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Abstract of the Dissertation 

GaSb-based Type-I Diode Lasers Operating at 3 μm and above 

by 

Takashi Hosoda 

Doctor of Philosophy 

in 

Electrical Engineering 

Stony Brook University 

2011 

 

 

The ultimate goal of the research is the development of the semiconductor lasers 

operating at room temperature under continuous wave regime at 3 μm and above. This 

dissertation focuses on room temperature operated GaSb-based type-I diode lasers. 

The new device design was proposed to reach desirable laser operation 

wavelength. Besides employing the compressively strained quantum wells (QWs) in the 

devices active region, the composition of waveguide and barrier material has been 

modified to optimize the band offsets between quantum wells and the neighboring 

layers. The use of quinternary AlGaInAsSb alloys for waveguide and barrier layers, 

leads to the reduction of conduction band offset and the increase of valence band offset 

between barrier and QWs in the device active region. 

 The comprehensive study of the characteristics of the devices with different 

waveguide widths, compositions, and the number of QWs allows us to design and 
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fabricate GaSb-based type-I lasers with world record performance. At room temperature 

in continuous wave (CW) mode, devices provide 360 mW at 3.0 μm; 190 mW at 3.1 μm; 

165 mW at 3.2 μm; 50 mW at 3.3 μm; 16 mW at 3.4 μm. 
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Chapter 1. Introduction 

1.1: Applications of laser diodes in Mid-infrared spectral range 

Semiconductor laser is a device that emits amplified coherent light based on the 

stimulated emission of photons utilizing the energy transition of electrons in 

semiconductors. First semiconductor laser was invented and implemented at 1962 [1, 2, 

3]. Since then semiconductor lasers have been rapidly developing to one of the most 

important optoelectronics devices and implemented in many areas for varieties of 

purposes. Some of the advantages of semiconductor lasers are compactness (can be 

embedded to mobile devices), low power consumption (can be turned on at some mA of 

current with small circuitry), modulability (can be modulated directly by modulating input 

signals), mass productivity (available semiconductor fabrication technology), 

inexpensive production costs and many more. Such versatilities and advantages, which 

other types of lasers do not possess, have made and will make the semiconductor 

lasers so popular and useful in many applications. In mid-infrared spectral range 

especially in 2-4 μm, GaSb-based lasers should be ideal light sources for many 

applications. 

Dentistry is one of the possibilities. Recent dentistry relies more on Er: YAG 

lasers for pain free dental cares utilizing water absorption line around 3 μm [4, 5]. 

Including cavity cares, gum diseases and many other treatments can be done without 

pains. Human teeth consists of water as a major component and water can be 

evaporated and removed together with surrounding structures by applying the pulsed 

emission of Er: YAG lasers at 2.94 μm. GaSb-based lasers could replace Er: YAG 

lasers any time soon. Gas detection or leakage monitoring systems could be another 
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example. Such system with high accuracy could be realized in this spectral range due to 

strong characteristic absorption bands of many industrial gases in the spectral range: 

C2H2 (3.067 μm), CH4 (3.260 μm), HCl (3.396 μm), HBr (3.775 μm) [6, 7]. Some other 

possible applications include biological spectral analysis, remote explosive identification, 

medical diagnostic tools, free space transmitters, surgery instruments, infrared 

countermeasures and light detection and ranging (LIDAR) [8]. It is important to note that 

the spectral range of 2.7-3.0 μm has strong water absorption lines—good for medical 

instruments and the range in 3-5 μm provides atmospheric transparency windows with 

minimum background noises—good for spectroscopic applications. 

 

1.2: Type-I diode laser design and characteristics 

Figure 1 shows the diagram of an edge emitting diode laser. From the bottom of 

the figure, we have n- (p-) metal contact, n- (p-) doped substrate, a graded buffer layer, 

n- (p-) cladding layer, active region, p- (n-) cladding layer, graded buffer layer, p- (n-) 

cap, current confinement layer (dielectric layer), and p- (n-) metal contact. Graded buffer 

layers are inserted to promote carrier injection. The dielectric layer is formed on the 

grown structure so that the injected current is confined in stripes where the spontaneous 

and stimulated emission is amplified. Emitted photons are amplified between two 

cleaved facets and eventually reach the lasing condition by overcoming the internal 

optical loss and the mirror loss. The facets are either uncoated or coated to have a 

specific reflectivity. The laser with simple dielectric layer on the top of grown structures 

is called gain guided (Figure 2a), and the one with ridge structures is called index 

guided (Figure 2b). Gain guided devices weakly confine the current and some of the 
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spread current may be considered as lateral current leakage. Meanwhile, index guided 

devices normally provide defined current paths by means of ridge structures, which may 

result in lower threshold current due to very small lateral current spreading or leakage. 

The energy diagram of a typical type-I diode laser grown on a substrate is shown 

in Figure 4a (relative energies to vacuum level is shown in Figure 3). Cladding and 

graded buffer layers are doped to either n- or p- type to promote carrier injection into the 

active region. Waveguide layers and QWs are generally undoped to reduce the free 

carrier optical losses. As certain voltage is applied between the n- and p-contacts, 

carriers start flowing through the structures. Electrons and holes are injected from n- 

and p- side, respectively (Figure 4b). Both carriers eventually diffuse into QWs, 

recombine each other, and generate photons. Efficient laser should have QWs with 

sufficient confinement of both electrons and holes by providing the band offset with 

waveguide and barrier layers. 

Assuming an electron in conduction band and a hole in valence band are 

recombined with the energy difference of E electron volt (eV), the wavelength of emitted 

photons λ is given in the equation as follows: 

 
 eV

μm
E

1.24
λ   

QWs have discrete quantum states in the conduction and valence band due to energy 

quantization. The energy of emitted photons E is the sum of bandgap Eg and the 

quantized energy level. Quantization energy is higher if a QW is narrower and the band 

offset with an adjacent barrier layer is higher. 

The light-current characteristic of a semiconductor laser is expressed as follows: 
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where Pout: output power, ηi: internal efficiency, αm: mirror loss, αi: internal loss, I: 

applied current, Ith: threshold current, and ηslope: slope efficiency. The output power Pout 

increases linearly as a function of applied current I with the coefficient of ηslope when 

applied current I is larger than threshold current Ith. The laser performance in a given 

condition is determined by the slope efficiency ηslope and the threshold current Ith. 

The slope efficiency can be improved by increasing the internal efficiency and 

reducing the internal loss. The internal efficiency is the ratio of the number of emitted 

photons to the total number of injected carrier pairs. The injected carriers are generally 

lost in the heterostructure as lateral leakage, heterobarrier leakage, and recombination 

loss. The lateral carrier leakage is the carrier spreading outside of the active region 

(Figure 5), which can be reduced by having ridge structures or buried heterostructures. 

The heterobarrier leakage is the thermionic emission from waveguides to doped 

cladding layers (Figure 6) following the expression: 











kT

ΔE
TI 2

HL exp  

The leakage is the exponential function of the band offset and can be successfully 

removed by employing the adequate band offset between the layers in both the 

conduction and valence bands. 

Internal loss is another important figure to determine the slope efficiency. Emitted 

photons are amplified along the stripe or the ridge and between the cleaved facets. In a 

set of the material system grown on a wafer, a material of a lower bandgap generally 

have a higher optical refractive index compared to the one of a higher bandgap. It 
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means that cladding layers have a lower refractive index compared to the waveguide 

layers and QWs. Figure 7 shows the refractive index profile and the corresponding 

optical mode intensity for a laser heterostructure. Optical mode intensity is maximized in 

the middle of the waveguide where QWs are normally located, and the tail of the optical 

field overlaps with cladding layers. The optical confinement in layer a is defined as 

 

 







dyyE

dyyE
Γ

2

a

a

2

a

2

1  

where direction of y is normal to interfaces of layers. Layer a is between the position of 

a1 and a2. The internal loss is expressed as follows: 

QWQWwgwgcladcladi αΓαΓαΓα   

Carrier loss in doped cladding layers αclad is generally larger than the loss in waveguide 

αwg and QWs αQW due to the contribution of free carrier losses in doped layers. What 

laser designer can do to reduce internal loss is to increase the waveguide width, to 

change the composition of the cladding layer, and to reduce the doping levels in 

cladding layers. First two solutions are to reduce the overlap Γclad and the third one is to 

reduce the cladding loss αclad. 

The threshold current Ith is determined by transparency current Itr, differential 

gain 
dI

dg
, and internal loss αi as follows: 

dI

dg

αα
II im
trth


  

The transparency current Itr is the minimal current required to keep the QWs transparent 

(G=0) at the energy level just above the sum of bandgap and quantization energies. The 
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transparent carrier density in QWs is determined by the material property of QWs. As 

discussed above, the amount of current which can be used for the laser emission above 

threshold current is ηi ×  injected current. Since the phenomena affecting internal 

efficiency ηi such as lateral carrier leakage, heterobarrier leakage and recombination 

losses are effective even below threshold current condition, the transparency current Itr 

becomes larger as the internal efficiency ηi becomes worse. The modal gain GΓg QW , 

where G is material gain of the QWs. The material gain G is the predetermined figure by 

the material property. The differential gain 
dI

dg
 could be improved by increasing the 

confinement factor ΓQW by adjusting the width of the waveguides and/or the material 

compositions for sufficient refractive indices (detail in chapter 2). The differential gain 

dI

dg
 decreases as the internal efficiency ηi deteriorates. 

