

90 kV/cm, the electron and hole levels next to the semi-metallic interface are aligned which 

should allow a correct carrier generation. 

 

Figure II-16 - Band structure simulation of a new extended active zone design of the ICL A. The simulation was done 
with an average electric field of 90k V/cm and the input transition region without doping. 

This new ICL structure, the ICL B, is similar to the ICL A except that the input transition 

region was undoped. The L-I-V performances of broad area laser in pulsed regime at RT are 

reported in Figure II-17(a). The threshold current density is 700 A/cm2. However, the threshold 

voltage is 5 V, a value well lower than obtained with ICL A. Following this optimization, all the 

consequent ICL structures presented in this work will have undoped input transitions region. 

 

Figure II-17 - (a) Pulsed (300 ns/100 KHz) current-voltage comparison between ICL A and B.(a) Pulsed Light-current 
characteristic of a 2-mm-long ICL from ICL B and its (b) laser emission spectra. 



Chapter II: Interband Cascade Active Region 

 

58 
 

Despite the electrical improvement, this structure still emitted at 3 µm as presented in 

Figure II-17(b). 

II.5.1.2  Emission wavelength shift 

This section is devoted to investigate the origin of the blue shift wavelength. First, it was 

necessary to ensure that the transition between spontaneous and stimulated emission 

remained consistent. For this purpose, emission spectra of the ICL A were measured from 

currents below threshold to above. The electro-luminescence peak was observed around 3 µm 

as shown in Figure II-18 and the intensity increases with the current. A slight redshift related to 

the band gap variation with temperature generated by the current increase is also observed. 

No electroluminescence around 3.3 µm was observed. This demonstrate that recombination 

occurs at the same position but with no evidence of the emission from the active QWs. 

 

Figure II-18 -  Spontaneous emission and laser emission spectra from ICL A. 

To clarify whether the laser emission occurred from the W-QWs, a third structure was 

grown similar to the ICL B, except for the thickness of the InAs within the W-QWs. In this 

structure, named ICL C, the thicknesses of these InAs layers were increased to 19 and 16 Å. The 

calculation of the transition with these thickness gives an emission at 3.7 µm. 

Figure II-19 shows the emission spectra of ICLs B and C. As we can see, the ICL C, with 

thicker InAs electron-QWs, emitted at 3.21 µm which is longer than for the ICL B (λ = 2.99 µm), 

but still less than the expected value. 
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Since the only variation between the two structures was the InAs electron QW thicknesses 

within the “W” region, we can conclude that the recombination occurs well within the W-QWs. 

Although the wavelength was increased, the origin of the blue shift was still unclear.  

Since the problem is not from the W-QWS, we studied the electron injectors. As it was 

discussed previously, the doping level in the electron injector is a key parameter for the ICL 

performance. Following the rebalancing concept, the electron injectors of the ICLs A, B and C 

were highly doped (5.1018 cm-3). To verify the influence of this doping on the ICL performance 

a new structure, the ICL D, was grown with a lower doping concentration (5.1017 cm-3) within 

the electron injectors. The W-QWs thickness remained the same as A and B ICLs. 

Figure II-20 shows the HR-XRD of the four structures. It is interesting to see that the full 

width half maximum (FWHM) of the satellite peak related to the periodicity of the active region 

presents a larger value (  ̴81 arcsec) for A, B and C structures than the ICL D (  6̴1 arcsec). This 

could be attributed to a higher roughness at the numerous interfaces within the active stage 

when high doping concentration is used in electron injectors. 

After the processing, electro-optical measurements were performed in pulsed mode. The 

Figure II-21 shows a comparison between B and D structures. Despite the fact that the W-zone 

had exactly the same thickness, the wavelength emission of the ICL D was 3.3 µm. 

Figure II-19 - Emission spectra of (a) ICL B with InAs electron-QW thicknesses of 17 & 14 Å and (b) ICL C  with InAs 
electron-QW thicknesses of 19 & 16 Å 
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Figure II-20 - ω -2ϴ  HRXRD scans at the (0 0 4) reflection for the ICLs  A, B, C and the most important D 

Nevertheless, this structure exhibited higher threshold current densities and voltage 

thresholds, which can be attributed to the lower doping level and the efficiency of the 

rebalancing carrier concept. 

We can observe that the structure with high doped electron injectors provides better 

performances, however the origin of the shift of the wavelength emission with the doping level 

is still unclear. For these reasons, we studied the effect of the growth conditions on the laser 

performances. 

Figure II-21 -  (a) Pulsed (300 ns/100 KHz) Light-current-voltage comparison between ICL B and D and (b) their laser 
emission spectra. 
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II.5.1.3 Influence of the top cladding temperature. 

The large difference between the optimal growth temperature of the cladding layer 

material (490°C) and the underlying active region (435°C) along with the high doping 

concentration in the second case can affect the electro-optical behavior of the ICLs. To 

investigate this point, four different structures (E, F, G and H) were grown with substrate 

growth temperatures of the top cladding layers respectively at 490°C, 475°C, 460°C and 435°C. 

In these four structures, the four inner InAs QWs within the electron injectors were highly 

doped (5.1018 cm-3) with Si.   

The ω-2θ HRXRD patterns for these four structures are shown in Figure II-22 together with 

the simulated curve. The cladding layers are lattice matched except for the one grown at the 

lower temperature due to a lower As incorporation. A slight shift of the satellite peaks toward 

tensile strain when the top cladding layer temperature increases was observed. This can 

indicate an intermixing of the InSb bonds with respect of the AlAs bonds that exists at AlSb/InAs 

interfaces. The inset displays the FWHM averaged of the 10 satellite peaks closest to the 

substrate. The narrower satellite peaks are achieved for the samples grown at the lowest 

temperature which indicates more homogeneous interfaces within the IC-active region. 

 

Figure II-22 – ω-2ϴ HRXRD scans at the (0 0 4) reflection for the ICL structures with top cladding layers grown at 
different temperatures and simulation of the targeted ICL. Inset: Evolution of the average FWHM value of the satellite peaks 

versus the substrate growth temperature of the top cladding layers.   

Pulsed P-I and optical characteristics (Figure II-23) of broad area ICLs (100 µm x 2 mm) 

displayed a typical threshold current density of 690 A/cm² and a laser emission around 2.98 µm 

(as the ICL A and B) for the laser whose top cladding layer was grown at 490°C (Structure E). 

28.5 29.0 29.5 30.0 30.5 31.0 31.5 32.0

 Simulation of targeted ICL 

Tgrowth top cladding :  490°C

                                   475°C

                                   460°C

                                   435°C

                            

In
te

n
s
it
y
 (

a
.u

.)

-2(°)

440 460 480

65

70

75

80

85

90

95 1
0

 s
a

te
llite

s
 p

e
a

k
s

 F
W

H
M

 a
v
e

ra
g

e
 (a

s
e

c
)

TGrowth top cladding (°C)



Chapter II: Interband Cascade Active Region 

 

62 
 

We then observed a clear redshift of the emission wavelength and an improvement in the 

performance of the lasers as the upper cladding layer growth temperature decreases. When 

the latter is 435°C, the threshold current density decreases down to 220 A/cm2 while the 

emission wavelength shifts up to 3.3 μm, the target wavelength. This performance is 

comparable to the best threshold current densities obtained with state-of-the-art ICLs with a 

similar emission wavelength but based on AlSb/InAs cladding layers (150-200 A/cm2) [175]. 

 Figure II-24(a) summarizes the evolution of the threshold current density and emission 

wavelength with the growth temperature of the top cladding layer. The threshold current 

density increases linearly with the growth temperature. The latter observation along with the 

interface non-homogeneity seen by HRXRD could be explained by atom intermixing at the 

numerous InAs/AlSb and InAs/GaInSb interfaces of the active region. Such behavior has already 

been reported for “W” QWs active zones grown at different temperatures [176]. 

We show in Figure II-24(b) the band diagram and the energy position of electron and hole 

levels of the “W” QWs without (b1), with 0.5 nm (b2) and with 1 nm (b3) broad intermixing at 

the interfaces. For this simulation, we assumed a linearly gradual composition of AlInAsSb 

between AlSb and InAs and GaInAsSb between InAs and Ga0.65InSb.  In the structure with sharp 

interfaces, the transition energy corresponds to the emission wavelength of 3.3 μm. 

Figure II-23 - Electro-optical properties of 100 μm x 2 mm ICLs with top cladding layers respectively grown at 490°C 
(red), 475°C (purple), 460°C (green) and 435°C (blue). (a) Laser emission spectra. (b) Light-current characteristics in pulsed 

injection regime. 
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Assuming a 0.5 and 1-nm broadening of the interfaces [177] due to the intermixing leads 

to a shift of the quantum levels within the QWs that results in an emission wavelength of 3.11 

and 3 μm, respectively. We believe that intermixing also affects the injector regions thus 

modifying their band structure, which results in decreasing injection efficiency and high 

threshold current density. These simulations are consistent with the data measured but do not 

explain the involvement of doping in the wavelength blue shift compared in ICLs B and D. It 

could be that the dopant may segregate or diffuse at high temperatures (> 435°C) activating or 

somehow increasing the atom intermixing at the interfaces. Therefore, this effect would only 

occur at high growing temperatures. Having reached value close of the state of the art for 

threshold current density the state of the art of ICLs by the proper choice of the growth 

temperature, we have then extracted the characteristic parameters of the best ICL. 

II.5.1.4 Properties of broad area ICLs with optimized growth 

temperature.  

The epitaxial structure with the top cladding grown at a substrate temperature of 435°C 

(ICL H) was cleaved to form 2, 3 and 4-mm-long cavities to determine internal losses (αi) and 

internal quantum efficiency (ηi). 

The measurements were performed in pulsed regime (300 ns/100 kHz) at 25°C. The optical 

power was measured with a power meter placed in front of the ICL.  

Figure II-24 - (a) Evolution of the threshold current density and emission wavelength with the growth temperature of 
the top cladding layer. (b) Calculated band alignment and wavefunction of the type-II “W” AlSb/InAs/GaInSb/InAs/AlSb QW 

used in the ICL, without (b1), with 0.5 nm (b2) and 1 nm (b3) broad intermixing at the interfaces 
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Figure II-25(a) presents typical L-I-V characteristics of the 2-mm-long lasers. The I-V curve 

shows a threshold voltage of 3.8 V which exceeds the theoretical value by only 1.2 V 

corresponding to a voltage efficiency of 68%. The series resistance is in the range of 1-2 Ω, 

comparable with published results on ICLs emitting in the same wavelength range. 

The reciprocal differential external quantum efficiency ( /ηd) is shown in Figure II-25(b) as 

a function of the laser length (L). From the well-known relation: 

1

ηd
= 

1

ηi
 

1

ηi∙ln (
1

R
)
αi L                                                    (2.1) 

where L is the cavity length and R is the facet reflectivity (R = 0.  ), the value of ηi and αi are 

extracted to be 65% per stage and 15 cm-1, respectively. 

The ηi  value is close to those reported for ICLs with AlSb/InAs claddings whereas αi  is 

higher than the values typically measured on ICLs [101], [178]. The origin of those high internal 

losses is not well understood and could be due to a stronger absorption in the n-type 

Al0.85Ga0.15As0.06Sb0.94 cladding layers compared with superlattice claddings material typically 

used for ICLs. Indeed, the Te-doped AlSb presents a strong absorption between 3 and 4 μm 

since Te is considered to act as a shallow donor [179], [180]. A thicker GaSb SCH layer could be 

employed to reduce the overlap between the optical mode and the cladding layers and thus to 

decrease the waveguide loss [106], [107]. 

Figure II-25 - (a) Pulsed (300 ns/100 KHz) light-current-voltage characteristic of a 2-mm-long 100-μm-wide laser at 
25°C.  (b) Reciprocal differential quantum efficiency versus the cavity length in pulsed regime (300 ns/100 kHz) at 25°C. Each 

datapoint represents averaged measurements from several devices (4-5) except for the 4 mm cavity length which only 
features the 2 best results 
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II.5.1.5 Performances of narrow ridge ICL with optimized growth 

temperature. 

The ICL H was also processed in narrow ridge. Figure II-26(a) shows the electro-optical 

characteristics of a 19 µm wide-ridge and 3 mm long cavity ICL soldered epi-side down.  CW 

operation was achieved up to 55°C with a maximum output power of 10 mW/facet at 17°C. The 

threshold voltage was 4.9 V and the series resistance was 5.3 Ω. Figure II-26(b) shows emission 

spectra the lasing wavelength measured at various temperatures and current. The ICL was 

multimode and emitted between 3.25 and 3.42 µm at temperatures ranging from -3 to 55°C, 

respectively. 

Within the framework of the MIMIC-SEL project a piece of this structure was processed at 

LAAS. The process was similar to that developed during this work; except they can get narrower 

ridge width. Figure II-27 presents a SEM micrograph of the ICL after processing. The different 

layers can be clearly identified. A magnification on the active region shows the seven active 

stages. 

Figure II-28(a) shows the L-I-V curve of a 7 μm x 2 mm ridge laser mounted epi-side down. 