To summarize this section, for the overall laser performance, it is important to 

have a good internal efficiency ηi, internal optical loss αi, and QW optical confinement 

factor ΓQW. The internal efficiency ηi becomes larger by minimizing the carrier leakages, 

and internal optical loss αi becomes smaller by attenuating the overlap of the optical 

field with doped claddings. Both directly affect the laser performances both below and 

above the threshold current. The QW optical confinement factor ΓQW can be increased 

to maximize the modal gain g in a given condition. 

 

1.3: GaSb-based Type-I diode laser material systems 

 Binary, ternary, quaternary, and, recently, quinternary alloys with lattice 

constants matched or close to the lattice constant of GaSb became increasingly 
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important materials for mid-infrared optoelectronics. Fundamental band gaps and band 

alignment of binary arsenides and antimonides define an extraordinary wide range of 

energies available for band-gap engineering (Figure 8) [9]. Large conduction band 

discontinuity between AlSb and InAs can be utilized for development of the 

intersubband quantum cascade lasers for mid-infrared [10, 11, 12]. Staggered band 

alignment between InAs and GaSb can be utilized to span the spectral range from mid-

infrared to far infrared and corresponding optically pumped lasers were reported [13]. 

Interband cascade lasers were developed using W-QWs in active region [14, 15, 16]. 

In this section we discuss the peculiarities of the design of diode lasers with type-

I QWs in active region. Active type-I QW compositions acceptable for pseudomorphic 

growth on GaSb substrates restrict the optical range for the corresponding antimonide 

structures to below 4 μm. The popular choice for cladding and waveguide layers is 

quasi ternary AlGaAsSb with arsenic composition of less than 8%. With the quasi 

ternary AlGaAsSb alloy, it is easy to obtain a layer with somewhat wider bandgap while 

being lattice-matched to GaSb by adjusting the composition of gallium and aluminum 

with as low as several percent of arsenic. QWs can be grown with quaternary GaInAsSb 

alloys. The bandgap below 0.41 eV corresponds to the wavelength of 3 μm and above, 

and such QWs should have indium composition of about 50% and arsenic composition 

above 20% with 1-2% of compressive strains. 

Figure 9 shows the band-edge positions for AlGaAsSb and GaInAsSb alloys 

lattice matched and 1.5% compressively strained to GaSb as a function of gallium 

composition. For AlGaAsSb, the band-edge energy of valence band moves down as 

aluminum composition increases (gallium composition decreases), meanwhile the 
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energy of conduction band moves up as the aluminum composition increases up to 45% 

and varies slowly between 45-100%. The combination of the aluminum rich alloy for 

cladding layers and waveguide and barrier layers with aluminum composition of up to 

40% secures more than 200 meV of heterobarries on both conduction and valence 

band, which should provide negligible amount of heterobarrier leakage. 

As indium composition increases in GaInAsSb alloy lattice-matched to GaSb, the 

band-edge position of both conduction and valence bands moves down. The position of 

valence band edge could be lower than waveguide (and barrier layers) of the AlGaAsSb 

alloys and very little hole confinement would be available no matter what composition it 

is in GaInAsSb QWs. Small valence band discontinuity results in insufficient hole 

confinement and leads to excessive thermal population of the hole states in the 

adjacent layers. This keeps the quasi-Fermi level away from the QW valence band edge 

and increases the threshold carrier concentration. Other than this problem, asymmetry 

of electron and hole density of states (DOS) in QWs is also the negative factor to 

deteriorate the laser characteristics. Electron DOS in conduction band is smaller than 

hole DOS due to anticrossing between the valence subbands [17] inducing strong 

subband nonparabolicity. The difference in DOS introduces the imbalance of carrier 

concentrations and quasi-Fermi energy level for lasing states goes deep into conduction 

band ending up with a higher threshold electron concentration. 

Introduction of compressive strain in QWs is the solution for the problems above. 

Devices with compressive strain of 1% in QWs show the reduction of DOS in valence 

subbands and balances the electron and hole DOS shown in [18]. It is known that 

compressive strain splits the first heavy-hole and first light-hole subbands and reduces 
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hole DOS at the valence band edge. Compressive strain above 1% does not reduce 

hole DOS anymore, but the energy levels of hole in QWs moves up due to the 

combined effect of reduced arsenic concentration and increased strain in QWs. As 

shown in Figure 9, by employing 1.5% of compressive strain in QWs, the band positions 

of both conduction and valence bands moves up and the hole confinement is 

supposedly improved with an adjacent AlGaAsSb waveguide and barrier layers. 

To improve the hole confinement further, we have employed AlGaInAsSb 

quinternary waveguide and barrier layers. Adding indium into AlGaAsSb would require 

more As to satisfy lattice matching to GaSb substrate thus improving hole confinement 

in GaInAsSb QWs even further. The use of quinternary alloys and beneficial role of 

compressive strain above 1% in active GaInAsSb QWs will be discussed later in details. 

Diode lasers with type-I quantum well (QW) active regions grown by solid source 

molecular beam epitaxy on GaSb substrates currently operate at room temperature in 

spectral region from below 2 μm and up to 3.5 μm. Typical laser heterostructure utilizes 

direct-bandgap GaInAsSb alloys for QWs and AlGa(In)AsSb alloys (with either direct or 

indirect bandgap) for barriers, waveguide core and cladding layers. Laser active region 

contains several compressively strained GaInAsSb QWs with the width of the QW 

layers ranging from 7 to 16 nm. The QW compressive strain in excess of 1% has 

already become typical in modern laser designs. The total thickness of the laser 

heterostructure including all auxiliary layers is about 6 μm. Devices operate under 

forward bias voltage of 1.5 - 2 V. The heterostructure are typically grown onto 2‖ n-

GaSb substrates doped with Tellurium up to 1017-1018 cm-3. Recently, 3‖ diameter epi-

ready GaSb substrates became commercially available. 
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The feasibility of room temperature CW high power operation of diode lasers with 

emission wavelength above 2 μm was long debatable due to the common belief that the 

Auger recombination in combination with free carrier absorption should lead to 

excessive threshold current density for lasing. As of year 2011, however, the room 

temperature CW operation of GaSb-based diode lasers was achieved at the emission 

wavelength as high as 3.44 μm. The success in the development of long-wavelength 

antimonide-based diode lasers can be attributed mainly to a well established fact that 

the narrowing of the active QW bandgap leads to a reduction of DOS. The electron 

band-edge effective mass scales down with the material bandgap while the in-plane 

effective mass in the upper hole subband additionally decreases with the compressive 

strain. The lower DOS of electrons and holes in lasing states implies lower level of 

carrier injection required to achieve QW population inversion. Since the optical matrix 

element does not show pronounced energy dependence in the 1-4 μm spectral range 

the transparency and threshold carrier concentrations can be expected to scale down 

with the increasing wavelength. 

Hence, it is expected that mid-infrared diode lasers can have much lower 

transparency and, possibly, lower threshold carrier concentrations as compared to their 

near-infrared counterparts. Auger recombination is three particle process and its net 

rate is super linear in carrier concentration. The threshold current density of the mid-

infrared diode lasers can be rather low despite plausibly increased probability of the 

individual Auger event in narrow bandgap QWs. 

Detailed calculations of QW optical characteristics show that the increase of the 

emission wavelength from 2 to 3.5 μm can be accompanied by nearly twofold reduction 



 

11 
 

of the QW transparency carrier concentration which favorably affects the laser 

performance. Figure 10 illustrates this trend by showing the concentration dependence 

of the peak QW material gain (maximum gain of QW confined carriers divided by the 

QW width) for a set of three 10 nm wide QWs with progressively longer band-edge 

emission wavelength. All three modeled QW compositions, Ga0.75In0.25Sb, 

Ga0.55In0.45As0.19Sb0.81 and Ga0.40In0.60As0.32Sb0.68, have been chosen to have the same 

compressive strain of 1.5% and emit near 1.9, 2.8 and 3.5 μm, respectively. For clarity 

of presentation, there were chosen the wide-gap AlAs0.08Sb0.92 barriers which provide 

ample confinement for both electrons (from above 600 meV for 1.9 μm to above 1100 

meV for 3.5 μm emitting QW) and holes (from above 500 meV for 1.9 μm to above 300 

meV for 3.5 μm emitting QW), so that the resulting effect of the reduced QW 

transparency concentration could be attributed solely to the decrease of the confined 

carrier DOS. For consistency of calculations all the material parameters for binaries 

were taken from a single source [9]. Interpolation scheme for alloy materials was 

adopted from [19], however, the valence band edge bowing was ignored due to the lack 

of reliable experimental information. Calculations were performed using COMSOL-

based simulation software developed at Ostendo Technologies for design of III-V 

semiconductor optoelectronic components [20]. Special attention was paid to detailed 

microscopic description of carrier confinement in active QWs. Confined states were 

calculated using a multi-band matrix Hamiltonian with strain-induced deformation 

potentials and valence band mixing terms [21]. QW optical characteristics were derived 

from the calculated complex susceptibility of injected carriers taking into account 

thermal carrier redistribution between QW subbands. The modeling proved that 
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transparency concentration improvement in longer-wavelength QWs is predominantly 

related to the conduction band DOS decrease. Further QW optimization might be 

necessary to improve the differential gain which remains practically unaffected at 

transparency level in all three QWs. The QW radiative current at a given concentration 

decreases with the reduction of the confined carrier DOS thus enhancing the differential 

gain characteristics with respect to injection current. This effect, however, is more 

relevant to the performance of shorter wavelength emitters where radiative current 

constitutes large part of the threshold [22, 23]. In long-wavelength MIR lasers, the 

radiative component of threshold becomes less important since the radiative 

recombination rate scales down as a square of the optical transition energy. 