The ICL operated up to a heat sink temperature as high as 80°C limited by the used set up. The 

maximum output power could not be measured for mount temperatures above than 60°C 

because of the limitation of the power supply to 8V, but it exceeded 12 mW/uncoated facet 

and 10 mW at 20°C and 40°C, respectively. About 1 mW/uncoated facet was still measured at 

80 °C. The I-V curve exhibits a threshold voltage of 4.5 V and a serial resistance of 20 Ω. 

Figure II-26 - (a) CW light-current-voltage curves at different temperatures between -3°C and 55°C from a 19 μm ridge 
width and 3 mm long cavity of the ICL H with AlGaAsSb cladding layers and (b) their associated spectra. 
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Figure II-27 - SEM picture of an ICL ridge processed at LAAS. Magnification on the active regions shows the 7 different 
stages. 

In comparison with the above-reported broad area ICLs and the 19 µm wide-ridge this poor 

electrical performance is attributed to the etching of the InAs top contact layer during the 

process as you can observed in Figure II-27 and the fact that Ti:Au contacts on n-doped GaSb 

tend to lead to Schottky contacts [181] which, in turn, increase the turn-on voltage and series 

resistance.  

Nevertheless, the threshold current was as low as 40 mA at 20°C, equivalent to 286 A/cm2, 

slightly higher that the pulsed value measured for the broad-area lasers, an expected 

degradation imposed by the excess ridge-wall related losses and the increased thermal load. 

Between 20°C and 80°C, the temperature dependence of the threshold current gives a 

characteristic temperature T0 = 50 K up to 65°C and 25 K between 65°C and 80°C. This value is 

comparable to that of ICLs with AlSb/InAs cladding layers [106]. The emission spectra of this 

laser measured at 25°C, 40°C and 55°C are shown in Figure II-28(b). The spectra reveal 

Figure II-28 - (a) CW light-current-voltage curves at different temperatures between 20°C and 80°C from a 7 µm ridge 
width and 2 mm long cavity of an ICL H device with AlGaAsSb cladding layers. (b) CW laser emission spectra taken at 150 mA 

at different temperatures (25°C, 40°C and 55°C) 
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multimode operation and a peak emission wavelength increasing from 3.33 μm at 25°C to 

3.41 μm at 55°C with a rate of about 2.6 nm/K. 

II.5.1.6 ICL with InAs/AlSb superlattice cladding layers emitting at 

3.6 µm 

As presented in the section II.5.1.3, the ICL with AlGaAsSb claddings presents high internal 

losses. For comparison, we fabricated an ICL with superlattice cladding. For this structure, the 

top and the bottom n-doped cladding layers were 24.3 Å InAs/23 Å AlSb superlattice which 

present an average lattice constant matched to the GaSb substrate. 

 

Figure II-29 - Complete design of ICL II. Structure with InAs/AlSb superlattice cladding layers. W structure is designed to 
emit at 3.6 µm. 

The thickness of the cladding is increased to compensate the higher optical index in 

comparison to AlGaAsSb layers and to prevent mode interaction with both top metallization 

and GaSb substrate [182]. The bottom and top claddings are made of 700 periods (3.3 µm) and 

400 periods (1.9 µm), respectively. For this structure we have targeted a wavelength of 3.6 µm, 

which is the second wavelength aimed in the MIMIC-SEL project. To achieve this wavelength, 

the thicknesses of the InAs layers in the “W”-QWs were increased to 18 Å and 16 Å. The scheme 

of the structure, named ICL I, is depicted in Figure II-29. 
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Figure II-30 - ω-2ϴ HRXRD scans at the (0 0 4) reflection for the ICL I. 

The HRXRD of the ICL I is presented in Figure II-30 and it can be clearly seen the peaks 

related to the periodicity of the cladding superlattice. The central peak of the cladding is almost 

coincident with the substrate peak, indicating nearly perfect lattice matching.  

After structural characterization, the wafer was processed into 100 µm broad area laser 

and characterized in pulsed regime (1 µs/10 kHz) at RT. 

Pulsed electro-optical characteristics of the 2 mm long cavity are shown in Figure II-31(a). 

The threshold current density was found as low as 147 A/cm², similar to the state of the art at 

3.6 µm [6]. The Vth was around 3.5 V, which represents a voltage efficiency of 70%. The series 

resistance was 1.2 Ω, a value consistent with ICL using SL cladding layers [101]. The peak output 

power was 345 mW per facet at RT at 2 A. Figure II-31(b) shows the inverse slope efficiency 

versus the cavity length for five different laser lengths measured at RT. The extracted internal 

Figure II-31 - (a) Pulsed (1 µs/10 kHz) light-current-voltage characteristic of a 2-mm-long 100-μm-wide laser at RT and 
(b) Reciprocal differential quantum efficiency versus the cavity length in pulsed regime (1 µs/10 kHz) at 25°C 
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quantum efficiency and optical losses were i = 31% per stage and 𝛼𝑖 = 5 cm-1, respectively. In 

comparison to ICL with AlGaAsSb cladding layers the optical losses were greatly improved, 

corroborating the strong absorption in AlGaAsSb. 

Figure II-32(a) shows electrical and optical characteristics of a 4 mm long device between 

10°C and 40°C. Due to the temperature induced change in the bandgaps and the resulting 

redshift of the emission, the voltage for the same current values decreases at higher 

temperatures. The characteristic temperature was determined to be T0 = 45 K. Figure II-32(b) 

presents lasing spectra for this device at different temperatures. The emission peak is located 

between 3.55 and 3.62 µm as expected with this design. 

To summarize, we obtained performances close to the state of the art, which demonstrate 

that we control each step of this structure from the modelling to the fabrication. To go further, 

we designed new active regions in attempt to improve the performances. 

II.5.2 ICL with new electron-injector design.  

In NRL's design, the electronic levels of the electron injector raised up to 151 meV higher 

of the electron level in the “W” region. The 4 inner InAs QWs of the electron injector were 

heavily doped in order to rebalance carriers and obtain enough electrons arriving in the “W” 

zone. Nevertheless, this high doping should increase optical losses and could decrease the 

optical performance. For these reasons, we conceived a new design in which we can avoid the 

Figure II-32 - (a) Pulsed (1 µs/10 KHz) light-current-voltage characteristic of a 2-mm-long 100-μm-wide laser at RT and 
(b) Temperature dependent (normalized) laser emission wavelength of the ICL I 
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high doping concentration and ensure an efficient electron transport within the electron 

injector. 

 

Figure II-33 – Band structure simulation of the active zone design of the ICL J. The simulation was done with an average 
electric field of 90k V/cm. 

This new design (ICL J) consists of changing the InAs-QWs thicknesses (50 Å, 40 Å, 31 Å, 27 

Å, 25 Å, 23 Å) in the electron injector to linearly align the electron levels from the semi-metallic 

interface to the W as depicted in the inset of Figure II-33. In this design, the transport through 

a flat band allows to reduce the doping concentration in the four inner InAs QWs within the 

electron injector to 5.1017 cm-3.  

This structure was similar to the ICL H. It was constituted of AlGaAsSb cladding layers and 

the second cladding was grown at low temperature. The ICL J was manufactured into 100 µm 

x 2mm broad area laser and characterized in pulsed regime (100 ns x 100 kHz). 

The Figure II-34 shows the power-current-voltage characteristics of this device. The 

threshold current density was 470 A/cm², twofold higher than the ICL H. The voltage threshold 

was 4.5 V, i.e. 0.7 V higher than the ICL J. This first design does not demonstrate better 

performances on the NRL’s structure, but refinements on the band structure modelling coupled 

with ICLs fabrication should improve the performances of this design to outperform the state 

of the art. 
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Figure II-34 - Power-current-voltage characteristics of the ICL J measured at 20°C in pulsed regime (100 ns/100 kHz) for 
a 100 µm broad area ICLs with 2 mm long cavity 

 Conclusion 

In this chapter, we discussed the design, fabrication and characterization of several type-II 

W ICLs to study the properties of the IC active stage. The ICLs were fabricated by Cl-based ICP-

RIE. This dry etching technique allow to etch during the same step the top cladding and the 

active region. A series of ICLs with active region based on the design of the NRL and AlGaAsSb 

cladding layers were fabricated.  We demonstrated the importance of each part of the active 

stage. Thus, we showed the influence of the doping within the transition layer as well the 

growth temperature after the epitaxy of the active region. These investigations have brought 

down the threshold current densities of our ICLs. Thus, for optimized ICL a threshold current 

density as low as 220 A/cm2 was obtained for broad area lasers in pulsed regime at 3.3 µm and 

CW operation has been achieved for narrow-stripe wide lasers up to 80°C. We have also 

observed high internal losses related to the absorption in Te-doped AlGaAsSb layer between 3 

and 4 µm which can be overcome with the use of AlSb/InAs SL cladding layers. An ICL at 3.5 µm 

fabricated with optimized design and SL cladding demonstrated current density threshold as 

low as 150 A/cm2, a value similar to the state of the art.  

Finally, we have designed an innovative IC-active stage with electron injector flat band and 

low doping concentration. Unfortunately, the electro-optical characterization showed 

threshold current density twofold higher than ICL designed from the NRL. Nevertheless, this 

first result is encouraging and there is ample room for design improvement.  
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To summarize, we have understood the mechanism of type-II W IC active stage and 

demonstrated state of the art ICL. This understanding is required for the realization of complex 

vertical structure such as VCSEL emitting between 3 and 4 µm. 
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 Distributed Bragg Mirrors and III-As 

metamorphic layer.   

In this chapter, we will describe the design of the DBRs that we have developed to fabricate 

IC-VCSELs. We will also present our investigation on the metamorphic interface used for the 

electro-optical confinement in our VCSEL. 

 Distributed Bragg Reflectors (DBRs) 

As presented in Chapter I, one of the important requirements to ensure low threshold 

operation in VCSEL is to compensate the weak gain due to the small volume of active material. 

In order to reach the lasing threshold, mirrors with reflectivity exceeding 99.9% should be used 

in both sides of the active region. Distributed Bragg reflectors (DBRs) can be used for this 

purpose.  

DBR consists of a periodic multilayer structure, composed of dielectric or semiconductor 

materials with different optical index and quarter-wave optical thickness given by the relation 

3.1. 

        𝑛 × 𝑑 =
𝜆𝑏

4
                                                           ( . ) 

with 𝑛  the refractive index of the material and 𝑑 ,its layer thickness and 𝜆𝑏  the working 

wavelength. 

A DBR is usually formed by N pairs of high and low refractive indices noted  𝑛𝐻 ,  𝑛𝐿 , 

respectively, and can be expressed by (𝑛𝑆|(𝑛𝐻𝑛𝐿)
𝑁|𝑛0), with 𝑛𝑆 and 𝑛0 the refractive index of 

the substrate and the cavity index, respectively. 

The Bragg's mirror operation, depicted in Figure III-1, is based on the phase shift of the 

incident beam. The phase changes by 𝜋 ∕   when the beam passes through a quarter-wave 

layer. Moreover, at each interface the partial reflection introduces a 𝜋 phase change when the 

wave goes from a medium with a low optical index to a high optical index. The quarter wave 

stacking layer then engenders constructive and destructive interferences in reflection and 

transmission, respectively. 
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Figure III-1 - DBR operation principle 

Among the advantages of DBRs over metal mirrors are their selectivity in wavelengths, the 

lower optical losses, and possibility to reach higher reflectivities. Thus, DBRs are very attractive 

for applications in optoelectronic devices, for their ability to select emissions and detections at 

specific wavelengths.  

III.1.1 Bragg Mirror design parameters 

The characteristic parameters of the DBR, in normal incidence condition, are the maximum 

of reflectivity and the stop-band width [183]. 

Both parameters depend on the contrast of refractive index between the two materials, 

 𝛥𝑛 =  𝑛𝐻 − 𝑛𝐿                                                         (3.2) 

where nH and nL are the high and the low optical refractive index material, respectively and the 

number of periods, N. They increase the reflectivity value in such a way that if 𝛥𝑛 is high, N can 

take a moderate value, while maintaining high values of reflectivity. For the structure defined 

above, the expression of reflectivity is: 

𝑅 = 
(1−𝑔2𝑁∙ 

𝑛𝑆
𝑛0
)
2

(1+𝑔2𝑁∙ 
𝑛𝑆
𝑛0
)
2                                                            (3.3) 

where 𝑔 = 𝑛𝐿 𝑛𝐻⁄ .  

Some of these applications require not only high reflectivity values at a certain wavelength, 

but also a wide stop-band 𝛥𝜆𝑏  defined as the spectral band with the highest reflectivity 
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(equation 3.4). This last increases with the difference between the refractive indexes, this width 

is given by the expression: [184] 

𝛥𝜆𝑏 = 
2 𝜆𝑏 𝛥𝑛

𝜋 𝑛𝑒𝑓𝑓
          ( .4)              𝑤𝑖                  𝑛𝑒𝑓𝑓 =  ∙ (

1

𝑛𝐻
  

1

𝑛𝐿
)
−1

 ( .5)   

Since the reflectivity and the stop band are defined by the index contrast between the DBR 

components, it is important to know the optical properties of the materials that will be used in 

our VCSEL for an emission in the MIR spectral range.  

We will first establish the properties of semiconductor materials lattice matched to GaSb 

that can be used to design the bottom DBR. The optical losses related to doping concentration 

will be evaluated. Then we will study the case of dielectric materials to be used as a top DBR.  