To take full advantage of the lower carrier DOS in the narrow-gap active QWs an 

adequate carrier confinement should be provided in the laser active region. In GaSb-

based laser heterostructures the net band offsets between GaInAsSb QWs and Al-

containing barriers tend to be distributed unequally between conduction and valence 

bands. Small valence band discontinuity results in insufficient hole confinement and 

leads to excessive thermal population of the hole states in the adjacent barriers. This 

keeps the quasi-Fermi level away from the QW valence band edge and increases the 

threshold carrier concentration. 

As of the year 2011, GaSb-based type-I QW diode lasers demonstrate CW 

output optical power above 1 W in spectral range 1.9-2.5 μm. Corresponding linear 

laser arrays produce more than 10 W of CW and 25 W of quasi-CW optical power. 

These laser diodes demonstrate threshold current densities below 100 A/cm2 – same if 

not better than those typical for state-of-the-art GaAs-based diode lasers operating 
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below 1 μm, i.e. with active QW bandgap above 1.24 eV (Fekete et al., 2008). More 

than 360 mW of CW output power at a room temperature was reported at 3 μm. These 

achievements are the result of almost two decades of efforts aimed at technology 

development and design refinement. 

The first room temperature lasing emission in mid-infrared range (2-5 μm) using 

GaSb substrate was demonstrated under pulsed regime at the wavelength of 2.3 μm 

with threshold current density of 20 kA/cm2 [24] and 2.2 μm with 6.9 kA/cm2 [25]. Both 

reports employed GaInAsSb/AlGaAsSb double heterostructure (DH) lasers grown on 

GaSb substrates. The modification in confinement layers was required to reduce the 

heterobarrier leakage, which in turn was to reduce the threshold current density. The 

first room temperature CW operation in the spectral range of 2.2-2.4 µm was reported 

by Bochkarev, et. al. [26]. They increased aluminum content from 35% to 55% in both p- 

and n-type of AlGaAsSb layers sandwiching GaInAsSb active layer. Meanwhile another 

group reported Ga0.84In0.16As0.14Sb0.86/Al0.75Ga0.25As0.06Sb0.94 DH lasers (λ=2.2 µm) for 

CW room temperature operation with an improved threshold current density of 940 

A/cm2 in 1991 [27]. The threshold current density was the lowest room-temperature 

value reported at that time. 

The large threshold current density with bulk-like DH lasers was still the biggest 

bottleneck of the development in the spectral range for CW room temperature 

operations. At the beginning of 1990s, QW active regions started to be embedded to DH 

structures providing separate confinement for carriers and photons. The first GaSb-

based GaInAsSb/AlGaAsSb QW laser was reported for the operation at the wavelength 

of 2.1 µm with the threshold current density of 260 A/cm2 and the maximum CW power 



 

14 
 

of 190 mW/facet at room temperature [28]. QW lasers operating at 1.9 µm were also 

reported by the same group [29].  The maximum CW output power was 1.3 W and a 

pulsed threshold current density was 143 A/cm2 with strained GaInAsSb/AlGaAsSb 

QWs. In addition to employing QWs in active region, the design with the broad 

waveguide separate confinement structure provided lower internal optical losses due to 

the reduction of free carrier optical losses in doped cladding layers. Garbuzov, et al. 

reported broad stripe lasers emitting at 2 µm with CW and quasi-CW powers of 1.9 W 

and 4 W at room temperature, respectively [30]. They inserted 0.4 µm-undoped 

waveguide layers between doped n- and p-cladding and the strained QWs, successfully 

reduced the internal optical loss, in turn decreased the threshold current density (115 

A/cm2) and improved the obtainable power at a given injected current density. 

Modification of aluminum composition in waveguide layer helped to adjust valence band 

offsets for the adequate hole confinement [31]. The device characteristic temperature T0 

of 140K and differential quantum efficiency of 74% were the big progresses compared 

to those reported by that time. 

The GaSb-based type-I lasers emitting above 2.0 µm were made available by 

employing both heavily strained QWs and broad waveguide separate confinement 

layers. Utilizing heavily strained GaInAsSb QWs with improved hole confinement 

produced diode lasers operating above 2 µm [32, 33, 34, 35, 36, 37, 38, 39, 40, 41]. 

High power CW room temperature operation was demonstrated with nearly 2.0 W at 2 

µm [34], and with more than 1 W within spectral region from 2.3 to 2.5 µm [37, 38]. 

Improved beam quality was achieved in diode lasers utilizing flared gain section [40, 41]. 
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Single-frequency lasers have been on high demand for spectroscopic 

applications. Narrow ridge structures were used to fabricate single spatial mode lasers 

emitting at 2.1 µm [42] and at 2.3 µm [43]. Under certain operating conditions these 

devices demonstrate single spectral mode operation [43, 44]. Distributed feedback 

(DFB) lasers with stable single spectral mode operation were developed in the last 

decade for a range of emission wavelengths: 2.3 µm [45], 2.4 µm [46, 47], 2.6 µm [48], 

2.84 µm [49] and 3 µm [50]. 

Electrically pumped vertical cavity surface emitting lasers (VCSELs) are 

especially desirable for a variety of the spectroscopic applications and were 

successfully demonstrated in works [51, 52, 53, 54, 55]. These single mode devices 

emitting within spectral region from 2 to 2.5 µm are characterized by circular output 

beam and low energy consumption. The first GaSb-based electrically pumped VCSELs 

operating near 2.2 µm at 296K in pulsed mode were reported in [51]. CW room 

temperature operations were reported only after the year 2008 [52, 53, 54, 55]. Low 

threshold current of the order of several mA were demonstrated for VCSELs with the 

current and optical confinement achieved by use of buried tunnel junction [52, 55]. 

Optically pumped vertical external cavity surface emitting lasers were reported emitting 

in spectral range from 2 to 2.8 µm with nearly diffraction limited output beam and CW 

power in excess of 1 W [56, 57, 58, 59]. 

Extensive efforts have been dedicated to development of type-I QW GaSb-based 

diode lasers operating at wavelength near 3 µm and above. GaInAsSb/AlGaAsSb 

heterostructures were used in devices operating in CW at room temperature (2.72 µm 

[60], 2.82 µm [61], 2.96 µm [62], 3.04 µm [63] and 3.1 µm [64]). The lack of valence 
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band offset between the narrow-bandgap GaInAsSb QWs and AlGaAsSb barrier and 

waveguide layers was identified as the deficiency of the laser heterostructure [61, 65, 

66, 67] that limited an available output power of these devices. 

An important step in the development of the long wavelength GaSb-based type-I 

QW diode lasers was the introduction of quinternary AlGaInAsSb barriers [68, 69, 70, 

71, 72, 73, 74, 75]. The use of AlGaInAsSb/GaInAsSb heterostructure in the device 

active region led to the improvement of the hole confinement in the GaInAsSb QWs. 

Under pulsed regime, laser operation at the temperatures up to 50 °C was 

demonstrated at the emission wavelength above 3.3 µm [68]. High power 3 µm lasers 

based on AlGaInAsSb/GaInAsSb heterostructure demonstrate 360 mW of CW output 

power at room temperature [74]. CW room temperature operation was achieved above 

3.44 µm – the longest wavelength ever reported for GaSb-based type-I diode lasers [73]. 

Figure 11 shows the reported room temperature operated CW output power of 

the diode lasers in the wavelength range of 2-3.5 μm (to make the figure more general 

we incorporate data obtained within period 2008-2011 by efforts described in present 

work). Until the year of 2004, diode lasers above 3 μm were not available mostly due to 

the problem of hole confinement. The introduction of quinternary alloys ameliorated the 

characteristics and made it possible to increase the output power and extend the 

available wavelength for GaSb-based type-I lasers. Most of the lasers of this type above 

3 μm employed the quinternary waveguides and barriers and produced the CW output 

power of more than 100 mW. 

The characteristic temperatures T0 and T1 for GaSb-based type-I lasers as a 

function of emission wavelength in the spectral range of 2-3.5 μm are shown in Figure 
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12 (we use recent data obtained by us within the period 2008-2011 to make the figure 

more general). T0 and T1 are measured with short pulses with low duty cycle not to 

increase the device temperature by the injected current. The figures show the 

exponential temperature sensitivity of threshold current and quantum efficiency, 

respectively. They keep decreasing as the emission wavelength increases and, above 3 

μm, T0 and T1 are below 50K and 100K, respectively. The smaller the characteristic 

temperatures are, the stronger the temperature sensitivity is. As the figures become 

smaller, devices suffer from degradation of output power due to the high sensitivity to 

the excessive heat brought by injected current especially under CW regime. Its 

temperature dependences on the emission wavelength imply several probable 

phenomena behind the observation. We should identify what are the phenomena to 

degrade the laser temperature characteristics and then we will understand how to make 

the lasers operate above 3 μm at room temperature described in the following chapters. 
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Figure 1:  Schematic diagram of an edge emitting laser diode. Graded buffer layers 
and p- (n-) cap are not shown in the figure. 
 
 
 
 

Figure 2: Diagram of a laser facet: (a) gain guided structure, (b) index guided 
structure. 
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Figure 3: Energy band diagram of materials used in a diode laser. The valence band 
edge Ev, the conduction band edge Ec, the Fermi level EF, the vacuum level, 
the bandgap Eg and the electron affinity Χ are shown in the figure for each 
material. 

 
 
 

Figure 4a:  Energy band diagram of a QW diode laser under equilibrium condition. Blue 
dashed line indicates Fermi level EF. 
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Figure 4b:  Energy band diagram of a QW diode laser under forward bias condition. 
Carriers overcome the energy barriers and flow into QWs. 