III.1.2  Semiconductor AlAsSb\GaSb DBR 

It is convenient to use materials with high reflective index contrast which gives the 

possibility to reduce the total thickness of the DBR keeping high reflectivities and a large stop 

band. Among the III-Sb materials, the AlSb/GaSb couple has a refractive index difference large 

enough to achieve reflectivities of 98% with 10 pairs [185] but is not perfectly matched on 

GaSb. Therefore, it is preferable to use the ternary AlAs0.08Sb which is lattice matched to GaSb 

[186]. 

The index contrast between the AlAsSb and GaSb is around 0.6 over a wide wavelength 

range from 2 to 5 µm (𝑛𝐺𝑎𝑆𝑏 =  .8 − 𝑛𝐴𝑙𝐴𝑠𝑆𝑏 =  . ) [97], [133]. The corresponding quarter 

wave thicknesses at 3.3 µm are 217 and 257 nm for the GaSb and the AlAsSb, respectively.  

Figure III-2 depicts simulated reflectivity spectra of an AlAsSb/GaSb DBRs, calculated with the 

transfer matrix method, with the number of periods ranging between 10 and 24 pairs. The 

reflectivities are centered at 3.3 µm and the maximum of reflectivity increases with the number 

of periods. For instance, with 10 pairs the maximum is 97.34 % and for 24 pairs it is 99.98 %. 

The calculated stop band for this Bragg mirror is 362 nm. 
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Figure III-2 - Simulated reflectivity of an AlAsSb/GaSb Bragg mirror centered at 3.3 µm for different period number. 

III.1.2.1 Doping 

The VCSEL is designed with a current flowing through the 

semiconductor DBR as depicted in Figure III-2. Thus, to reduce the 

electrical resistance across the mirror, it is necessary to dope the 

GaSb/AlAsSb. However, doping will induce free carrier absorption 

losses that decrease the maximum reflectivity of the DBR. We will 

now discuss and study the impact of the doping on the optical 

losses since this last reduces the maximum optical reflectivity. 

Figure III - 4 (a) presents the absorption spectra of n-type and p-

type GaSb. [187], [188]. The data in Figure III - 4(a) were measured with a FTIR on bulk layer 

while the data in Figure III - 4(b) were measured through a GaSb waveguide at 4 µm. The 

structure was a GaSb and an Al0.8GaAsSb layers epitaxied onto a GaSb substrate and then the 

first layer was etched forming a ridge waveguide.  The optical losses of p-type GaSb with a 

doping level of 1018 cm-3 at 3.3 µm are higher than 100 cm-1 which prevents its use in Sb-based 

VCSEL [133]. Whereas n-GaSb presents much lower absorption [97], [133], [187]. 

Figure III-3 - Current 
injection scheme through 

the bottom DBR 
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As depicted in Figure III - 4(b),  n-doping decreases optical losses down to   2̴0 cm-1 for a 

concentration of Nd   ̴1.1018 cm-3. Figure III-5 shows the reflectivities calculated for DBR with 

various optical losses. As it can be seen from this figure, for 24 pairs a maximum of reflectivity 

of 99.91 % can be reached for a DBR with optical losses of 20 cm-1. However, to reach a 

reflectivity higher than 99.95%, optical losses must be lower than 10 cm-1.  

 

Figure III-5 – Maximum DBR reflectivity as a function the pair number for various values of optical losses . 

We studied the electro-optical behavior of this type of DBR, a structure made of 24 pairs 

of AlAsSb/GaSb was epitaxied onto a n-GaSb substrate. The DBR was n-type doped with Te at 
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Figure III - 4 - (a) Measurements on epitaxied layers using the multi-pass FTIR device and measurements on GaSb 
substrates with various types of doping [187]. (b) Free carrier absorption based on the density of holes and electrons 

obtained by FTIR measurements and loss measurement in a waveguide; dotted lines: trend curve 
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1.5x1018 cm-3. The reflectivity spectrum of this DBR is shown in Figure III-6(a) along with a 

simulated curve. For the simulation we used thicknesses of 215.6 nm and 254.71 nm with 

optical index of 3.79 and 3.2 for the GaSb and the AlAsSb, respectively. The fabricated DBR with 

a total thickness of   ̴15 µm presents a wide stop band of 353 nm and is well centered at 

3.27 µm.  

 The structure was then processed by standard photolithography and chlorine-based dry 

etching to form mesa with diameter ranging between 20 to 200 µm and metallized with 

Pd/AuGeNi to create full disc contacts. The substrate was thinned down to 300 µm and coated 

with Pd/AuGeNi.    Electrical measurements were carried out in several DBR mesa samples. The 

I(V) characteristics of the DBR are presented inFigure III-6(b). 

The DBR exhibited nonlinear and asymmetrical I(V) curves. The Schottky behavior, already 

observed in 2.3 µm GaSb/AsAsSb DBR [133], [189] is attributed to the high conduction band 

offset between AlAsSb and GaSb (0.46 eV). The voltage drop is 

around 0.6 V, meaning a voltage drop per pair of 25 mV consistent 

with previous studies [133], [189]. This extra voltage will be added 

to the voltage of the IC-VCSEL structure, which should increase the 

thermal budget of the device reducing the performances. 

To avoid optical losses due to the doping of the bottom DBR and 

reduce the self-heating of the final VCSEL, we propose a VCSEL with 

an intracavity design. In this configuration, displayed in Figure III-7. 

Figure III-7 -  Intracavity 
design with its current injection 

scheme through the InAsSb 
contact layer. 

Figure III-6 - (a) Experimental and simulated reflectivity of 24 pairs of n-doped  AlAsSb/GaSb DBR centered at 3.27 µm. 
(b) I(V) curves of mesas with 210 µm diameter from the DBR. 

DBR-n 
GaSb (n) substrate 



III.1 Distributed Bragg Reflectors (DBRs) 

 
 

79 
 

a bottom contact layer is placed between the bottom DBR and the active zone. This layer can 

be made of a thin (20 nm) lattice matched n++-InAs0.08Sb0.92 layer with a high electrical 

conductivity [190]. This design offers a possibility of avoiding doped layers within the DBR.  

Nevertheless, the MBE grown GaSb is intrinsically p-type doped (  ̴3.1016 cm-3). Absorption 

of the intrinsic p-GaSb at 3.3 µm is still high with a value around 26 - 33 cm-1 as depicted in the 

blue curve in the Figure III - 4(a). To compensate the optical losses generated by this residual 

doping, the GaSb should be slightly n-doped (Nd   1̴017 cm-3). According to Figure III - 4(b), with 

this n-doping concentration, optical losses are reduced down to 2 cm-1 allowing a theoretical 

maximum reflectivity of 99.97% with 24 pairs.  

III.1.3 Dielectric DBR 

Within the framework of the MIMIC-SEL project, the VCSEL 

is a hybrid structure with a dielectric top Bragg mirror. This part 

of the work was made in collaboration with FOTON Institute in 

Rennes. 

In this paragraph, we summarize the main investigations 

developed by this group and the optical characterization done at 

IES on such DBR.  

III.1.3.1 a-Si/SiNx dielectric DBR 

FOTON is well known for their research field in the telecom 

wavelength range and particularly for their fabrication of high optical quality dielectric DBR 

[191], [192] using the couple Si/SiNx. 

At 3.5 µm this set of material has a refractive index difference of Δn   ̴1.87. They sputtered 

5 pairs of a-Si/SiNx to assess their reflectivity around the target wavelength. The deposition 

thickness corresponded to da-Si = 224 nm and dSiNx = 458 nm.  

Figure III-9(b) shows the reflectivity of the DBR as a function of wavelength. The reflectivity 

is well centered at 3.3 µm and matches perfectly the simulated curve. However, one can notice 

an absorption peak between 3 and 3.2 µm decreasing the maximum of DBR reflectivity to 95 – 

98%. 

Figure III-8 - Top DBR 
 implementation 
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As depicted in the in Figure III-10, this absorption is related to N-H bonds [193]–[196]  which 

shows the absorption spectra of a SiN layer measured with a FTIR. In our case, the SiN layers 

are deposited in a reactive plasma atmosphere containing hydrogen species and it leads to a 

strong absorption in the DBR at wavelength greater than 3 µm.  

 

Figure III-10 – Absorption spectra measured with a FTIR of a SiNx layer [197, p. 4]. 

Because of this strong absorption in the SiN, it was decided to use another couple of 

dielectric material. Among the dielectric materials used to fabricate DBRs, there are Ge and Si 

as high refractive index materials with nGe=4.2 nSi=3.67 at 3.5 µm [198]. For low refractive index 

materials, there are ZnS with nZnS=2.23, SiNx with nSiNx=1.8, MgF2, SrF2, CaF2, BaF2 with nMgF2, 

SrF2, CaF2, BaF2 = (1.35–1.46) and the air [199].  

Figure III-9 - Dielectric DBR composed of 5 pairs of a-Si/SiNx (a) SEM picture and (b) Reflectivity. 

(b) (a) 
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III.1.4  Ge/ZnS dielectric DBR 

We have made our choice on the couple of Ge/ZnS. Indeed, a hybrid GaSb based VCSEL 

using such a dielectric DBR was successfully demonstrated at 3 and 4 µm [145]. It presents a 

large refractive index contrast of Δn = 2, allowing a theoretical maximum of reflectivity of 99.5% 

with only 5 pairs.  

The  shows the experimental and theoretical reflectivity spectra of a 5 pairs Ge/ZnS DBR 

deposited by sputtering. The reflectivity shows a large stop band, centered at 3.4 µm, with a 

theoretical stop band where the reflectivity is higher than 99% of around 1000 nm. The whole 

thickness is only 2.9 µm. 

 

Figure III-11 - Experimental and simulated reflectivity of 5 periods of Ge/Zns centered at 3.4 µm. 

To go further, a hybrid microcavity structure was made with ten pairs of semiconductor 

AlAsSb/GaSb DBR, a /2 Ge cavity and two pairs of a dielectric Ge/ZnS DBR. Figure III-12 shows 

the scheme of such a structure and the reflectivity spectra of the semiconductor DBR and the 

whole structure. The stop band of semiconductor DBR is centered at 3.4 µm and it can be seen 

clearly the micro-cavity mode of the whole structure also at 3.4 µm, demonstrating the very 

accurate control of the dielectric thickness deposition. 

In order to make circular patterns it was necessary to establish a technological process. A 

dry etching based on SF6/CH4/H2 plasma, was used to form the patterns, but it was impossible 

to remove the photoresist after that without delamination of the ZnS layer. 
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Figure III-12 - (a) Structure scheme of the  hybrid microcavity and (b) the reflectivity of the semiconductor DBR (red) 
and the microcavity (blue). 

The use of an Al hard mask did not solve the problem as presented in the SEM picture in 

Figure III-13 

To overcome this issue, LAAS proposed to use a lift –off process employing a thick (7 µm) 

photoresist (nLOF) before the DBR deposition as depicted in Figure III-14. Then this resist can 

be removed easily with acetone.  

 

The  Figure III-14 presents the SEM picture after deposition of the a 5 pairs dielectric DBR and 

lift -off on 100 µm aperture square with circular mesa with a diameter of 80 µm. Although there 

is still some material on the edge, the lift-off does not damage the DBR. 

 

Figure III-13 - SEM picture of after a dry etching of a Ge/ZnS Bragg mirror. 

Figure III-14 – (a) Lift - Off technique for the Dielectric DBR deposition b) SEM pictures of a ZnS/Ge DBR array after lift-off   

(a) (b) 

(b) (a) 
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 Electro-optical confinement using metamorphic III-As 

material 

The lateral wet oxidation of aluminum-based III-V 

semiconductor materials is well suited in the field of electronic and 

optoelectronic devices, as it allows, in a similar way in 

microelectronics with the Si/SiO2 couple. 

Whereas lateral confinement is highly desirable to improve 

VCSEL performance and achieve single mode laser emission, in the 

case of GaSb-based VCSELs, lateral confinement is difficult to obtain 

mainly due to material issues. In our VCSEL, we selected the lateral 

oxidation of an Al(Ga)As layer to benefit from the well-known AlOx 

technology for electro-optical confinement [140]. This material 

exhibits insulating properties and a low refractive index which can be exploited as confinement 

diaphragms in VCSELs. This technique implies the use of III-As materials which have a smaller 

lattice parameter (  ̴5.65 Å) than antimonides (  6̴.1 Å). As depicted in Figure III-15, for the final 

device, the AlGaAs layer is sandwiched between two GaAs spacers on top of a GaSb layer 

building a metamorphic structure.  

In this section, we will first detail the growth of III-As materials on the top of the VCSEL 

active region. Then, we will study the electrical behavior of the metamorphic interface between 

GaSb and GaAs. And finally, we will present a comparison between an IC-light emitting diode 

(LED) with and without metamorphic layer and the performance of an ICL using GaAs as top 

cladding layer.  