 
 
 
 
 

Figure 5:  Facet view of a gain guided laser. Red arrows show lateral carrier leakage 
paths. 
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Figure 6:  Schematic energy diagram of heterojunction with carrier leakage. 
 
 
 
 

Figure 7:  Energy diagram of a laser heterostructure and corresponding refractive 
index profile and optical field distribution 
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Figure 8:  Band gap positions of selected binary alloys. Energy is referenced to InSb 
valence band top. 

 
 

Figure 9:  Band-edge positions for AlGaAsSb and GaInAsSb alloys lattice matched to 
GaSb (solid) and 1.5% compressively strained (dashed). Data according to 
reference [9]; valence band bowing is neglected. 
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Figure 10:  Peak material gain vs. 2D carrier concentration level in three QWs with 

different emission wavelengths. 
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Figure 11:  Development of laser diode in the spectral range of 2-3.5 μm (our recent 
work in the period of 2008-2011 are included). 
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Figure 12: Characteristic temperature T0 and T1 for devices in the spectral range of 2-
3.5 μm. 
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Chapter 2. Experimental Results and Discussions 

2.1: Introduction 

Diode lasers operating in the spectral region above 3 μm are required for a 

variety of applications. Many important gases and other chemical agents can be 

remotely detected by tunable laser spectroscopy in this spectral region. For instance, 

methane, ethane, acetylene, methanethiol, dimethyl sulfide, hydrogen cyanide, etc. 

absorb strongly between 3 and 4 μm. Analysis of concentrations and isotopic 

composition of these gasses provides key information on geochemical processes, 

atmospheric photochemistry, and hydrothermal and biological activity. High power λ ≥ 3 

μm beams are required for medical therapy, laser surgery, infrared illumination, 

countermeasures, etc. Compact, efficient and low cost diode lasers are often preferred 

components for system realization. High power diode lasers can be used either directly 

or as pumps for solid state/fiber/nonlinear hosts. In many cases CW operation of diode 

lasers is either necessary or at least favored. Laser operation at or near room 

temperature dramatically simplifies the system design. The voltage drop across the 

diode laser heterostructure is about 1.5 V and is used to achieve the population 

inversion in the active region and to send current through auxiliary layers. 

Composition of GaInAsSb QWs of GaSb-based diode lasers emitting above 3 μm 

ranges from 50 to 60% of In and from 20 to 30% of As. Mid-infrared diode lasers at 

wavelengths above 3 μm suffer from temperature sensitivity of both threshold current 

and external efficiency. Several factors contribute to undesirable temperature sensitivity 

of the laser parameters. Among them are free carrier absorption and Auger 

recombination. Besides these fundamental factors there may be heterostructure 
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deficiencies. They can cause heterobarrier carrier leakage into the cladding, carrier 

accumulation in the waveguide core and thermal population of useless energy states 

inside and nearby the active QWs. These deficiencies can be eliminated by improving 

the material quality and by designing the laser heterostructure with strong carrier 

confinement. 

 

2.2: Increased aluminum composition in waveguide 

A study shows that device room temperature performances of GaSb-based type-I 

diode lasers degrade as the emission wavelength increases [61]. The cause of the 

degradation is assumed to be poor hole confinements between AlGaAsSb 

waveguide/barrier layers and GaInAsSb QWs as the valence band offset decreases due 

to the compositional change (increase of arsenic) in QWs for higher emission 

wavelengths. We designed and grew the laser structure having the quaternary 

waveguide and barrier layers with aluminum content of 35% instead of 25% to improve 

the QW hole confinement [64].   

The lasers operated under CW regime at room temperature as shown in Figure 

13. The devices demonstrated threshold current densities of 700 A/cm2 (350 A/cm2 per 

QW) and maximum CW output power was above 80 mW at 12 °C and the injected 

current of 3.5 A. Voltage across the laser diode at the maximum output power level was 

less than 1.5 V at room temperature. The devices with same cavity length and facets 

underwent the measurements of light-current characteristics with short pulse (200 ns / 

10 kHz) low duty cycle mode at temperatures in the range of 200-350K (Figure 14). The 

threshold current increases exponentially with temperature and it becomes nearly 8 A at 
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350K. The characteristic temperature T0 is about 50K in the range of 200-300K and 37K 

in the range above 300K. 

This was the first 3.1 μm CW laser based on GaSb-based system operated at 

room temperature. The combination of waveguides/barrier with quaternary 

Al0.35Ga0.65As0.03Sb0.97 and GaInAsSb QWs of 1.8% compressive strain certainly 

improved the hole localization in QWs. It contributed to the improvement of the laser 

slope efficiency and the device differential gain. The reduction of the threshold carrier 

concentration leads to suppression of the intensity of Auger process. 

In the case of GaSb-based type-I diode lasers, in the interface between 

AlGaAsSb waveguide (barrier) and GaInAsSb QWs provides the confinement barrier 

offset for electrons more than satisfactory while the valence band offset is much smaller. 

The deep conduction band discontinuity is introduced at the interface of QWs since the 

aluminum content in waveguide and barrier layers were increased to 35% (band offset 

of more than 500 meV for the particular device). Electrons are confined strongly in the 

deep QWs and they create electrostatic band bending and confine holes in the vicinity 

of the QWs. This Coulomb attraction may help to provide hole localization near the QWs 

despite the lack of confinement due to a small valence band offset. 

We can note that the high conduction band discontinuity of about 500 meV may 

lead to carrier heating due to the carrier energy relaxation phenomenon. The increase 

of carrier temperature in turn leads to reduction of optical gain and carrier delocalization 

and can be crucial for laser operations. Increased electron and hole threshold carrier 

concentrations trigger Auger processes which in turn increase the laser threshold 

current density and temperature sensitivity. When the aluminum content in the barrier 
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waveguide layer is increased to about 35%, carrier heterobarrier leakage from 

waveguide to p-cladding becomes possible. The energy position of Γ valley becomes 

higher and closer to the one of X valley as aluminum content increases. The energies 

are equal when aluminum content is about 40-50%. The energy position of X valley 

does not change as a function of aluminum content. The band offset between cladding 

(aluminum content of about 85-90%) and waveguide will be small enough for electrons 

to escape to the cladding layer. This process is a strong function of device temperature 

and may decrease the injection efficiency for the room temperature operation. 

The combined effect explained above might have deteriorated the device 

performances in total as it appeared in the characteristic temperature T0 as low as 37K 

in the temperature range beyond 300K. What we have learned in the device is (1) 

valence band offset between waveguide (barrier) layer and QWs is probably not enough 

to support good hole confinement, (2) deep conduction band edge discontinuity 

between them may result in carrier heating leading to poor hole confinement, and (3) 

carrier heterobarrier leakage into cladding is possible in the waveguide design with 

Al0.35Ga0.65As0.03Sb0.97. 

 

2.3: Quinternary waveguide 

Quinternary AlGaInAsSb barrier layers were introduced to provide larger valence 

band offsets to QWs [68]. Under pulsed regime, the devices demonstrated the 

operations up to 50 °C at the wavelength of 3.26 μm. Figure 15 illustrates the energy 

position of valence and conduction band edges for GaxIn1-xAsSb alloys lattice matched 

to GaSb (solid) and 1.5% compressively strained (dashed) (right pane) and Al0.2GaxIn0.8-
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xAsSb (lattice matched to GaSb) (left pane) as a function of gallium content. Band edge 

positions and energy gaps were calculated based on the data and methods in 

references [9, 19]. The valence band positions were obtained by linear interpolation. As 

the indium content increases in quinternary AlGaInAsSb alloy, the energy positions of 

both the conduction and valence band edge moves down (see Figure 15). 

It can be arranged for a conduction band offset to be above 300 meV in 

GaInAsSb QWs with AlGaInAsSb barriers. Thus in 300 meV deep and 10-15 nm wide 

QWs with the second subband quantized away by more than 100 meV there is only one 

electron subband that is populated at room temperature. At the same time the valence 

band offset can easily become inadequate in GaSb-based material system. The heavy 

hole subband separation is also small – about 15 meV between the two topmost 

subbands. Valence band states in the barriers and in the higher order hole subbands 

can unfavorably increase the number of states available for population in the valence 

band. One of the critical design tasks is to minimize the number of states in the valence 

band that are available for population. 

The in-plane effective mass in the fundamental heavy hole subband can be 

reduced nearly to the level of electron effective mass by introducing compressive strain 

of about 1%. The strain values beyond that range have minor effect on the band-edge 

heavy-hole density of states, since at such high strain the heavy-hole and light-hole 

subbands are already well separated in energy. The population of the second heavy 

hole subband is minimized by the use of relatively narrow QWs. The barrier state 

population should be minimized by constructing QWs with adequate hole confinement 

energies. 
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We employed the Al0.2Ga0.6In0.2As0.24Sb0.76 undoped quinternary waveguide 

(barrier) layers of 500 nm wide sandwiching two QWs from both sides for 3 μm lasers 

[75]. The two 14-nm-wide Ga0.46In0.54As0.23Sb0.77 QWs are separated by the same 

quinternary barrier of 40-nm wide. The waveguide (barrier) layers and the QWs have 

the valence band offset of about 160 meV and conduction band offset of about 300 meV. 

The cladding layers are Al0.6Ga0.4As0.07Sb0.93 quaternary material doped with tellurium 

and beryllium for n-cladding (2.5 μm thick, doped to 1×1018 cm-3) and p-cladding (1.5 

μm thick, doped to 2×1017 cm-3 for 0.5 μm adjacent to waveguide and 8×1017 cm-3 for 

the rest), respectively. We use 60% aluminum content in the claddings to move down 

the energy position of conduction band edge. The band offset between the quinternary 

waveguide and p-claddings with aluminum content of 90% was unnecessarily large to 

prevent the carrier heterobarrier leakage. 

The result of the temperature dependence of CW light-current characteristics is 

shown in Figure 16. Neutral (~30%) and high-reflection (~95%) (NR/HR) coated 2-mm-

long devices demonstrated more than 130 mW CW output power at 290K with threshold 

current about 0.6 A (300 A/cm2). Figure 17 shows the light-current characteristics in the 

temperature range of 240-290K in short pulse low duty cycle regime (200 ns / 10 kHz). 

The devices demonstrated more than 1 W peak power at the peak current of 12 A 

without thermal rollover at room temperature, and the device peak power is more than 1 

W at 9 A of peak current at 250K. Characteristic temperatures T0 and T1 are 58K and 

217K, respectively. 

Figure 18 shows the modal gain spectra obtained at 290K by Hakki-Paoli method. 

The cavity length of the device is 0.92-mm long and the facet is uncoated. From the 
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value of the modal gain in the long-wavelength part of the spectra, where the material 

gain is zero, the total optical loss is about 26 cm-1 and assuming that the mirror loss is 

about 12 cm−1 for 0.92 mm long uncoated devices, the internal optical loss is 14 cm−1. 

The internal optical loss of 14 cm-1 is higher than those of GaSb-base lasers 

emitting below 3 μm. The possible reason is that the overlap of optical field with highly 

doped cladding is increased and so is the free carrier absorption loss. The refractive 

index of cladding layers increases by changing aluminum content to 60% from 90%. As 

the difference in refractive indices between claddings and waveguides becomes smaller, 

the optical field confinement in the active region becomes weaker and decreases the 

optical confinement factor ΓQW, which is directly proportional to differential gain of the 

device. The quantum efficiency (~30%) is not as good as those in 2 μm range. We have 

focused on reducing the internal optical loss and increasing the internal efficiency by 

changing the composition of cladding layers and the width of waveguide layers 

discussed in the next section. 

Performance of the GaSb-based type-I QW diode laser with wavelength above 

2.5 μm was improved once the quinternary AlGaInAsSb alloy was introduced to replace 

quaternary AlGaAsSb as a barrier material [76]. An increase of the arsenic composition 

in any of Sb-based alloys tends to lower the position of the valence band on the 

absolute energy scale. Thus strong hole confinement requirement can be realized by 

minimizing arsenic composition in GaInAsSb QW and maximizing arsenic composition 

in AlGaInAsSb barrier materials. This can be realized by maximizing compressive strain 

in QWs and by maximizing indium and alminum compositions in quinternary barrier 

materials. Compressively strained QWs require less arsenic and benefit from heavy-
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light hole splitting. Quinternary AlGaInAsSb alloys with increased indium and aluminum 

compositions require more arsenic to maintain lattice matching to GaSb substrate. 

 

2.4: Quinternary waveguide width and role of carrier transport 

Our edge emitting lasers confine the generated optical field in the active region to 

maximize the overlap with the QWs in the middle of active region, where photons are 

actually generated. The cladding layers sandwiching the active region have to have 

lower refractive index compared to waveguide layers to confine the optical field. If the 

difference in refractive index is adequate, optical field is confined well in the active 

region and the optical confinement factor (ΓQW) is sufficient and overlap of optical field 

with cladding layers will be minimized. Minimization of this overlap leads to the 

reduction of internal optical loss due to free carrier loss in doped cladding layers. 

To decrease this overlap, the waveguide layer should be wider. While it reduces 

the internal optical losses related to free carrier absorption in cladding layers, the optical 

confinement factor (ΓQW) is reduced because the peak of the optical field decreases. 

The reduction of optical confinement factor (ΓQW) may result in a higher threshold 

current because the differential gain is reduced correspondingly. We need to find the 

optimal width of active region for the good laser operation. We employed 

Al0.2Ga0.6In0.2As0.2Sb0.8 quinternary waveguides of variable thickness and two GaInAsSb 

QWs of 12 nm wide in the middle of the waveguide layer. The claddings consist of 

Al0.85Ga0.15As0.06Sb0.94 quaternary alloys to enhance the optical confinement factor (ΓQW) 

and to reduce internal optical losses. The detail is as follows [77]. 
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We designed and fabricated three laser heterostructures with different thickness 

of waveguide layers: (a) 400 nm, (b) 1000 nm, and (c) 1400 nm. The total widths of the 

layers including waveguides, barriers and QWs for each sample are (a) 470 nm, (b) 

1070 nm, and (c) 1470 nm. The claddings are Al0.85Ga0.15As0.06Sb0.94 quaternary layer. 

Aluminum composition was kept about 85% to avoid the rapid oxidation after facet 

cleaving. Aluminum rich layers are easy to be oxidized, gradually degrade laser 

performances, and shorten the device lifetime. While 85% and 90% of aluminum in 

AlGaAsSb layer gives about the same energy position of conduction band edge, 85% of 

aluminum in the layer reduces the speed of oxidation dramatically [78]. The n-cladding 

layer is 2.5-μm wide doped with tellurium to the nominal level of 1018 cm−3 and the p-

cladding layer is 1.5-μm wide doped with beryllium to 2×1017 cm−3 over 500 nm 

adjacent to waveguide layer, and doped to 8×1017 cm−3 over the remaining 1 μm. The 

grown wafers were fabricated to have 100-μm-wide ridge and diced to be 1-mm-long 

uncoated facets for pulsed measurements and 2-mm-long anti- (~5%) and high-

reflection (~95%) (AR/HR) coated facets for measurements of CW light-current 

characteristics. 

Light-current characteristics of the devices (a), (b), and (c) at 290K are shown in 

Figure 19, the modal gain spectra of devices (a), (b) and (c) in Figure 20, 21, and 22, 

and the current dependencies of the peak modal gain in Figure 23. Values of slope 

efficiencies (ηslope), internal optical losses (αi), normalized QW optical confinement 

factors (ΓQW), differential gains (dg/dI), and internal efficiencies (ηi) are all shown in 

Table I. The optical confinement factor (ΓQW) is a calculated value from the refractive 



 

35 
 

indices of waveguides and claddings [79]. The temperature dependence of the CW 

light-current characteristics for device (a) is presented in Figure 24. 

It turns out that devices should have narrower waveguides to achieve lower 

threshold current and higher output power even by experiencing higher optical losses. 

At 290K the lasers demonstrated 200 mW optical power and threshold current density 

of about 200 A/cm2. Devices with wider waveguides demonstrated stronger roll-over of 

the CW light-current characteristics and produced about 150 and below 100 mW output 

power for 1070 (device (b)) and 1470 nm (device (c)) waveguides, respectively. 

The internal optical loss gradually decreases as waveguide width increases 

because the overlap of optical field with heavily-doped cladding layers is reduced in the 

devices with wider waveguides. The values are 7 cm-1, 5 cm-1, and 3 cm-1, for device (a), 

(b), and (c), respectively (Table I). Howerever, despite the internal optical loss 

decreases, the threshold current increases in devices with wider waveguides. The 

threshold current increases in the order of device (a), (b) and (c) since the effect of the 

differential gain is stronger than the effect of optical internal losses to determine the 

threshold current. 

Smaller QW optical confinement factor (ΓQW) in wide-ridge devices is one of the 

reason to lower the differential gain (Table I), but it is not the only phenomenon to 

degrade the laser performances. The QW optical confinement factor in device (c) is 

about 66% of the value in device (a), meanwhile the differential gain is only about 37%. 

It indicates that other factor(s) contributes to deteriorate the differential gain in the 

devices with wider waveguides. 
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The internal efficiencies are 68%, 57%, and 45% in devices (a), (b), and (c), 

respectively (such portions of the injected current reaches QWs and contributes to 

radiative emission). The only the structural difference among the devices is the width of 

waveguide. It can be said that, as the width increases, the rate of the carrier reaching 

QWs decreases. Effects of the carrier transport in the waveguide and the accumulations 

of carriers in the waveguide region should be the reason for the dependence of the 

internal efficiency on the width of the waveguide. As injected current increases and 

passes the threshold condition, the free carrier concentration in waveguides increases 

without quasi-Fermi energy pinning. The possible effects could be connected with free 

carrier absorption, induced carrier recombinations in waveguides, heterobarrier leakage 

from the waveguide to the cladding layers, and the stronger drift carrier transport in 

broadened waveguide layers. 

The free carrier absorption in waveguides would not be a dominant factor 

deteriorating device characteristics at least vicinity of threshold current (Table I). Figure 

25 shows the light-current characteristics of the devices (a), (b), and (c) in short pulse 

low duty cycle mode (10 kHz / 200 ns) up to 10 A at 17 °C. At higher pumping levels the 

output power of device (c) with widest waveguides shows the strongest nonthermal 

saturation. The free carrier accumulation is induced as the injected current increases, 

and the associated internal optical loss becomes higher under high level of carrier 

injections. The increase of optical loss leads to the reduction of the slope efficiency due 

to both free carrier absorption and recombination, and the devices with elongated 

waveguides are affected more seriously under high level of injection [80]. In any case, 
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the carrier absorption loss is not the cause of the deterioration of the internal efficiency 

characteristics near threshold current in the devices with wider waveguides. 