III.2.1  Doping of GaAs at optimized growth temperature 

Typically, the growth temperature of the GaAs is about 600°C, but as we concluded in 

chapter II, the growth temperature after the active zone should remain at 435°C to avoid 

degradation of the IC active zone caused by atomic intermixing at the interfaces [155]. For this 

reason, we have first studied the material properties of the GaAs grown at 435°C. To ensure a 

correct current spreading through this material, we studied the doping of the GaAs at such a 

low temperature. We first epitaxied two structures, GaAs and GaSb onto semi-insulating GaAs 

Figure III-15 - Scheme of the III-As 
section on the final device. 
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substrates with two different doping concentrations with Te. The growth temperature was 

435°C. The GaSb growth rate was 0.63 ML/sec which corresponds to the same Ga cell 

temperature at a growth rate of 0.54 ML/sec. In Figure III-16(a), we can observe that for the 

same Te cell temperature the carrier concentration is higher for the GaAs which can be explain 

in part by its lower growth rate and also maybe by a better dopant activation in GaAs material 

grown at low temperature [200]. We can see that the saturation level is in the range of    

1019 cm-3 in GaAs and one order of magnitude less for GaSb [173], [201].  

 

Figure III-16 - (a) Te-doping incorporation into GaAs and GaSb grown at 435°C.  (b) Si-doping incorporation into GaAs 
grown at 435°C. 

On the other hand, we repeated the same study with Si as dopant. We have to keep in mind 

that Si is an amphoteric atom which is a p-dopant in GaSb and n-dopant in GaAs. Figure III-16(b) 

shows the Si doping incorporation into GaAs grown at 435°C. We observe that even at this low 

growth temperature we can achieve doping concentration as high as 1019
 cm-3 in GaAs with 

both Te or Si. 

The electrical behavior of the metamorphic GaSb/GaAs interface grown at low temperature 

was then analyzed.  

III.2.2  Electrical study of the GaAs/GaSb interface 

The lattice mismatch between GaSb and GaAs is Δa/a   8̴%.This large  

value leads to relaxation after few monolayers generating a high density 

of dislocations [202], which can contribute to performance degradations. 

To study the electrical properties of such structures, a set of four metamorphic samples (MS) 

were grown. Each structure was grown onto a n-GaSb substrate and consisted of a 300 nm 

(a) 
(b) 
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GaSb buffer layer followed by 1 µm of GaAs. The growth was done at 435°C with different 

doping concentrations and doping atoms as described in Figure III-17.  

 

Figure III-17 - Doping concentration of 4 different Metamorphic Structures (MS) 

The crystalline quality of the MS structures was assessed by HR-XRD. The typical -2 

pattern is shown on Figure III-18.(a). We can observe a narrow peak corresponding to the GaSb 

substrate and a broad peak related to the relaxed GaAs. The morphology of the surface was 

studied by atomic force microscopy (AFM). The Figure III-18(b) presents a flat surface with a 

RMS roughness as low as 0.47 nm. The four structures present the same surface and crystalline 

characteristics.  

 

Figure III-18 – (a) ω-2ϴ  HRXRD scans at the (0 0 4) reflection of one metamorphic structure and (b) its surface observed 
by AFM. 

Afterwards, the four MS were processed by standard photolithography and chlorine-based 

dry etching to form 200 µm mesa diameter and metallized with Pd/AuGeNi on the top of the 

mesas and the back-side of the substrate. Then, the samples were baked at   ̴200°C to create 

an ohmic interface between the metal and the semiconductor by diffusing the metal into the 

semiconductor. Figure III-19 presents the I(V) characteristics carried out on several mesas. This 

shows different behaviors as depicted in the I(V) characteristics. 
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Figure III-19 – I(V) characteristics of different metamorphic structures with 4 different GaAs doping concentrations 

The I(V) curves presents a Schottky behavior for the GaAs doped with both Si and Te doped 

at 9.1017 and 2.1018 cm-3, respectively. For the structures with doping level at 8.1018 cm-3 we 

can observe an ohmic behavior with a resistivity as low as 9.98 10-4  and 7.44 10-4 .cm² for the 

GaAs doped with Si and Te, respectively. 

 

Figure III-20 - Band diagram of the GaSb/GaAs hetero-interface for different GaAs n-type doping level. The GaSb is N-
doped at 1018 cm-3 (a) GaAs doped at 1018 cm-3 (b) GaAs doped at 8.1018 cm-3 

AuGeNi metal alloy contact on n-GaAs presents an ohmic behavior for a doping 

concentration around 1 x 1018 cm-3 [203]. It shows resistivities around 4 x 10-6 Ω.cm², a value 

comparable to that on n-GaSb (6 x 10-5 Ω.cm²) [147] using the same contact. Since our doping 

in the GaAs layers is of the order of 1 x 1018 cm-3 we can suppose that the Schottky barrier arises 

from the hetero-interface between the GaAs and the GaSb. The Figure III-20 shows the 
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simulation carried out with Nextnano software of the GaSb/GaAs interface for the different 

doping level. The Figure III-20(a) presents the metamorphic structure with both GaAs and GaSb 

doped at 1.1018 cm-3 and Figure III-20(b) with GaAs doped at 8.1018 cm-3. For the lower doping, 

the conduction band of the GaAs is at higher energy than the Fermi level leading to a potential 

barrier for the electrons. Therefore, an extra voltage is required to achieve a correct carrier 

flow in this structure. On the other hand, when the doping in GaAs is increased up to 

  ̴8.1018 cm-3 the energy of the conduction band of the GaAs decreases removing the barrier for 

electrons. These results are in good agreement with the experimental data shown previously 

in Figure III-19.  

To summarize, to reach a high conductive metamorphic interface it is needed to have a 

high doping level in GaAs. Finally, it was decided to use Te as a dopant because it is an n-dopant 

for both GaAs and GaSb and can ease the growth conditions because any change in the 

temperature of the cell is not required.  

III.2.3 VCSEL design for the metamorphic interface and the 

oxidation layer 

III.2.3.1 Position of the GaSb/GaAs metamorphic interface 

We have demonstrated the importance of the doping level to achieve a GaSb/GaAs hetero-

interface with a low resistivity. Nevertheless, this high doping in both GaSb and GaAs leads to 

increase optical losses by free carrier absorption. Indeed, we have seen in the section III.1.2.1 

that 1018 cm-3 n-doped GaSb induces optical losses of 20 cm-1 at 3.3 µm. Similarly, increase the 

doping concentration in GaAs will increase the optical absorption. Although few data are 

available on the infrared absorption between 3 and 4 µm as a function of the carrier 

concentration for the n-type GaAs [204]–[206], it is possible to figure out a tendency. Most of 

the results are given for a doping level lower than 1018 cm-3 which give a maximal optical losses 

of 5 cm-1. For n type doping level of 5.4. 1018 cm-3  optical absorption of 40 cm-1 was measured 

[204]. Thus, for higher doping concentration, the optical losses should be higher. Obviously, the 

position of the GaSb/GaAs hetero-interface in the VCSEL structure is crucial to avoid high optical 

losses. It should be placed at a node of the electrical optical field. 
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III.2.3.2 Position of the AlAs oxidation layer in the structure  

Another important point comes from the position of the electro-optical confinement layer. 

Indeed, the position of the AlAs layer is defined by the position of the GaSb/GaAs metamorphic 

interface. We simulated the current distribution in the active zone when we placed the 

metamorphic interface at the three first nodes after the active region. Figure III-21, presents 

the optical field standing wave around the active region for a VCSEL designed at 3.3 µm for the 

three configurations when the metamorphic interface is located at the first, the second and the 

third minima.  

Figure III-21 - Scheme of the structure around the active region with the refractive index profile (black) and the EM 
intensity distribution (red) for the interface placed at the first, the second and the third minima. 

The electrical simulations were done with COMSOL software which is based on the finite 

element method (FEM). For the electrical study it used the resolution of the Maxwell equations. 

The simulation was performed for a mesa diameter of 30 µm and an Al(Ga)As diaphragm 

diameter of 6 µm. Table 7. shows the electrical conductivity values for the different materials 

used for these electrical simulations. The values for GaSb, InAs and the Au contact  were taken 

from the Thesis of D. Sanchez [111] while the GaAs and AlGaAs were directly given by COMSOL. 

For the active zone mainly composed of a superlattice InAs/AlSb, we considered a value lower 

than the InAsSb in which the lateral conduction is higher than the longitudinal one. This 

difference in electrical conductivity was the main reason why ICLs required deep etching 

crossing the active zone (Chapter II). 
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Figure III-22 - Scheme of the active zone and III-As region and the simulation of the current density profile in the active 
zone placing the metamorphic interface at three first nodes of the optical mode above the active zone. 

 Figure III-22 shows the scheme of the simulated structure and the radial electrical profile 

within the active area for a fixed current injection. When the confinement layer is placed close 

to the first minima, we can observe a stronger current crowding in comparison with two other 

configurations. However, the current density in the active region is higher when the 

metamorphic interface is placed at the first node of the internal optical mode. 

Figure III-23 depicts a schematic diagram of the complete IC-VCSEL structure designed 

following the conclusions of this study and the intrinsic optical field standing wave intensity 

distribution at 3.3 µm. The IC-AR is placed at the anti-node of the internal optical field, the 

bottom n++-InAsSb contact layer is located at the node to reduce the optical losses and the 

 Electrical conductivity (S/m) 

Lateral Longitudinal 

Au – contacts 45.6 106 45.6 106 

GaAs (n) 32000 32000 

AlGaAs 30 30 

AlOx 0 0 

IC – Active region 100000 70000 

GaSb(n) 28600 28600 

n++ InAsSb 500000 500000 

Table 7 - Electrical conductivity of different materials used in the electrical simulation of the electrical confinement. 
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GaSb/GaAs metamorphic interface followed by the AlAs layer for the electro-optical 

confinement is placed at the first node above the active region to ensure an efficient current 

confinement. 

 

Figure III-23 - Scheme of the IC-VCSEL structure with the refractive index profile (black) and the EM intensity 
distribution (red) 

III.2.4  Study of IC-Light Emitted Diode with metamorphic GaAs top 

layer 

We fabricated and studied an IC-LED with a metamorphic GaAs layer on top of the active 

region (IC-LED 1). For comparison a conventional Sb-based IC-LED was also fabricated (IC-LED 

2) as depicted in Figure III-24.  

 

Figure III-24 - Design of IC-LEDs structures. IC-LED1, with metamorphic III-As layers and IC-LED2 with GaSb top layer  

The growth of both structures was performed on a ¼ of 2-inch (100)-oriented N-doped 

GaSb substrates. The growth was started by 1 µm thick N-doped GaSb layer (1.1018 cm-3) and 



III.2 Electro-optical confinement using metamorphic III-As material 

 
 

91 
 

followed by a 7-stages IC active zone designed for emission around 3.3 µm. Then for the IC-

LED 2, a 1 µm thick N-doped GaSb layer (1.1018 cm-3) was epitaxied on top. In the case of the 

IC-LED 1, the IC active region was followed by 35-nm-thick N-doped GaSb layer doped with Te 

at 1.1018 cm-3. Next, a 25 nm thick Te-doped GaAs layer with a doping concentration of 

8.1018 cm-3 was grown to ensure the ohmic behavior of the metamorphic interface. Then, a 

30 nm-thick Al0.98GaAs layer was grown next to this interface. This layer was capped by a 1-µm-

thick N-doped (1.1018 cm-3) GaAs terminated by a 20 nm thick heavily doped (8.1018 cm-3) GaAs 

contact layer, to ensure ohmic contact. The entire metamorphic part of the structure was 

grown at 435°C. 

 

Figure III-25 - (a) ω-2ϴ  HRXRD scans at the (0 0 4) reflection of IC-LED 1 (metamorphic LED) in red and IC-LED 2 
(antimonide LED) in blue. 

The crystalline quality of the grown structures was characterized by HR-XRD. The ω-2ϴ 

patterns are shown on Figure III-25. The diffractogram depicts, for both structures a series of 

satellite peaks up to the 16th order arising from the periodicity of the stages of the IC active 

zone. For the metamorphic structure, a larger peak appears at higher angles corresponding to 

the fully relaxed GaAs. The thickness of the IC active region extracted from the angle separation 

between the satellite peaks is 41.5 nm for the IC-LED 1 and 42.3 nm for the IC – LED 2. 

The satellite peaks for the IC-LED 1 are however observed to be larger than those of the 

conventional IC-LED 2, because of the high density of dislocations coming from the GaAs-based 

region. To confirm this hypothesis, the top GaAs was dry etched using inductively coupled 

plasma reactive ion etching (ICP-RIE) on a part of the sample. Four etching steps of 250 nm 



Chapter III: Distributed Bragg Mirrors and III-As metamorphic layer. 

 

92 
 

were performed and HRXRD was carried out between each stage. Figure III-26(b), displays the 

evolution of the full width half maximum (FWHM) averaged over the 10 satellite peaks closest 

to the substrate peak. Upon removal of the GaAs section, the FWHM of the satellite peaks from 

the IC-LED 1 approaches the value of the IC-LED 2, which confirms our hypothesis. We can also 

observe in Figure III-26(a), that the intensity of the peak corresponding to the fully relaxed GaAs 

decreased with the etching. 

Both structures were patterned with circular mesas with diameters ranging from 20 µm to 

200 µm using standard optical photolithography and chlorine-based dry etching. The mesas 

were etched down to the GaSb layer below the AZ. This step was followed by surface 

passivation of the structures using a Si3N4 ICP-PECVD coating and then Pd/AuGeNi and Ti/Au 

metallization for the top contacts of the IC-LED 1 and IC-LED 2, respectively. The structures 

were thinned down to 200 µm and the substrates were coated with Pd/AuGeNi for the bottom 

contacts. To form ohmic contacts the structure was baked during 1 min at 200 °C. 

Electro-optical measurements of the fabricated devices were performed under CW 

operation. Figure III-27(a) shows the CW-I(V) characteristics of both IC-LEDs at RT for an 

aperture diameter of 180 µm. The turn-on voltage for the IC-LEDs is around 3.4 V and the 

differential series resistance is 4.9 and 2.7 Ω, for IC-LED 1 and 2 respectively. This disparity may 

be attributed to the GaSb/GaAs junction, to a low performance of the contact on the GaAs layer 

or the Al(Ga)As layer which add a potential barrier in the conduction band. Figure III-27(b) 

shows typical emission spectra of both structures. 

Figure III-26 - (a)  -2 HRXRD scans at the (0 0 4) reflection for the IC LED 2 after growing, after 500 nm etching and 
1000 nm etching  – b) Evolution of the FWHM of the satellite peaks of the RCLED with etched GaAs 
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Figure III-27 - (a) CW  I(V) characteristics of IC-LED 1 and 2 and (b) their corresponding spectrum. 

The emission intensity is in the same order which tend to demonstrate that the IC active 

region is not impacted by the growth of the metamorphic layer. The emission peak  of the IC-

LED 2 is at 3.3 µm and presents a shoulder at shorter wavelengths that was not well understood 

but which has been already observed in IC-LED [207]. The emission peak of the IC-LED 1 is 

around 3.1 µm, 200 nm shorter than the IC-LED 1, and seems to be broader.  The shorter 

emission wavelength can be attributed to the smaller period thickness of the active region (8 

Å). 

III.2.5  ICLs with metamorphic GaAs top cladding 

The good performance of the IC-LED with the top GaAs layer can open the way for novel 

devices with new functionalities. Indeed, type-I GaSb diode laser emitting at 2.3 µm [208] and 

2.7 µm [209] with a GaAs top cladding have been successfully demonstrated. For instance in 

ICL,  the GaAs can offer a lower refractive index at 3.3 µm (n=3.3) than the InAs/AlSb SL 

(n=3.39), a higher thermal conductivity (k=55 W/m.K) and can facilitate the growth in 

comparison to the AlSb/InAs SL. Figure III-28 shows a comparison of the optical mode for a 

conventional ICL and ICL with a GaAs metamorphic top cladding calculated using  an online 1D 

mode solver for waveguide [210]. The structure is composed of a 3.5-µm-thick bottom 

AlSb/InAs cladding, two 400-nm-thick GaSb SCH, the IC active region, and 1.7 µm top cladding 

made either with an AlSb/InAs SL or a GaAs layer.  The optical mode overlap with the active 

zone for the metamorphic ICL is slightly higher than in the conventional ICL, with a value 

Γ = 28.3% and 27.6%, respectively 
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Figure III-28 – Optical mode simulation through (a) ICL with InAs/AlSb SL and (b) GaAs top claddings. 

A new ICL structure, named ICL K, was epitaxied, following the scheme represented in 

Figure III-29. 

 

Figure III-29 - Scheme of the ICL K. This structure is the same as the ICL I shown at right and described in section II.5.1.6 
except the top cladding which is made with a metamorphic GaAs layer. 

The growth conditions for the ICL K was the same as for the ICL I. The GaAs metamorphic 

layer was grown above the top 400 nm thick GaSb SCH. After 25 nm of GaAs, a 20-nm-thick 

Al0.98GaAs layer was grown to form, after oxidation “narrow ridge” lasers in order to favor single 

spatial mode operation. The ICL K was processed into 100 μm wide ridges and cleaved to form 

1, 2, 3 and 4-mm-long cavities following the process described in chapter II. 

Figure III-30 shows the inverse slope efficiency versus the cavity length for four different 

laser lengths measured at RT. 
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Figure III-30 - Reciprocal differential quantum efficiency versus the cavity length in pulsed regime (1 µs/10 kHz) of the 
ICL K. 

The extracted internal optical losses and quantum efficiency were 𝛼𝑖 =  8 cm-1 and i = 

277%, respectively. 

 

Figure III-31 - 100 µm x 4 mm long cavity ICL with GaAs top cladding layers characteristics in pulsed regime (1 µs/10 
kHz) and at different temperature  (a) P-I-V (b) Laser spectra 

Figure III-31 shows the P-I-V characteristics of a 4 mm long cavity characterized in pulsed 

mode (1 µs/10 kHz) at different temperatures ranging from 10°C to 40°C and their 

corresponding spectra. The threshold current density varied from 100 A/cm2 to 220 A/cm2 at 

10°C and 40°C, respectively, and we can deduce a T0 = 38K. The threshold current density was 

127 A/cm² at 20°C and the peak output power was 155 mW per facet at RT at 1.9 A. The Vth 

was 4.6 V, which represents a voltage efficiency of 52% and the series resistance measured was 
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1.3 Ω. The Figure III-31(b) displays the spectra of the laser at 1 A for different temperature. The 

wavelength shifts from 3.61 to 3.64 µm between 20 and 40°C. 

The table 2 lists the performances of 100-µm-wide laser from the ICLs I and K.  

 pulsed at 20°C 100 µm x 4 mm – 20°C 

ICL i 
 i Jth

 Vth Rs  Ppeak @ 1.9 A 

I (conventional ICL) 5 cm-1 251% 150 A.cm-2 3.6 V 1.3 Ω 180 mW 

K (Top GaAs cladding) 9 cm-1 277% 127 A.cm-2 4.6 V 1.3 Ω  155 mW 

Table 2 – Performance comparison for 100 µm broad area ICL in pulsed regime (1 µs/10kHz) at 20°C the ICL with 
AlSb/InAs top cladding ICL I) and GaAs top cladding (ICL K) 

All the characteristics of both lasers are comparable, which demonstrates the potential of 

using GaAs as top cladding layer in ICL without degradation of the performances. 

 The ICL is now under process at LAAS to study narrow ridge ICL with oxidation of the 

Al(Ga)As layer  

 Summary and conclusions of the metamorphic electro-

optical confinement  

In this chapter we studied the different parts composing our VCSEL. We showed that low 

n-doped AlAsSb/GaSb DBR is required to reach reflectivity as high as 99.95%. An intracavity 

contact is however required to reach this performance. The couple ZnS/Ge have been chosen 

for the top dielectric DBR because of it large optical index contrast. Then, we have 

demonstrated that low resistivity GaAs/GaSb interface requests high doping level which leads 

to high optical losses. Thus, the interface must be located at a node of the electric field. The 

Al(Ga)As layer should be placed close to this interface and at the first node above the IC-active 

region to ensure an efficient electrical confinement. Finally, we have showed that IC-LEDs and 

ICLs using GaAs metamorphic layer exhibited performances similar to the conventional 

structures, demonstrating the possibility to use such layer in more complex structures like 

VCSELs.  



III.3 Summary and conclusions of the metamorphic electro-optical confinement 

 
 

97 
 

  



Chapter III: Distributed Bragg Mirrors and III-As metamorphic layer. 

 

98 
 

  



99 
 

 IC- Vertical Cavity Surface Emitting 

devices  

In the previous chapters, we have presented the developed IC active region and the 

GaSb/GaAs metamorphic interface for electrical confinement. In this chapter, we will describe 

vertical cavity surface emitting devices combining both technologies.  

  Simple IC-resonant cavity light emitting diodes 

On the first step to VCSELS, we studied resonant cavity LEDs (RCLEDs). These devices are 

attractive for the development of low-cost systems for gas analysis [211] Due to their narrower 

emission linewidth [212] such sources can offer a better spectral overlap with absorption 

features of the analyzed gas molecule and thus improved sensitivity compared with the 

conventional LEDs [213]. Since their first demonstration in 1992 [214], only a few mid-IR 

RCLEDs, based on arsenide [215], phosphide [216] and antimonide compounds have been 

reported [217], [218], with only one IC-RCLED operating at RT [219]. 

IV.1.1 Design of the RCLED-A 

The first IC-RCLED (named RCLED-A) was conceived for emission at 3.3 µm. For the initial 

evaluation of this RCLED, we decided to inject the current through the bottom DBR. The bottom 

DBR was composed of 14 pairs of n-GaSb and n-AlAs0.08Sb0.92 quarter wavelength layers doped 

with Te at 2.1018 cm-3, with calculated reflectivity of 99.3%. The DBR was followed by 945-µm-

thick GaSb layer. On top, seven periods of IC- active stage were grown and placed at the anti-

node of the internal optical field. The active region was followed by 25 nm of GaSb and 35nm 

of GaAs, Te-doped at 2 and 9.1018cm-3, respectively. Then a 30-nm-thick Al0.98Ga0.02As layer 

used for the electro optical confinement was grown and covered with 1.2 µm thick-GaAs 

spreading layer Te-doped at 1018 cm-3 to ensure an efficient current injection. The metamorphic 

interface and the AlGaAs layer were placed at the first node of the internal optical field above 

the active region. At the end, the optical cavity thickness of the whole device (RECLED-A), 

presented in Figure IV-1 was 3λ.  
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Figure IV-1 - Complete scheme of the structure L, a half metamorphic RC-LED A 

IV.1.2 Optical characterization of the RCLED-A 

The top optical reflectance spectrum of the RCLED-A is shown in Figure IV-2. The 

measurement was performed with a Brucker FTIR spectrometer under a quasi-normal 

incidence. 

 

Figure IV-2 - Measured and simulated top reflectivity spectrum of the RCLED-A epitaxial structure without the top 
dielectric DBR 

The simulated spectra show a stop-band centered at 3.32 μm with with a dip related to the 

cavity mode at 3.28 μm. This wavelength detuning from 3.3 µm is attributed, based on 

reflectivity calculation, to a cavity thickness of about 2% smaller than the target value and could 

be explained by a variation of the Ga flux during the growth.  
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IV.1.3 RCLED-A processing and electro-optical characterizations 

Electrically-pumped RCLEDs were then fabricated from this wafer. First, the structure was 

dry etched by Cl-based ICP-RIE down to the GaSb layer below the active region using 

photolithography to define mesas with diameters of 70, 90, 130 and 210 µm. Then, 300 nm of 

Si3N4 were deposited by PECVD on the whole structure to electrically isolate the mesas. ICP-RIE 

was then employed to open the contact and RCLED emission zones. Then, 10/400 nm of 

Pd/AuGeNi were sputtered to make the metal contacts rings around the emission surface of 

the devices. The substrate was thinned down to 100 µm and the same metallization was made 

for the bottom contact. The samples were then baked at 200°C to form the contacts. The metal 

ring width was 25 µm, so the final aperture surfaces of the RCLED were 20, 40, 80 and 160 µm.  

Figure IV-3(a) depicts the light-current-voltage characteristics of the RCLEDs in CW at 25°C. 

We observe an increase in the light intensity with increasing aperture diameter. The turn on 

voltage varies from 2.6 V to 3.5 V for the 160 and the 20 µm, respectively.  The series resistance 

is almost the same, 10 , for all measured devices. Figure IV-3(b) displays the top reflectivity 

of the structure and the CW electroluminescence spectra at different currents injections on a 

160-µm-aperture diameter device. For currents below 100 mA, the emission occurs mainly 

between 2.7 and 2.8 µm with a weak but narrow emission band at 3.28 µm. For currents higher 

than 100 mA, the emission intensity at 3.28 µm increases whilst the intensity at shorter 

wavelength remains constant. The spectra depict a blue-shift of the maximum of the 

electroluminescence. This can be observed with the increase of the optical intensity coming 

from the microcavity mode. We can estimate that the maximum of the emission of the active 

Figure IV-3 - (a) CW - light-current-voltage characteristic and (b) optical emission spectra of the RC LED A 

(b) (a) 
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region is blue-shifted of 300 nm compared to the cavity mode. The FWHM of the emission 

enhanced by the resonant cavity at 3.28 µm is 110 nm significantly narrower with respect to 

the 570 nm measured with the IC-LED-1. 

The vertical devices containing together the DBR, the IC-active region and the III-As 

metamorphic layers is a starting point towards a VCSEL.  

  IC-RCLED with AlOx confinement layer and top Ge/ZnS DBR 

IV.2.1 Design of the RCLED-B 

A more complicated RCLED-B was fabricated as the next step towards the VCSEL. This new 

structure was conceived to emit at 3.3 µm. We have presented in the section III.1.2.1 of the 

Chapter III, the interest to decrease the doping concentration in the AlAsSb/GaSb DBR to reduce 

the optical losses. Nevertheless, such approach requires the insertion of a special layer to 

provide an intracavity contact. The RCLED-B was based on the same design of the IC-RCLED-A 

with Te-concentration whitin the bottom DBR decreased to 1.1017 cm-3 and with a 30 nm-thick 

InAs0.92Sb0.08 n++ (1019 cm-3) layer located at a node of the internal optical field below the active 

region. Figure IV-4 depicts a schematic diagram of the RCLED-B structure and the optical field 

standing wave intensity distribution at 3.3 µm. The semiconductor part is capped with 2 pairs 

of ZnS/Ge dielectric DBR. 