The heterobarrier leakage is the thermionic emission overcoming the energy 

barriers and increases the carrier loss. Taking into account the energies of the barriers 

at the AlGaAsSb / AlGaInAsSb interface ΔEC ∼ 550 meV and ΔEV ∼ 170 meV [9, 19] 

one can neglect the role of heterobarrier leakage. 

Another possible scenario includes an increased role of drift transport through 

broadened waveguide layers, hence, increased values of the electric field near 

QW/barrier interface. The associated band bending can facilitate the thermionic escape 

of holes from the relatively shallow QWs in the valence band. Our experiment indicates 

that this scenario is not important. We compare the ratio a = ηi
470/ ηi 

1470 with the ratio b 

=  [(dg/dI) 470/ (dg/dI) 1470] / [Г470
QW/  Г1470

QW]. The value of a equal to 1.5 was obtained 

at currents above threshold. The value of b depends on the subthreshold gain values 

and the refractive indices for AlGaAsSb and AlInGaAsSb, and was calculated to be ~1.8. 

Taking into account the uncertainty of the refractive index for AlInGaAsSb one can 

conclude that the values of a and b are reasonably close. 

Therefore, it is reasonable to expect that for near threshold currents (see Figure 

19) dependence of internal efficiency on waveguide width ηi(dw) is caused mainly by the 

effect of carrier recombination in the laser waveguide. At high injection currents optical 

losses can increase due to the rise of free carrier concentration in the waveguide. 

The combined effects of the carrier transport through waveguide and reduction of 

the QW optical confinement factor did not allow the 3 μm lasers to benefit from 

associated internal optical loss reduction. This indicates possibility of further device 
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performance enhancement after detailed material development studies are completed 

and carrier mobility in quinternary material might be improved. 
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2.5: Performance characteristics of lasers with different numbers of 

QWs 

We compared the performances of the devices with different number of QWs [81]. 

We have grown and fabricated the wafers for devices emitting 3.3-3.4 μm with 

Ga0.46In0.54AsSb QWs. Figure 26 shows the valence and conduction band energies for 

GaxIn1-xAsSb QWs (1.5% compressive strain, shown as dashed line), Al0.2GaxIn0.8-

xAsSb (lattice matched to GaSb, shown as blue solid line), and Al1-xGaxAsSb (lattice 

matched to GaSb, black solid lines), as a function of gallium content. 

We employed undoped quinternary Al0.2Ga0.55In0.25As0.26Sb0.74 waveguide 

(barrier) layers and Ga0.46In0.54AsSb QWs of 1.5% compressive strain (the compositions 

chosen for heterostructures are indicated as red arrows in Figure 26). To compare the 

device performances we prepared the devices with two and four QWs. Both have 500-

nm-wide waveguides on both sides of 16-nm-wide QWs with barriers of 40- and 20-nm-

wide in two-QW and four-QW devices, respectively. The wafers were processed in the 

exact same manner as the lasers in section 3.2 including the facet coating (NR/HR) and 

the devices were mounted on Au-coated copper blocks for characterizations. 

Figure 27 and 28 shows the CW light-current characteristics of 2-mm-long 

devices in the temperature range of 200-285K. Output power of four-QW devices is 

more than 15 mW at 12 °C and at the emission wavelength of 3.36 μm. Meanwhile, two-

QW devices have the highest operating temperature of 270K. Four-QW devices are 

superior near room temperature, but the difference of light-current characteristics 

becomes smaller between the two types of lasers as temperature decreases, and two-

QW devices becomes superior at 200K and below. The temperature dependence of 

threshold current is stronger in two-QW devices (Figure 29). Two-QW devices have 
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smaller threshold current below 250K, and four-QW devices have smaller at 250K and 

above. 

To identify the differences between the two types of lasers, current dependences 

of the modal gain spectra were measured using Hakki-Paoli method. Figure 30 and 31 

show the corresponding current dependences of the modal gain spectra of the two-QW 

and four-QW, respectively, and Figure 32 shows the current dependences of peak 

modal gain devices at 12 °C. The total optical loss, estimated by the value in the long-

wavelength part of the spectra, is 17-18 cm-1 for two-QW and 19-20 cm-1 for four-QW 

devices. The total optical loss should be about the same since the structure is exactly 

same except for the number of QWs (the thickness of total core width including 

waveguide, barrier and QWs can be said identical). The difference may be from minor 

inaccuracy of the measurement or in fabrications. The transparency current is 350-400 

mA for two-QW devices and 650-700 mA for four-QW devices. Both type of devices 

have the transparency current of about 180-200 mA per QW. 

The reason of differencies in threshold currents stems from the difference in 

transparency currents as well as in differential gains. The differential gain of two-QW 

devices decreases as the current increases. Four-QW devices demonstrates a constant 

differential gain. It implies that radiative recombination rate decreases in two-QW 

devices due to enhanced Auger recombination and / or hole delocalization from QWs. 

Auger recombination rate is estimated in proportional to n3, where n is the carrier 

concentrations. To see the carrier concentrations in QWs, the width of modal gain 

spectra is plotted against the peak modal gain in Figure 33. The width of the gain 

spectra is taken from the energy difference between two transparency levels (one at 
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bandgap edge and the other at quasi-Fermi level) which is a quasi-Fermi separation of 

the carriers in QWs. For any given peak modal gain, the spectra width of two-QW 

devices are much wider than those of four-QW devices. It indicates that two-QW 

devices require a higher carrier concentration than four-QW devices to achieve the 

same modal gain. Four-QW devices have less than twice lower current per QW 

compared to two-QW devices at any point between transparency and threshold, hence 

those unwanted effects are less pronounced and the differential gain is constant up to 

threshold current condition. 

From the experiments described in this section, it appears that, by adjusting the 

number of QWs, we can control the intensity of Auger recombination and / or degree of 

hole localization in QWs. It is particularly important to minimize threshold carrier 

concentrations for GaSb-based lasers in the spectral range, since Auger recombination 

rate may be increased and hole delocalization is induced easily due to a smaller band 

offset as the emission wavelength increases. 

 

2.6: Designs and performances of GaSb-based type-I lasers operating 

in CW mode at room temperature within spectral range of 3-3.44 

μm 

Based on the studies discussed in preceding sections, laser heterostructures with 

heavily compressively strained QWs with quinternary barriers were developed to 

produce diode lasers operating at room temperature in CW regime in spectral region 

from 3 to 3.4 μm. The claddings were Al0.85Ga0.15As0.07Sb0.93 doped with tellurium and 

beryllium for n- (2.5-μm thick) and p-cladding (1.5-μm thick), respectively. Doping level 

of the part of the p-cladding layer adjacent to waveguide was kept around 1017 cm-3 to 
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reduce internal losses associated with free hole absorption. Wafers were processed into 

100-μm-wide index-guided ridge lasers by wet etching of the top-cladding layer outside 

of the current stripe. The values of the empirical parameters T0 and T1 were measured 

in pulsed regime near 300K for 1-mm-long uncoated lasers. For CW characterization 

the coated lasers were indium-soldered epi-side down. 

 

2.6.1: Laser diodes operating at 3.0 μm 

Figure 34 shows the CW room temperature light-current and power conversion 

characteristics of 3 μm emitting lasers. The laser active region comprised two 11-nm-

wide 50-nm-spaced GaInAsSb QW with nominal indium composition of 50% and 

compressive strain of 1.7%. The barrier and waveguide material was 

Al0.20Ga0.55In0.25As0.24Sb0.76 quinternary alloy. 

Total width of the waveguide region (from n-cladding to p-cladding) including 

double-QW active was about 570 nm. Laser mirrors were cleaved and coated for mirror 

reflectivity of below 5% for anti-reflection (AR) and above 90% for high reflection (HR). 

The maximum power of 360 mW was achieved at the current of 4.6 A at coolant (water) 

temperature of 17 °C. The power conversion efficiency was better than 4% for the whole 

range of operation with maximum value approaching 9% at output power level of about 

120 mW. The CW threshold current density was 200 A/cm2 (100 A/cm2 per QW). The 

voltage across laser heterostructure was below 1.4 V at the maximum output power 

level. Parameters T0 and T1 are 50K and 200K, respectively. The current dependence of 

the modal gain spectra is shown in Figure 35. The internal optical loss of 4-5 cm-1 was 

estimated from longwavelength part of the gain spectrum assuming mirror loss of about 

12 cm-1. The transparency current density is below 100 A/cm2. 
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2.6.2: Laser diodes operating at 3.1 μm 

Figure 36 shows the CW room temperature light-current and power conversion 

characteristics of 3.1 μm emitting lasers. The laser active region comprised three 13-

nm-wide 1.6% compressively strained GaInAsSb QWs separated by 50 nm wide 

barriers. Quinternary Al0.20Ga0.55In0.25As0.24Sb0.76 was used in barriers and waveguide. 

The nominal indium composition of QWs was more than 50%. The total undoped 

waveguide core width was about 650 nm from p-cladding to n-cladding.  

The maximum CW output power of 190 mW was achieved at the current of 3.8 A 

at the coolant (water) temperature of 17 °C. The power conversion efficiency was better 

than 2% for the whole range of operation with maximum value of more than 4% at 

output power level of about 100 mW. The CW threshold current density was 350 A/cm2 

(about 120 A/cm2 per QW). The internal loss is estimated to be about 8 cm-1 (Figure 37). 

The devices operated in the spectral region from 3.1 to 3.2 μm at the temperature 

above 45 °C in CW mode (Figure 38). The values of the parameters T0 and T1 are 34K 

and 74K, respectively. 

The strain and composition of the QWs used for 3.1-μm laser fabrication in 

current work and in Reference 64 are similar but the barriers and waveguide were 

fabricated from Al0.35Ga0.65As0.03Sb0.97 quaternary alloys. The presence of indium in 

quinternary alloy strongly decreases the energy positions of both conduction band and 

valence band. This decrease favorably balances the confinement conditions for both 

electrons and holes improving confinement of holes. We can speculate that this 

improvement is instrumental for increasing CW output power of 3.1-μm laser to 190 mW. 

Figure 39 illustrates the benefits of using quinternary AlGaInAsSb barriers in 3.1 

μm lasers. Replacement of the quaternary Al0.35Ga0.65As0.03Sb0.97 with quinternary 
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Al0.2Ga0.55In0.25As0.24Sb0.76 barrier alloy improves the hole confinement by about 100 

meV (Figure 39a) and leads to twofold decrease of room temperature threshold current 

density (Figure 39b). Again, at low temperatures the difference tends to disappear since 

hole confinement offered by both types of barriers becomes equally adequate. 

 

2.6.3: Laser diodes operating at 3.2 μm 

Figure 40 shows the CW room temperature light-current and power conversion 

characteristics of 3.2 μm emitting lasers. The active layer consists of three 13-nm-wide 

GaInAsSb compressively-strained QWs (1.6%) separated by 50-nm-wide barriers. The 

nominal indium composition of QWs was near 55%. The total width of undoped 

waveguide core was about 650 nm from p-cladding to n-cladding. The maximum power 

of 165 mW was achieved at the current of 4.2 A at the temperature of 17 °C. The CW 

threshold current density was less than 400 A/cm2 (about 130 A/cm2 per QW). The 

voltage across laser heterostructure was below 1.5 V at the maximum output power 

level. The internal optical loss is estimated to be about 9 cm-1 from Figure 41.  

Quinternary Al0.22Ga0.46In0.32As0.30Sb0.70 was used in barriers and waveguide. The 

increase of indium content in the barriers from 25% to 32% increases the valence band 

offset between QWs and the barriers. The experiment showed that 32% of indium in 

quinternary AlGaInAsSb barrier improves the characteristics of 3.2 μm emitting lasers. 

The variation in hole confinement can be considered a primary cause for the difference 

in performance of 3.2-μm lasers fabricated with different compositions of AlGaInAsSb 

waveguide. We believe that increased valence band offset between the well and the 

barrier in the device with 32% of indium composition is responsible for improvement of 

device parameters. This offset is about 50 meV higher for the improved device with 32% 
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of indium than for the device with 25%. The results of measurements presented in 

Figure 42 show that differential gain is higher for devices with elevated band offset 

between the well and the barrier. The devices emitting in spectral region from 3.2 to 3.3 

μm and with adequate hole confinement operated in CW above 40 °C (Figure 43). 

From the design point of view, an increase in indium content in the barrier from 

25% to 32% leads to the rise of valence band offset between the well and the barrier as 

well as the decrease of the corresponding offsets between waveguides and cladding 

layers. Thus the heterobarrier hole leakage from Al0.22Ga0.46In0.32As0.3Sb0.7 waveguide 

into n-cladding would becomes possible. Experiments presented in this work 

demonstrate that 32% of indium in AlGaInAsSb barrier can be used for further device 

development. 

 

2.6.4: Laser diodes operating at 3.3 μm 

The nominally undoped Al0.20Ga0.55In0.25As0.24Sb0.76 waveguide layer with the total 

thickness of about 650 nm contained three 13-nm-wide strained GaInAsSb QWs (1.6%) 

centered in the waveguide and spaced 50 nm apart by barriers with the same 

composition as the waveguide. The nominal indium composition of QWs was above 

55%. 

The maximum power of 53 mW was achieved at the current of 2.7 A at the 

coolant (water) temperature of 17 °C (Figure 44). The CW threshold current density was 

545 A/cm2 (about 180 A/cm2 per QW). The voltage drop across laser heterostructure 

was below 2 V at the maximum output power level. The internal loss is estimated to be 

about 9 cm-1 from Figure 45. Use of 32% indium content in barriers for 3.3-μm emitters 

is expected to improve their output power similarly to 3.2-μm devices. 
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2.6.5: Laser diodes operating at 3.4 μm 

Figure 46 shows the CW room temperature light-current and power conversion 

characteristics of 3.4 μm emitting lasers. The active region consisted of three 13-nm-

wide 1.5% compressively-strained Ga0.43In0.57As0.29Sb0.71 QWs separated by 50-nm-

wide Al0.22Ga0.46In0.32As0.30Sb0.70 barrier layers. Waveguide core was formed by the 

barrier alloy of 250 nm wide on both sides of active region. More than 40 mW of CW 

output power was obtained at 12 °C. Increase of the heatsink temperature to 27 °C led 

to twofold increase of the threshold current. Voltage drop across laser heterostructure 

was below 1.5 V at the maximum output power level. More than 5 mW of CW output 

power was available at 27 °C with wavelength near 3.44 μm. 

Figure 47 shows the modal gain spectra measured at 17 °C by the Hakki-Paoli 

method for 1 mm-long uncoated lasers. The internal loss is estimated to be about 9 cm-1. 

This value is essentially the same as the one for broadened waveguide 3.36 μm devices 

[81] despite the threefold increase of the overlap of the optical field with doped p-

cladding. The reason is a twofold reduction of the p-cladding doping layer and a 

plausible overall decrease of the threshold carrier concentration owing to improved hole 

confinement. Indeed, Figure 48, which plots the rate of increase of the peak modal gain 

with current, shows the reduced transparency carrier concentration per QW, i.e. 40 

against 60 A/cm2. Also, no reduction of the differential gain was observed in optimized 

devices (shown in red) though it was noticeable in a previous iteration of the design 

(shown in blue) [80]. 

Increase of the laser wavelength from 3 to 3.4 μm was accompanied by threefold 

increase of the threshold current density and corresponding reduction of the device 
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efficiency. It is hardly feasible that probability of individual Auger recombination events 

could increase threefold when bandgap is reduced by only about 10%. However, to 

reduce the active region bandgap by 10% the GaInAsSb QWs of 3.4 μm lasers were 

made wider and incorporated more Indium than QWs of 3 μm lasers. Extra indium 

requires extra arsenic to maintain pseudomorphic growth. Increased arsenic 

concentration moves down QW valence band edge on the absolute energy scale thus 

degrading the hole confinement. Figure 49 illustrates this trend by plotting the 

compositional dependence of the band edge positions of the GaInAsSb alloy with 1.5% 

compressive strain.  

Increase of QW Indium contents from about 25% (2.2 μm room temperature 

emission wavelength in 10-15 nm wide QWs) to about 60% (3.5-4 μm room temperature 

emission wavelength) lowers the QW valence band edge by about 200 meV. Unless 

barrier material is correspondingly adjusted, the hole confinement will degrade and can 

even completely disappear. Poor hole confinement increases the number of states in 

valence band available for thermal population thus increasing threshold carrier 

concentration and triggering the Auger and other temperature-activated processes that 

are detrimental to high power room temperature operation of diode lasers. 
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Table I. Characteristic data of three lasers (a), (b), and (c) with different widths of 

waveguide. QW optical confinements are normalized to their value for 
waveguide width of 1470nm (reference [77]). 

 

Samples dw [nm] ηslope [W/A] αi [cm-1] ГQW  dg/dI [cm-1/A] ηint [%] 

(a) 470 0.177 7 1.50 113 68 

(b) 1070 0.166 5 1.21 84 57 

(c) 1470 0.149 3 1.00 42 45 

 
 
 
 
 
 

Figure 13: CW light-current characteristics measured in temperature range from 200 to 
290K for 2 mm long, 100 μm wide  NR/HR (neutral-/high-reflection) coated 
lasers. The inset shows the laser spectrum near threshold at different 
temperatures (reference [64]). 
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Figure 14:  Pulsed light-current characteristics measured in temperature range from 
200 to 350K for 2 mm long, 100 μm wide NR/HR coated lasers (reference 
[64]). 

 
 

Figure 15:  Band-edge positions for Al0.2GaxIn0.8-xAsSb and GaxIn1-xAsSb alloys lattice 
matched to GaSb (solid) and 1.5% compressively strained (dashed). Data 
according to reference [9]; valence band bowing is neglected. 
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Figure 16:  CW mode output power and spectral characteristics of 2-mm-long NR/HR 
coated device with stripe width 100 μm (reference [75]). 

 
 
 

Figure 17:  Pulse mode (200 ns / 10 kHz) output power characteristics (reference [75]). 
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Figure 18:  Current dependence of the modal gain of 0.92-mm-long uncoated device at 
290K measured in pulse mode (200 ns / 2 MHz) (reference [75]). 

 
 
 

Figure 19:  Output light-current characteristics of samples (a), (b), and (c) of 1-mm-long 
uncoated devices measured under pulsed mode (100 kHz / 200 ns) at room 
temperature (reference [77]). 
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Figure 20:  Current dependence of the modal gain spectra of 1-mm-long uncoated 
device (a) at 290K measured in pulse mode (200 ns / 2 MHz) (reference [77]). 

 
 
 

Figure 21:  Current dependence of the modal gain spectra of 1-mm-long uncoated 
device (b) at 290K measured in pulse mode (200 ns / 2 MHz). (reference 
[77]) 
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Figure 22:  Current dependence of the modal gain spectra of 1-mm-long uncoated 
device (c) at 290K measured in pulse mode (200 ns / 2 MHz) (reference [77]). 