 

Figure IV-4 - Scheme of the RCLED-B structure with the refractive index profile (black) and the EM intensity distribution 
(red). 
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IV.2.2 Structural and optical properties 

IV.2.2.1  TEM characterizations  

The structural properties of the RCLED-B were investigated using transmission electronic 

microscopy (TEM) at the Center for Nanoscience and Nanotechnology (C2N) in Palaiseau by the 

team of Dr. Gilles Patriarche. The Figure IV-5 shows the TEM cross section of the RCLED. We 

can observe clearly the AlAsSb/GaSb DBR, the n++ InAsSb bottom contact layer, the seven 

active stages, the metamorphic interface and the Al(Ga)As layer. 

 

Figure IV-5 - Transmission electron microscopy (TEM) cross-section view of the RCLED showing the different parts of the 
epitaxied structure 

Figure IV-6 clearly demonstrates that the misfit dislocations do not extend from the 

GaAs/GaSb interface to the active region, as it was observed in metamorphic GaAs/InP 

structures [220], and remain confined to the arsenide layers. 

 

Figure IV-6 - TEM cross-section views of the RCLED showing dislocations propagating above the GaSb/GaAs 

metamorphic interface 
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Figure IV-7 shows a TEM picture focused on one stage of the active zone. We can clearly 

distinguish the different layers within one stage. In this TEM mode, the AlSb barriers are bright 

whilst the InAs QWs and the GaSb layer are darker. Unfortunately, the W QWs is not clearly 

visible and the GaInSb layer appears mixed with the InAs layers. The layer thicknesses were 

compared to the band diagram for emission at 3.3 µm. The TEM picture displayed in Figure IV-7 

shows good agreement between the real structure and the targeted thicknesses. 

 

Figure IV-7 - Calculated band structure and squared wave functions of active region overlaid on top of one active stage 
TEM image from the RCLED-B 

IV.2.2.2 Reflectivity 

Figure IV-8 shows the measured and calculated reflectivity spectrum of the RCLED-B.  The 

reflectivity spectrum exhibits a DBR centered at 3.32 m with a resonant dip at 3.26 µm. This 

detuning between the DBR and the cavity mode implies a reduction on the cavity thickness of 

around 3%. 

IV.2.1 RCLED-B Processing  

The RCLED-B contains all the components of a VCSEL including two DBRs. Thus, the process 

described in this section is the same that will be employed for VCSEL structures. 

The process was carried out at LAAS, in collaboration with the Dr. Oleksandr Stepanenko, 

post-doc in the framework of the MIMIC-SEL project. I was involved directly in the devices 

manufacture during my stay at LAAS. 
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Figure IV-8 - Experimental and simulated top reflectivity spectrum of the RCLED-B epitaxial structure without the top 
dielectric DBR. 

 

Figure IV-9 - Technological steps of vertical cavity surface emitting devices (RCLED or VCSEL) processed at LAAS 

(b) 

(a) 

(c) (d) 

(e) 
(f) 

(g) 
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First, the epitaxial structure was cleaned following the same steps described in section 

II.4.1 of the Chapter II. Then, circular mesas were defined by UV photolithography using 

SPR700 positive photoresist. It was spin coated on the sample at 1500 rpm creating a   2̴ µm 

thick photoresist. The sample was exposed to the UV light using 190 mJ/cm² with a MA6 4th 

generation mask aligner. The pattern consisted of 16 circles placed in a square region 4 by 4 

with dimensions ranging from 25 to 55 µm diameter at a 2 µm pitch. Then the UV-insulated 

parts of the resist were removed with MFCD 26 developer. 

After the pattern development, the uncovered region was etched down to the GaSb layer 

below the active zone. For this, we used chlorine-based inductively coupled plasma reactive ion 

etching (ICP-RIE) providing an etching depth of 1.6 µm in 5 minutes ((b)). 

After dry etching, we used the MFCD 26 developer which is a tetramethylammonium 

hydroxide (TMAH) based solution diluted 2.5% with water. To etch the last part of the GaSb 

layer the etching was stopped at the n++ InAsSb layer as this solution doesn’t react with In-based 

materials, which can be controlled by the surface color change. 

After this step, a thermal selective lateral oxidation process of the Al-rich AlGaAs layer was 

performed as displayed in (c). This oxidation provides the electrical confinement necessary for 

the lateral control of the current. It also suppresses the surface recombination on mesa edges, 

which is usually high on GaSb [136], [140], [221], [222] 

 The oxidation consists to expose the sidewall of the mesa, specifically the AlGaAs layer, to 

a flow of water vapor at a temperature of 400°C [136], [137]. The wet oxidation chemical 

reaction is very selective regarding to the Al composition of the layer. This allows deeply 

oxidizing a very thin layer of the order of a few tens of nanometers thick. This makes it possible 

to deeply oxidize (a few tens to a few hundred micrometers) a very thin layer of the order of a 

few tens of nanometers thick. This oxidation is carried out using a furnace in which 

hydrogenated nitrogen charged with water circulates in the chamber to cause the diffusion and 

reaction of the water molecules through the layer [223] [224].  

Figure IV-10 shows near-infrared microscopic images of mesas with circular and rectangle 

shape before and after the oxidation process that can be recorded with a real-time in-situ 

monitoring optical system [225].The two pictures are separated in time by 2 h and we can 

estimate an oxidation front progression of  0̴.17 µm/min. The visible aperture allows us to 
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follow the evolution of the oxidation front shape during the whole process. After oxidation, the 

aperture diameters for the RCLED-B spanned from 5 to 35 µm incremented by a step of 2 µm. 

 

Figure IV-10 - Optical image of a 25 µm diameter and 50 µm x 150 µm rectangle RCLED mesas before and after the 
oxidation process. 

Then, we carried out another photolithography to deposit 20/400 nm of Ti/Au for the 

bottom contact ((d)). As explained in Chapter I, this photolithography should be suited to the 

metal deposition technique. At LAAS, we used evaporation technique which allow a directional 

deposition of the metal. Thus, we employed the nLOF negative photoresist as metallization 

mask. 

 After the metallization, we deposited 300 nm-thick Si3N4 by PECVD to passivate and 

protect the mesas ((e)). Subsequently, we performed another photolithography to open the 

dielectric on the circular part of the top metal contacts as well as the top part of the mesas as 

depicted in (f). The photolithography for this opening was performed using the AZ4562 positive 

photoresist. After the developing, CF4 based RIE (pressure 5 mTorr, RF 40 W, CF4 40 sccm) was 

carried out to etch the dielectric. Later, contact pads for top metallic contacts were deposited. 

The metal pattern was deposited at the angle of 90° to the bottom contact to avoid any short 

circuit between top and bottom contacts ((f)). Finally, photolithography with the nLOF negative 

resist was performed to define a mask for the top DBR deposition and its subsequently lift-off. 

The aperture diameters were 150 µm for all devices. Afterwards the sample was separated into 

two pieces; one was sent to FOTON for deposition of 2 pairs of ZnS/Ge top DBR by sputtering 

((g)) and another part of the wafer was kept for electro-optical measurements.  
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Figure IV-11 - Schematic and Scanning Electron Microscopy (SEM)picture of a cross section of the RCLED-B after 

processing - Inset: Top optical picture of a 55 µm mesa after oxidation. 

Figure IV-11 shows a SEM picture of a cross section of the whole RCLED-B structure after 

processing. The inset depicts an optical picture of a 55 µm mesa after oxidation. In both 

pictures, the oxidation front is clearly visible and goes beyond the contact ring to ensure an 

efficient current confinement. 

Afterwards, the samples were sent back to the IES for electro-optical measurements.  

IV.2.1 Electro-optical characterizations of RCLED-B 

The measurements were performed under CW operation using a thermoelectrically-

controlled stage. Figure IV-12(a) shows the CW P-I-V characteristics at 20°C for different oxide 

aperture diameters. The turn-on voltage for all IC-RCLEDs at 20°C is around 4.5 - 5 V, which is 

higher than the expected value for the IC active region (N x Eg) and may be attributed to the 

GaSb/GaAs junction or to a low performance of the contact on the metamorphic GaAs layer. 

The optical power increases with the device oxide aperture. It varies between 9 µW at 9 mA to 

60 µW at 36 mA, respectively for 5 and 35 µm oxide aperture diameter. As presented in Figure 

IV-12(b), when the aperture diameter increases from 5 to 35 µm, the differential series 

resistances decreases from 115 to 10 Ω, similar to the values obtained for oxide-apertured GaAs 

VCSELs [226]–[228] and mid-IR-emitting implanted InP VCSELs [229] demonstrating efficient 

lateral electrical confinement. This parameter was fitted using the relationship 4.1: 

𝑅𝑆 = 𝑅𝐿   𝑅𝑉                                                               (4.1) 

where RL is lateral resistance, given by the equation 4.2:  



IV.2 IC-RCLED with AlOx confinement layer and top Ge/ZnS DBR 

 
 

109 
 

𝑅𝐿 = 𝜌𝐿/𝜋𝐷𝑎                                                           (4.2) 

and the vertical resistance 

𝑅𝑉 = 𝜌𝑉/𝜋𝐷𝑎²                                                           (4.3) 

with Da the aperture diameter, where ρL   ̴1200 Ω.µm and ρV   1̴000 Ω.µm2 

For comparison, the RCLED B without top Bragg mirror was also characterized. The power 

measured from RC-LEDs with the top DBR is two times higher than the half structures as 

depicted in Figure IV-13. This behavior demonstrates the effectiveness of light amplification by 

the microcavity formed by the 2 DBRs this time (semiconductor bottom and Ge/ZnS top DBRs).  

 

Figure IV-12 - CW L – I – V characteristics, and (b) series resistance for RCLEDs as a function of the aperture diameter 
ranging from 5 µm to 35 µm. 

Figure IV-13 -  (a) CW L – I – V characteristics of the RCLED. Dash curves show the devices characteristics without 
top DBR and bold curves the complete RCLED structure. (b) Spectra of two 35 µm aperture oxide RCLED device with 

(black) and without (red) top DBR. 
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Figure IV-13, shows the electroluminescence spectra (EL) of an RCLED-B with and without 

top DBR. We can notice that the optical emission at shorter wavelengths between 2.6 – 3.1 µm 

is modulated by the top DBR and enhanced at 3.28 µm. 

The RCLED-B EL spectrum presents a narrow peak at 3.28 µm that matches perfectly with 

the microcavity resonant mode of the simulated reflectivity shown in Figure IV-14. 

 

Figure IV-14 - Emission spectra of a 35 µm oxide aperture RCLED-B at 20°C in CW and simulated reflectivity of the whole 
RCLED-B 

Figure IV-15 shows the P-I-V and the electroluminescence (EL) spectra at different 

temperatures between 20°C and 80°C for the RCLED-B. 

Figure IV-15 - CW P – I – V characteristic (a) and electroluminescence spectra (b) for an RCLED of the structure M with a 
35 µm diameter aperture given at different temperatures. Inset shows the temperature dependence of the wavelength. 

Solid line represents a linear fit to the data 
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In the temperature range (20 – 80°C), the turn-on voltage varied between 4.1 V and 3.5 V, 

due to the band gap temperature variation, whereas the series resistance remains essentially 

constant at   ̴10 Ω. It is interesting to note that the EL intensity increases with temperature, 

which can be attributed to a better alignment of the peak of the spontaneous emission in the 

IC active region with the microcavity resonance. The intensity of the RCLED emission increased 

with the temperature in the studied range by a factor of    ̴1.35 while maintaining the same 

FWHM of    ̴20 nm. The measured emission linewidth is about 20 times smaller as compared to 

the conventional IC-LED in the whole studied temperature range. Another advantage of this 

RCLED is a better temperature stability of the emission wavelength. Indeed, as it is shown on 

the inset of the Figure IV-15(b), the emission peak wavelength linearly increases with a rate of  

 ̴ 0.32 nm/°C, which is considerably lower than the temperature shift those measured for IC-

LED [207] and very similarly than other Sb-based VCSELs [5] [6]. Contrary to the IC-LED where 

the tunability of about 1.37 nm/°C [207], that is related to the band gap variation with 

temperature, in RCLEDs the low tuning rate is due to the slow temperature dependence of the 

refractive indices of the materials forming the optical cavity. 

The electro-optical performances of the RCLED demonstrate the relevance of our 

developments and the next step is the application of the design and the process developed for 

RCLED on VCSEL structure. 

  First IC-VCSEL structures 

IV.3.1 Design  

The first VCSEL (named VCSEL-A) structure was similar to the RCLED-B, except it was 

composed of 24 pairs of 1x1017 cm-3 N-doped /4 GaSb and AlAs0.08Sb0.92 layers and a 11λ/4-

thick anti-resonant optical cavity. As already mentioned, this doping concentration in the DBR 

leads to low optical losses [133] providing a theoretical maximum reflectivity seen from the 

cavity as high as 99.97 %. The cavity consisted of a 1 µm-thick GaSb layer Te-doped with a 

concentration of 1017 cm-3 increased at 1018 cm-3 at the nodes of the electric field to minimize 

the free carrier absorption. A 30 nm-thick InAsSb layer with a doping concentration of 1019 cm-

3 is placed at the second node to act as bottom contact layer.  The active region consists of 

seven IC-active stages designed for an emission at 3.3 µm.  On the upper side of the cavity, the 

metamorphic GaAs layer (25 nm) was grown, with the GaSb/GaAs interface placed at the first 
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node of the electrical field. Then a 20-nm-thick Al0.98GaAs layer is grown next to this interface 

to realize the electrical confinement layer. Finally, the antiresonant cavity is closed with a 

950 nm-thick GaAs layer to ensure an efficient lateral current spreading. This layer is 

modulation doped, to obtain good electrically and optical performance. The GaAs is doped with 

a concentration of 9.1018 cm-3 at the nodes of the electric field, whilst it is doped at 1018 cm-3 

elsewhere. In this anti-resonant structure, the surface was also at a node which allowed us to 

highly dope the contact layer. The total thickness of this half VCSEL structure is of 13.5 µm. 

IV.3.2 Optical properties  

Figure IV-16 shows the measured reflectivity spectrum of the half-VCSEL A. The DBR stop 

band is well centered at 3.3 µm. The simulated reflectivity spectrum is inserted in the same 

figure. The antiresonant cavity dips should be placed on each side of the stop band, but they 

are slightly shifted to higher wavelengths. Following the simulations, this wavelength shift is 

due to the increase of the cavity thickness of about 7% compared with the target value. 

 

Figure IV-16 - Experimental and simulated top reflectivity of the semiconductor part of the VCSEL-A 

In this case the cavity mode can be adjusted with an additional dielectric compensation 

layer deposited before the top Bragg mirror. 

Afterwards, this VCSEL structure was processed at LAAS and FOTON following the 

technological steps described for the RCLED-B (see paragraph IV.2.3).  For this structure, it is 
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important to notice that the growth of the active zone was similar to this of the RCLED-A and -

B. However, we have observed for these structures a peak emission wavelength well shorter 

than 3.3 µm. Thus, the compensation layer and the top DBR was designed for 3.2 µm, and was 

composed of 40 nm of Ge following by four pairs of ZnS/Ge DBR. 

Figure IV-17 displays the experimental and the simulated reflectivity spectrum of the 

VCSEL-A after the whole process along with the reflectivity of the as-grown wafer. The 

microcavity is well positioned at 3.2 µm. The simulation of the reflectivity of the whole structure 

performed by FOTON before the deposition of the dielectric fits perfectly with the reflectivity 

of the processed VCSEL. 

 

Figure IV-17 - Experimental and simulated reflectivity of the VCSEL-A after process at LAAS and FOTON together with 
the as grown structure. 

IV.3.3 Electro-optical properties 

Figure IV-18 shows the CW L – I – V at 20°C of several VCSEL devices with a mesa diameter 

of 55 µm and an oxide diameter aperture of 35 µm. The I -V presents a turn-on voltage at 4 V, 

but it appears after an injection current of 9 mA. The I(V) curve shows current leakage before 

the turn-on. Moreover, a very weak and noisy EL signal was measured. The same behaviors 

were observed for smaller devices. 
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The Figure IV-19 shows that the emission occurs mainly between 2.1-3.1 µm and only a 

very weak emission takes place at 3.2 µm. 

 

Figure IV-18 - L-I-V characteristics of a 35 µm device with 35 µm aperture oxide of the VCSEL A. 

This demonstrates a clear misalignment between the optical gain from the active zone and 

the cavity design. 

 

Figure IV-19 - Emission spectra of a 35 µm oxide aperture VCSEL-A at 20°C in CW and reflectivity of the whole VCSEL-A. 
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IV.3.4 Discussions on VCSEL-A issues  

IV.3.4.1 Current leakage 

While we have observed a usual electrical behavior on the RCLED-B, the similar VCSEL-A 

exhibited poor electrical properties. The only difference between the two structures was on 

the first dielectric layer deposited on top of the semiconductor part. Indeed, it was ZnS for the 

RCLED-B and Ge for the VCSEL-A. In the Figure IV-20 displaying a SEM cross section picture of 

the final VCSEL-A.  

We can observe that the high relief due to the mesa can cause discontinuities in the Si3N4 

insulating layer. Then the first layer of the DBR or compensation layer can overlap both top and 

bottom contact. If this layer is conductive, it could generate current leakage and even short 

circuits. For that reason, FOTON carried out I-V measurements to extract the electrical 

resistivity of a Ge and a ZnS layers. On a Si substrate a Ti/Au metal layer was deposited by 

sputtering. Then, a λ/4-layer thick of Ge or ZnS were sputtered. Then, circular Ti/Au contact 

with different surface were evaporated on the surface of the dielectric.  

Figure IV-20 - SEM cross section of VCSEL A - High relief due to the top DBR diameter 
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Figure IV-21 – Scheme of the I(V) measurement of a λ/4 thick dielectric layer. 

Figure IV-21 illustrates the measurement set-up.  

The measurements demonstrate that ZnS is completely insulating with an electrical 

breakdown between 40 and 60 V which means a breakdown electric field of 1   ̴1.5 MV/cm. On 

the other hand, it was possible to measure an electrical resistivity for the Ge. The Figure IV-22 

displays the evolution of the electrical resistance as a function of inverse of the surface. The 

experimental data can be fitted with a resistivity of 190 Ω.cm.  

 

Figure IV-22 – Electrical resistance of a λ/4 thick Ge layer 

This value is far lower compared to the typical dielectric materials as Si3N4 and SiO2 with 

resistivities around 1014 and 1016 Ω.cm. [230]. These results could explain the leakage current 

observed in the I-V characteristics of the VCSEL-A.  

To overcome the electrical issue, it is mandatory to avoid the overlap of the Ge layer with 

the bottom and the top contacts. The deposition of the dielectric DBR must be constrain on the 

top of the mesa. Thus, the aperture on the photoresist before the DBR dielectric deposition 

have to be adapted to the diameter of the mesa. 
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IV.3.4.2 Cavity-gain offset 

The relative position of the cavity gain peaks is very important in VCSELs. If the former 

depends on the cavity optical length the latter depends on the QWs thickness. Therefore, both 

are dependent of the MBE growth rate variations. Thus, it is very difficult to match the gain 

peak with the cavity mode when the whole epitaxial structure is grown in a single sequence 

especially when the growth of the semiconductor DBR takes more than 15 hours. In order to 

prevent this problem of mismatch, it is possible to divide the growth in two steps [231]. The 

semiconductor DBR is grown first and then the DBR central wavelength is determined by 

reflectivity. The flux of the different elements in the MBE are adjusted to perform the adequate 

regrowth of the cavity and the IC-active stage actives. Besides, it is possible to grow an active 

region containing only the W-QWs to do PL measurement and refine the thickness of the W 

QWs. 

   Optimized VCSEL structure  

A new VCSEL structure, named VCSEL-B, was fabricated considering the results obtained 

on the VCSEL – A structure.  

IV.4.1 Bragg mirror and W-MQW PL structure  

For the VCSEL-B, the DBR was grown first for optical characterization. The measured 

reflectivity is shown in Figure IV-23 along with the simulated curve. 

 

Figure IV-23 - Experimental and simulated top reflectivity of the bottom DBR with the PL of a W-QW active region at RT 
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The DBR is centered at 3.4 µm, slightly shifted compared with the expected value. The 

experimental curve could be well fitted with a 2.6 % of thickness increase on both materials of 

the DBR. (Figure IV-23)  

Afterwards, an active region containing five W QWs designed for a peak emission at 

3.35 µm was grown. The PL emission of this active region is presented in together with the 

reflectivity of the DBR. A strong and well-defined PL peak around 3.33 µm can be observed, 

with a shoulder at 3.39 µm. It was demonstrated that the optimum gain-offset to reach the 

minimum threshold at RT in CW for GaSb-based VCSEL emitting at 2.6 µm is 60 nm [232], [233]. 

The tuning rate is due to the temperature dependence of the refractive indices of the materials 

forming the optical cavity. The maximum is shifted from the center of the DBR by 70 nm which 

is optimal for VCSEL operation at RT considering the red-shift of the EL peak with the heating.  

IV.4.2 Characterization of the half VCSEL  

The cavity of the VCSEL-B is similar to that of the VCSEL-A. It was an anti-resonant cavity 

centered at 3.4 µm. The active zone was exactly the same as the structure characterized by PL. 

With an anti-resonant cavity, the EL cannot be characterized on the as-grown structure. To 

verify that the IC-active region emitted at the right wavelength, we grew the similar structure 

on a GaSb substrate right after the previously regrowth supposed to emit at the same 

wavelength. 

 

Figure IV-24 - Experimental and simulated top reflectivity of Half-VCSEL as well as the electroluminescence of the IC-LED 
at 40 and 460 mA. 
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The reflectivity of the half VCSEL-B is presented in Figure IV-24. It can be seen a dip at 

3.55 µm related to the antiresonant cavity mode can be seen. The fit of the reflectivity required 

a reduction of the cavity thickness. The IC-LED was cleaved in a square piece of 5 mm x 5 mm 

and directly soldered epi side up with In. A pad of gold-plated alumina was placed on the copper 

plate to connect the top of the IC-LED. Then, 50 µm diameter gold wires were bonded with In 

on the surface of IC-LED and the alumina pad. The EL at RT in CW of this unprocessed IC-LED is 

displayed in Figure IV-24. The EL peak emission wavelength shifts from 3.23 to 3.33 µm with 

current increasing from 40 to 460 mA. At any current the EL peak is blue-shifted from the center 

of the stop band, which is favorable 

IV.4.3 Process of the VCSEL-B 

The VCSEL-B was processed as the VCSEL-A except for the last photolithography step. The 

aperture diameter for the deposition of the dielectric DBR was reduced to only overlap the 

mesa. The lithography was performed by direct laser writing.  

Because of the 70 nm offset between the peak EL and the DBR center, the top dielectric was 

designed to position the microcavity mode at 3.35 µm.  This allows to reduce the gain-cavity 

offset in operation and place the microcavity close to the maximum of reflectivity of the 

semiconductor DBR. The dielectric deposition started with a 32 nm thick Ge compensation layer 

followed by a 4.5 pairs Ge/ZnS providing a maximal theoretical reflectivity of 99.5%. 

 

Figure IV-25 – Top optical picture of several VCSEL-B (left) and a 35 µm oxide aperture (right) after the whole process.  

Figure IV-25 shows optical pictures of the final VCSEL-B devices. As we can see in Figure 

IV-25(b) the top DBR covers only the mesa surface. 
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IV.4.4 Electro-optical properties of the VCSEL-B 

The Figure IV-26(a) shows the CW L-I-V characteristics of VCSEL-B at 10°C for several mesas 

with oxide aperture diameters ranging from 7 to 35 µm. 

Unfortunately, no lasing was achieved on these devices. However, the I-V shows diode 

characteristic without any current leakage. This result validates the deposition process of the 

top DBR. The turn on voltage varies from 4.5 to 6 V when the aperture diameter decreases from 

35 down to 7 µm, respectively. Those relatively high values may be attributed to the quality of 

the Ti/Au contact on GaAs.  

Figure IV-26(b) shows an emission spectrum of a 15 µm aperture diameter device. It 

presents a very narrow and intense emission at 3.37 µm. The FWHM of the emitted peak is 4 

nm, 5 times smaller as compared to the RCLED-B. The reflectivity is shown in Figure IV-26(b). 

Figure IV-26 – (a) CW L – I – V characteristic for different devices with oxide aperture diameters from 7 to 35 µm and  
(b) EL spectra of the VCSEL-B devices with a 15 µm diameter aperture together with the top reflectivity. 

Figure IV-27 - L-I-V characteristics taken at various temperatures in CW for VCSEL-B devices with a 15  μm (left) and 23 
µm (right)  oxide aperture diameter. 

(a) (b) 
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We can notice the microcavity mode located at 3.34 µm. This is 20 nm lower than the emitted 

wavelength because of the temperature wavelength shift under CW operation 

Figure IV-27 reports the CW L-I-V characteristics of two devices at different temperatures. 

Figure IV-28 depicts the emission spectra of these two devices. For both structures, it was 

measured a wavelength shift at constant current of 0.33 nm/K, the same value than the RCLED-

B. As observed on the L-I curves from Figure IV-27 and the spectra from Figure IV-28, the EL 

intensity of the emission peak decreases when the temperature increases, which is attributed 

to the peak emission at longer wavelength than the microcavity resonance. In order to 

approach the gain peak of the cavity mode we performed measurements in pulsed mode 

(500 ns/1 kHz) and at low temperature (-15°C), but we did not reach laser threshold. 

The presence of a second peak in larger devices can be due to the appearance of high order 

transverse modes. 

Figure IV-28 - Optical spectra of a 15 and 23 µm oxide aperture diameters devices. 
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Figure IV-29 - Optical spectrum in CW at 10°C of VCSEL-B devices for various aperture oxide diameters. 

To verify this hypothesis, we measured the emission spectra of the devices with oxide 

aperture ranging between 15 and 23 µm (Figure IV-29). As the diameter increases, the 

spectrum broadens until the appearance of the second peak for the devices of 23 µm. 