 
 
 

Figure 23:  Current dependence of the peak modal gain at room temperature (290 K) of 
the 1-mm-long uncoated devices with variable waveguide widths (reference 
[77]). 
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Figure 24:  Temperature dependence of cw mode output light-current characteristics of 
device (a) with 2-mm-long AR/HR coated laser. Inset shows the laser spectra 
near threshold current at variable temperature (reference [77]). 

 
 

Figure 25:  Output light-current characteristics of devices (a), (b), and (c) of 1-mm-long 
uncoated devices in short pulse low duty cycle mode (10 kHz / 200 ns) up to 
10 A at room temperature (reference [77]). 
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Fgure 26:  Conduction and valence band energy positions vs galium concentration for 

Al1-xGaxAsSb (black solid lines) and Al0.2GaxIn0.8-xAsSb (blue solid lines) 
lattice matched to GaSb and 1.5% strained GaInAsSb quaternary QW 
composition (dashed lines). Red arrows indicate the choice of the materials 
for the diode laser emitting 3.36 μm. 

Figure 27:  CW light-current characteristics of 3.36-μm 2-QW devices measured in 
temperature range of 200-285K (2-mm-long, 100-μm-wide lasers) (reference 
[81]). 
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Figure 28:  CW light-current characteristics of 3.36-μm 4-QW devices measured in 
temperature range of 200-285K (2-mm-long, 100-μm-wide lasers) 
(reference [81]). 

 
 

Figure 29:  Temperature dependence of CW threshold current of 3.36-μm devices with 
two QWs and four QWs (reference [81]). 
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Figure 30:  Current dependence of the modal gain spectra measured in pulse mode at  
(200 ns / 2 MHz) 290K for 2-QW, 1-mm-long, 100-μm-wide, uncoated lasers 
emitting 3.36 μm. 

 

Figure 31:  Current dependence of the modal gain spectra measured in pulse mode at  
(200 ns / 2 MHz) 290K for 4-QW, 1-mm-long, 100-μm-wide, uncoated lasers 
emitting  3.36 μm. 
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Figure 32:  Current dependences of the peak modal gain of 3.36-μm devices with two 
QWs and four QWs. 

 
 

Figure 33:  Peak modal gain versus width of modal gain spectra (quasi-Fermi 
separation of carriers in QWs) for 3.36-μm devices with two QWs and four 
QWs. 
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Figure 34:  Light-current characteristics measured in CW regime at 17 °C for 2-mm-long, 
100-μm-wide, AR/HR coated diode lasers with optimized design and 
emitting near 3 μm (reference [74]). 

 
 

Figure 35:  Current dependence of the modal gain spectra measured in pulsed regime 
(200ns / 2MHz) for 1-mm-long, 100-μm-wide, uncoated lasers emitting 3.0 
μm (reference [74]). 
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Figure 36:  Light-current characteristics measured in CW regime at 17 °C for 2-mm-long, 
100-μm-wide, AR/HR coated diode lasers emitting near 3.1 μm (reference 
[72]). 

 
 

Figure 37:  Current dependence of the modal gain spectra measured in pulsed regime 
(200ns / 2MHz) for 1-mm-long, 100-μm-wide, uncoated lasers emitting 3.1 
μm (reference [72]). 
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Figure 38:  Light-current characteristics measured in CW regime above room 
temperature for 2-mm-long, 100-μm-wide, AR/HR coated diode lasers 
emitting near 3.1 μm (reference [72]). 

 

Figure 39a:  Calculated band alignment for 3.1 μm emitting lasers. Solid line shows the 
band edges for QW materials and for quinternary AlInGaAsSb barriers. The 
dashed line shows the band edge position for quaternary AlGaAsSb alloys. 
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Figure 39b:  Temperature dependences of the threshold current density for 3.1 µm 
emitting lasers with AlGaAsSb quaternary and AlGaInAsSb quinternary 
barriers. 

 
 

Figure 40:  Light-current and voltage-current characteristics measured in CW regime at 
17 °C for 2-mm-long, 100-μm-wide, AR/HR coated diode lasers emitting near 
3.2 μm (reference [72]). 
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Figure 41:  Current dependence of the modal gain spectra measured in pulsed regime 
(200ns / 2MHz) for 1-mm-long, 100-μm-wide, uncoated lasers emitting 3.2 
μm (reference [72]). 

 
 

Figure 42:  Dependences of the peak modal gain on current of four 1-mm-long, 100-
μm-wide, uncoated lasers emitting in spectral region from 3.1 to 3.3 µm at 
17 °C (reference [72]). 
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Figure 43:  Light-current characteristics measured in CW regime above RT for 2-mm-
long, 100-μm-wide, AR/HR coated diode lasers emitting near 3.2 μm 
(reference [72]). 

 
 

Figure 44:  Light-current and voltage-current characteristics measured in CW regime at 
17 °C for 2-mm-long, 100-μm-wide, AR/HR coated diode lasers emitting 
near 3.3 μm (reference [72]). 
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Figure 45:  Current dependence of the modal gain spectra measured in pulsed regime 
(200ns / 2MHz) for 1-mm-long, 100-μm-wide, uncoated lasers emitting 3.4 
μm (reference [73]). 

 

Figure 46:  Temperature dependence of light-current characteristics and voltage-current 
characteristics (17 °C) measured in CW regime for 2-mm-long, 100-μm-
wide, AR/HR coated diode lasers emitting near 3.4 μm (reference [73]). 
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Figure 47:  Current dependence of the modal gain spectra measured in pulsed regime 
(200ns / 2MHz) for 1-mm-long, 100-μm-wide, uncoated diode lasers emitting 
near 3.4 μm (reference [73]). 

 

 
Figure 48: Dependences of the peak modal gain on current of 1-mm-long, 100-μm-wide, 

uncoated lasers emitting in spectral region from 3.3 to 3.4 µm at 17 °C. 
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Figure 49:  Calculated positions of the band edges on absolute energy scale for 
GaInAsSb QW alloy with 1.5% compressive strain with respect to GaSb 
substrate. 
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Conclusion 

The optimization of GaSb-based laser designs described in this dissertation 

leads to remarkable enhancement of the device differential gain and internal efficiency 

as well as suppression of the device threshold current density. A major breakthrough in 

mid-IR GaSb-based diode laser performance was achieved as a result of steady 

improvement of the conditions of hole localizations in the device QWs. The use of 

quinternary AlGaInAsSb as barrier material allows to optimize the holes confinement in 

QWs of devices operated within the spectra region above 3 µm. 

Summarizing our efforts (2007-2011) we can conclude that the improvement of 

device design and utilization of new type of heterostructure materials leads to extension 

of GaSb-based type-I laser room temperature CW operating wavelength up to 3.45 µm 

(see Figure 50). 
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Figure 50: Development of GaSb-based type-I diode lasers emitting above 3 μm 
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Appendix: Measurement of the optical gain 

One of the most important parameters relating the physical properties of the 
semiconductor structure to output characteristics of the laser diode is the optical gain. 
Optical gain and its dependence on the operating conditions determine not only the 
basic output characteristics, such as threshold current, but also the temperature 
dependence of the output characteristics, as well high-speed performance of the laser. 
The wave in the resonator of semiconductor can be written as: 

    ωtkxjexpzy,
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is an effective index of refraction for the optical mode, and g(λ) is the modal optical 

gain. The factor of 2 comes in because the optical gain is usually defined with respect to 
optical power, not optical field intensity. 

Modal optical gain g(λ) is related to the material optical gain G(λ): 
   λΓGλg   

where Γ is optical confinement factor (the fraction of the transverse optical mode 

overlapping the active layer and therefore experiencing optical gain) and tot  is total 

optical loss which consists of the mirror loss and internal loss (usually attributed to free 
carrier absorption and scattering from waveguide imperfections: 
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 with the cavity length L  and 

21RRR   (geometrical 

mean of the mirror reflectivities). 
Optical gain can be extracted from both amplified spontaneous emission (ASE) 

and true spontaneous emission (TSE), as well as using some other methods, such as 
direct transmission measurement or variable stripe length (VSL) technique. Direct 
transmission measurement may be advantageous when both facets are anti-reflection 
(AR) coated (mirror loss is very high) and Fabry-Perot contrast is very small. VSL 
technique has an advantage of not being influenced by the resonator quality. However it 
requires a special sample preparation and cannot be used for a single device. 

A cleaved mirrors forming the Fabry-Perot resonator creates a very clean 
interference pattern, which is used to analyze the optical gain. Following equation 
describes the dependence of the ASE intensity on the wavelength in the approximation 
of uniform gain inside the laser cavity: 
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where B  is the proportionality coefficient equal to the total amount of ASE coupled into 
the lasing mode. 
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B. Hakki and T.Paoli proposed to determine the modal optical gain from the 
contrast of the ASE spectra. The modal optical gain is expressed as: 
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where  r  is the peak-to-valley ratio: 
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An alternative way of determining the optical gain was first proposed by V. 
Gribkovskii and V. Samoilyukovich and has been extended for many applications by C. 
Henry et al. It was later used by P. Blood et al. as part of simultaneous analysis of 
optical gain and recombination based on TSE measurements. 

This method is based on the general relations between the rates of spontaneous 
emission, stimulated emission, and optical absorption. If carriers have Fermi-like 
distribution functions, the material optical gain is related to the absorption coefficient: 
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where   is photon energy,   is the separation between the quasi-Fermi levels of 

electrons and holes, and  με,α  is the absorption coefficient of the material of the active 

layer. Generally,  με,α  itself depends on the band filling and, therefore, on μ . The 

relation between spontaneous emission  εIsp  and the absorption coefficient is: 
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By combining the two equations above, 
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