  Conclusions 

In summary, we have demonstrated a mid-IR IC-RCLED combining the benefits of both 

antimonide and arsenide materials and of their processing technologies. The device emitting 

near 3.3 µm was grown on a GaSb substrate by MBE and operated in CW regime up to 80°C 

(setup-limited). An electro-optical lateral confinement was applied within the device structure 

by wet thermal oxidation of an AlGaAs layer metamorphically grown after the active region. It 

was demonstrated that this metamorphic layer did not affect the crystal quality of the active 

region of the device. Thanks to this optimal IC-RCLED configuration combining intracavity 

electrical injection and lateral confinement, the emission spectral width could be reduced to 

20 nm, either a factor of 20 smaller compared to a conventional IC-LED. The narrow emission 

line and its weak shift with temperature make this device attractive for low-cost systems for 

gas analysis. Afterwards a first antiresonant-VCSEL structure was grown, processed and 

characterized. This first VCSEL structure presented leakage currents and the emission peak was 

blue-shifted in comparison to the cavity mode. Compared with IC-RCLED, the only difference 

was the resonance of the half semiconductor structure. For a resonant structure the first layer 

of the DBR is ZnS whereas for an anti-resonant it is Ge. We have studied the resistivity of each 
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material finding a resistivity for the Ge of ρGe =190 Ω.cm. The possibility to have current leakage 

increased if the Ge layer overlap the bottom contact. Thus, it was necessary to constrain the 

DBR deposition only on the top of the mesa device. Thus, a second antiresonant VCSEL 

structure was designed applying the reduced top DBR diameter.  The wavelength emission was 

supervised with the growth of the structure divided in two steps. The bottom DBR was firstly 

characterized and then we performed the regrowth of the cavity. An ICL-LED was subsequently 

grown with the same QWs as the VCSEL structure. After electro-optical characterizations we 

could approve the reduced top DBR diameters approach but we did not reach the laser 

threshold. This could be attributed to a redshift misalignment between the peak emission and 

the microcavity-mode and the reflectivity of the top DBR maybe not sufficient. 
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Conclusion and outlook 

The work presented in this thesis describes the development towards an interband cascade 

VCSELs for emission at 3.3 and 3.6 µm operating in CW above RT. The VCSELs should exhibit 

low threshold single-mode operation to be integrated in low cost and low consumption power 

TDLAS based-photonics sensors. At the beginning of this study, no demonstration of VCSEL 

operating in CW at RT beyond 3 µm has been reported. 

In Chapter 1, different types of semiconductor lasers have been described. Then, in the 

second part, we focused on the state of the art of semiconductor lasers for emission above 3 

µm. We presented the limits of the type-I QWs, mainly due to the Auger effect, and the 

advantages of type-II QWs lasers, in particular those based on the design called "W". The use 

of the interband cascade configuration with such “W” QWs provides high performances ICL 

emitting between 2.8 and 5 µm in CW above RT.  Thanks to the nature of the interband 

transition of the IC active zone, vertical emission is allowed in such devices. Afterwards, a state 

of the art of mid-IR VCSELs is detailed and different technological challenges for an emission 

within the chosen spectral range are exposed. At the end we presented the optimal VCSEL 

structure. It will be based on IC the active region for the active zone with metamorphic oxide 

lateral confinement scheme and a hybrid DBRs. 

Chapter 2 describes the study of the IC active region. A complete technological process of 

Type-II “W” ICL was developed. ICP-RIE dry etching was used allowing the laser ridges to be 

etched all down to the bottom cladding and suppressing leakage current. Studies of several ICLs 

allowed us to identify key parameters of the design and the MBE growth, and to demonstrate 

ICLs close to the state-of-the-art. However, these devices exhibited high internal losses αi   1̴5 

cm-1 attributed to the absorption in Te-doped AlGaAsSb cladding layer, ICLs with a threshold 

current density as low as 220 A/cm2 was obtained for broad area lasers in pulsed mode at 3.3 

µm and CW operation has been achieved for narrow-stripe wide lasers up to 80°C. Better 

performances were then demonstrated with new ICLs structures using AlSb/InAs cladding 

layers and threshold current densities reduced to 150 A/cm2 at 3.6 µm  

In chapter 3 we studied and characterized semiconductor and dielectric DBR. We 

demonstrated that using n-doped AlAsSb/GaSb DBR, a theoretical reflectivity as high as 99.95% 

can be achieved. For this purpose, an n++doped InAsSb contact layer has to be integrated within 
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the VCSEL. To reduce both structure thickness and growth time, it was chosen to employed top 

dielectric top DBR made of ZnS/Ge. Then, we developed the technology dedicated for the 

electro-optical confinement using metamorphic III-AS/III-Sb heterostructures. We obtained low 

resistivity of the metamorphic interface using heavy Te-doping. We have showed that IC-LEDs 

and ICLs using GaAs metamorphic layer exhibited performances similar to the conventional 

structures, validating the use of such approach in more complex structures like VCSELs. Once 

the active zone, the DBRs and the metamorphic interface with the Al(Ga)As layers had been 

studied separately, we designed the complete vertical structure. In the optimal structure the 

Al(Ga)As oxidation layer is located at the first node of the electric field above the active region 

to ensure an efficient electrical confinement. 

The chapter 4 is dedicated to the fabrication and the studies of IC-vertical cavity surface 

emitting devices. We validated the full technological process with the realization an IC-RCLED. 

The device emitted near 3.3 µm with a linewidth 20 times smaller than that of a conventional 

IC-LED (20 nm) and operated in CW regime up to 80°C (setup-limited). The good properties of 

this RCLED demonstrated that the metamorphic layer did not degrade the- quality of the active 

region of the device. Subsequently, the first VCSEL structure was grown, processed and 

characterized. This structure presented high current leakage and an emission blue-shifted in 

comparison to the cavity mode. The current leakage was attributed to the electrical 

conductivity of the first Ge layer deposited on the top of the half-VCSEL overlapped with the 

bottom contact.  Another VCSEL was realized with a two steps growth to match the cavity-

mode and the IC-active region emission.  Finally, the top DBR was sputtered on aperture 

avoiding deposition of the first Ge layer on the bottom DBR thus preventing the current 

leakage. However, we did not reach the laser operation. This could be attributed to a 

misalignment between the emission peak and the microcavity-mode and maybe to an 

insufficient reflectivity of the top DBR. 

In 2019, the University of Santa Barbara, Praevium research Incorporation and Thorlabs 

Quantum Electronics laboratories realized a VCSEL illustrated in Figure 0-1(a). The structure 

employed a 33 pairs GaAs/AlGaAs bottom DBR [234] They demonstrated the first RT CW 

electrically pumped 3.3 µm IC-VCSEL. It showed a single frequency emission at 3.34 µm in CW 

regime up to 26°C as presented in Figure 0-1(b) [235]. 
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This complicated technology required a wafer bonding and the GaSb substrate removal. 

Despite this very encouraging result, it is still far to spread this technology at industrial level.     

Although different advancements have been made, there is ample room for improvement. 

Practically, it is impossible to exhaust all the design possibilities, but there are several ideas for 

the future work on our VCSEL. 

First, is necessary to add at least one ZnS/Ge couple to the top DBR to increase its 

reflectivity. On the other hand, since the technology used by the University of Santa Barbara 

employed 33 pairs for the bottom DBR leading to a maximum of reflectivity of 99.98%, we can 

also increase the reflectivity of the bottom DBR to reach the value obtained by the University 

of Santa Barbara to further reduce optical losses. 

 

Figure 0-2 - Optical field intensity distribution in the active zone and overlap with the QWs 

The second improvement concerns an increase of the optical gain within the VCSEL.  As we 

can see in Figure 0-2, the overlap of the internal optical field intensity with the QWs decreases 

to 43% on both sides of the IC-active region for the external QWs. We designed a new ICL 

Figure 0-1 - (a) Device cross section of the RT-CW electrically pumped VCSEL emitting at 3.3 µm and fabricated by the 
university of Santa Barbara, THORLABS and Praevium incorporation (b) L-I-V  in CW regime at various temperature. 
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structure in which we shortened the electron injector from 6 to 5 InAs/AlSb stacks and the AlSb 

semimetallic layer thickness in the active zone. The whole thickness reduction is 3.4 nm per 

period which allowed us to increase the overlap of the active region with the optical field to 

52% for the external QWs. The simulated band diagram of one period of the active zone is 

depicted in (a). This structure was investigated very recently. Figure 0-3(b) shows the L-I-V 

characteristics in pulsed regime of broad area 100 µm x 2 mm ICL containing seven stages of 

this active region. The average threshold current density was around 124 A/cm², a value 

comparable with the state of the art [15]. These results are really promising to be implemented 

in a new optimized VCSEL. 

This thesis work resulting in better understanding of the ICL operation and the 

development of promising technological approaches. The proposed metamorphic structure 

opens a door to a novel devices concept and functionalities thanks to the mature GaAs 

technology.

Figure 0-3 -(a) Simulated band diagram of one stage of the ICL K with reduced electron injector and SMIF thickness. (b) 
Light-current-voltage characteristics of the ICL K measured at RT in pulsed regime (1 µs/10 kHz) for a 100 µm broad area ICLs 

with 2 mm long cavity.  
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Abstract 

 
The availability of electrically pumped VCSELs at wavelength longer than 3 µm operating in continuous wave above 
room temperature is considered as a breakthrough for laser-based optical sensing applications. Indeed, these 
devices have a low-cost potential, low power consumption and overall emits single frequency with mode-hop free 
tunability. These ideal and unmatched properties will enable widespread utilization of photonic sensor networks.  
Electrically-pumped mid-IR VCSELs rely on GaSb-based materials. But entering in the 3-5 µm wavelength range 
requires new approaches for both active zone design and device processing. Thus, the main objective of this thesis 
was to investigate the building blocks required to develop such VCSEL. 
To provide efficient emission in the 3-4 μm range, the active region is based on a Sb-based interband cascade (IC)  
type-II “W” quantum wells (QWs). Principal characteristics of Sb-based QW lasers, such as the emission wavelength 
and current threshold, are strongly affected by the design and the fabrication. Using the optimized conditions, we 
succeeded to fabricate ICLs emitting at 3.3 μm and operating in the CW regime up to 80°C, which confirms the 
potential of the developed active region. Since the DBRs thickness scales with the wavelength, we employed a 
hybrid VCSEL configuration with a semiconductor AlAsSb/GaSb DBR in the bottom part of the device and a 
dielectric ZnS/Ge DBR on the top. Another issue in the VCSEL design is the high electrical resistance of the 
AlAsSb/GaSb DBR resulting in the overheating of the device. To reduce the ohmic losses we employed an 
intracavity injection scheme. Afterwards, to ensure an efficient lateral electro-optical confinement, we propose to 
use an oxide-aperture similarly as short infrared VCSELs. This approach is based on the metamorphic growth and 
the selective thermal oxidation of an Al(Ga)As heterostructure on top of a GaSb-based half-VCSEL. This 
architecture presents several advantages, and in particular the use of the well-controlled Al(Ga)As oxidation 
process. 
Finally, several vertical emitting structures as IC-LEDs, RCLEDs and VCSELs are presented validating the assembly 
of the different parts previously studied. 
 

Résumé 
 
La disponibilité de VCSELs à pompage électrique à une longueur d'onde supérieure à 3 µm fonctionnant en régime 
continu au-dessus de la température ambiante est considérée comme une avancée pour des applications de 
détection optique. En effet, ces dispositifs sont peu coûteux, consomment peu et sont monomodes avec une 
accordabilité sans saut de mode. Ces propriétés idéales permettront une large utilisation de réseaux de capteurs 
photoniques.  
Les VCSELs émettant dans le moyen infrarouge reposent sur des matériaux à base de GaSb. Mais entrer dans la 
gamme de longueurs d'onde comprise entre 3 à 5 µm nécessite de nouvelles approches pour la conception des 
zones actives et la technologie des dispositifs. Ainsi, l'objectif principal de cette thèse était d'étudier les éléments 
de base nécessaire pour développer de tels VCSELs. 
Pour obtenir une émission efficace dans la gamme 3-4 μm, la zone active est basée des structures à cascade 
interbande (IC) avec des puits quantiques de type-II "W". Les principales propriétés des lasers utilisant ce type de 
zone active (ICL), telles que la longueur d'onde et le seuil laser, sont fortement influencées par la conception et la 
fabrication. En utilisant les conditions optimisées, nous avons réussi à fabriquer des ICLs émettant à 3,3 μm et 
fonctionnant en régime continue jusqu'à 80°C, ce qui confirme le potentiel des zones actives développées. Comme 
l'épaisseur des miroirs de Bragg (DBR) dépend de la longueur d'onde, nous avons utilisé une configuration VCSEL 
hybride avec un DBR semi-conducteur AlAsSb/GaSb dans la partie inférieure du dispositif et un DBR diélectrique 
ZnS/Ge dans la partie supérieure. Un autre problème dans la conception du VCSEL est la résistance électrique du 
DBR AlAsSb/GaSb qui entraîne la surchauffe du dispositif. Pour réduire les pertes ohmiques, nous avons utilisé un 
système d'injection intracavité. Ensuite, pour assurer un confinement électro-optique latéral efficace, nous 
proposons d'utiliser une ouverture d'oxyde de la même manière que les VCSELs sur GaAs. Cette approche est 
basée sur la croissance métamorphique et l'oxydation thermique sélective d'une hétéro-structure Al(Ga)As sur un 
demi-VCSEL à base de GaSb. Cette architecture présente plusieurs avantages, et en particulier l'utilisation du 
processus d'oxydation Al(Ga)As qui est bien contrôlé. 
Enfin, plusieurs structures émettrices verticales comme les diodes électroluminescentes (LED), des LEDs à cavité 
résonantes (RCLEDs) et des VCSELs sont présentées, validant l'assemblage des différentes parties précédemment 
étudiées. 
 


