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Abstract

Laser diodes emitting at room temperature in continuous wave regime (CW) in the mid-infrared (2-5 pm spectral domain)
are needed for applications such as high sensitivity gas analysis by tunable diode laser absorption spectroscopy (TDLAS) and
environmental monitoring. Such semiconductor devices do not exist today, with the exception of type-1 GalnAsSb/AIGaAsSb
guantum well laser diodes which show excellent room temperature performance, but only in the 2.0-2.6 um wavelength range.
Beyond 2.6 um, type-ll GalnAsSb/GaSb QW lasers, type-Ill ‘W’ InAs/GalnSb lasers, and interband quantum cascade lasers
employing the InAs/Ga(In)Sbh/AISb system, all based on GaSb substrate, are competitive technologies to reach the goal of room
temperature CW operation. These different technologies are discussed in thisTpajterthis article: A. Joullié, P. Christal,

C. R. Physique 4 (2003).
0 2003 Académie des sciences. Published by Editions scientifiques et médicales Elsevier SAS. All rights reserved.
Résumé

Diodes laser a base GaSb pour moyen infrarouge (2-5 um). Les diodes laser émettant en continu a température
ambiante dans le moyen infrarouge (domaine spectral 2-5 um) sont réclamées pour des applications telles que la spectroscopie
d’absorption par diodes lasers accordables (TDLAS) et le contrdle de I'environnement. Aujourd’hui de tels composants
semiconducteurs n’existent pas, a I'exception de diodes laser a puits quantiques de type-l GalnAsSb/AlGaAsSb qui présentent
d’excellentes performances a température ambiante, mais uniquement dans le domaine 2.0-2.6 um. Au dela de 2.6 um, les
lasers & puits quantiques de type-ll & GalnAsSb/GaSh, les lasers « W » utilisant le systéme de type-lll InAs/GalnSb, et les
lasers a cascade quantique a transitions inter-bandes dans le systeme InAs/Ga(In)Sb/AISb, tous élaborés sur substrat GaSb,
constituent des filieres compétitives pour atteindre I'objectif d’'un fonctionnement en continu a température ambiante. Ces
différentes technologies sont discutées dans cet arfflole. citer cet article: A. Joullié, P. Christal, C. R. Physique 4 (2003).
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1. Introduction

Light emitters operating in the mid-infrared (MIR) wavelength domain (2-5 pum) are desirable for many applications in
telecommunications and molecular spectroscopy. Optical telecommunications can be achieved through the 2-2.5 um and 3.5—
4 um high transparency atmospheric windows [1]. Gas detection with a high resolution can be developed because a lot of
polluting gases and combustion products have strong absorption lines in the mid-IR reg(2.0lidm), HF (2.5 pm), CH
(2.35 um and 3.3 um), HCHO (3.5 pum), HCI (3.5 um}»QN(3.9 um and 4.5 pm), SQ4 um), CG (4.25 pm) and CO (2.3 um
and 4.6 pm) [2].

The use of MIR semiconductor lasers emitting at room temperature offers rich possibilities for areas such as atmospheric
pollution monitoring, industrial process control, leak detection, automotive engine exhaust analysis, drug detection, aid for
the medical diagnosis of disease. Other important applications include laser surgery, rangefinding, and IR countermeasures.
These applications require light emitters having a small spectral width and high optical power and brightness. Semiconductor
laser diodes can fulfil these criteria. The goal is to obtain devices operating in continuous mode (CW) at room temperature,
promising compact sources more widely applicable than conventional technology such as optical parametric oscillators. For gas
analysis, tunable diode laser absorption spectroscopy (TDLAS) is classically employed [3]. CW output power of 1-10 mW and
single optical mode emission are required, with the ability to tune the lasing wavelength in a wide spectral domain. For other
applications much higher CW output powersl(W) are needed.

Infrared laser emission was first demonstrated at 3.1 pm from InAs [4], at 5.3 pm from InSb [5,6] and at much longer
wavelengths from PbTe and PbSe [7] p-n junction diodes. During the 1980s, standard mid-IR lasers were exclusively fabricated
from narrow gap lead and lead-tin based I1V-VI semiconductors PbTe, PbSe, PbS, PbSnTe, PbSnSe and PbSSe. Typical devices
were diffused laser diodes, operating at low temperature (4-77 K) in the wavelength range 4-30 um, the shortest wavelength
being limited by the energy gap of PbS or PbTe, to approximately either 4 um or 5.5 um at 77 K [7]. A noticeable improvement in
IV-VI laser properties was achieved with double heterostructure (DH) lasers, and then with multi-quantum well (MQW) lasers,
fabricated using the advanced growth techniques such as liquid phase epitaxy (LPE), hot wall epitaxy (HWE) and molecular
beam epitaxy (MBE) techniques. The laser structures, grown on PbS, PbSe or PbTe substrates, could operate beyond 100 K CW
in the wavelength range 3 to 30 um, using as active layers PbEuSSe or PbSrSe for the short wavelength region 3—4 pm [8-11],
PbEuSeTe or PbEuSe for the 4-8 um range, and PbSnTe or PbSnSe for wavelengths beyond 8 um [12]. Up to the end of the
1990s, the IV-VI lasers remained the only commercially available among infrared semiconductor lasers.

In the last years impressive results were obtained with 11I-V quantum well lasers designed by band structure engineering
[13,14]. The aim of band structure engineering is to imagine new laser structures able to reach small non-radiative Auger
recombination (which is one of the main loss mechanisms in long wavelength lasers) and high optical efficiency. Contrary
to IV-VI systems, llI-V heterostructures possess strong differences in band gap energy and band discontinuity allowing the
formation of deep and confining quantum wells. Besides, the possibility of growing strained layers by MBE offers matter for
imagining and fabricating complex but high-performing laser structures. In 2000, four I1I-V laser technologies have emerged
in this way for laser emission in the mid-infrared: (i) interband lasers including in their active zone GalnAsSb/AlGaAsSbh
type-l or GalnAsSbh/GaSb type-Il quantum wells (QWSs) [15-22]; (ii) type-lll ‘W’ lasers based on the InAs/GalnSbh system
[23—26]; (iii) quantum cascade lasers (QCLs) which employ conduction intersubband radiative transitions in the GalnAs/AllnAs
system [27-33]; and (iv) interband quantum cascade lasers (ICLs) which associate interband transitions and cascade effect in
the type-lll InAs/GalnSb system [34-36]. Excellent performance was obtained in pulsed regime at room temperature or near
room temperature from these different technologies.

Nevertheless there is still no semiconductor laser diode presently able to work at room temperature in a continuous regime in
the MIR wavelength region, with the exception of GalnAsSb injection lasers which could operate CW in the shortest wavelength
domain up to 2.7 um [15]. GaSh-based semiconductor laser diodes are a way of reaching the goal of CW RT operation in a
wide range of MIR wavelengths. In this paper, we present the performance (expected or already realized) of different laser
structures, all employing antimoniure alloys and grown on GaSb substrates: type-l1 GalnAsSh/AlIGaAsSb QW lasers, type-l
GalnAsSb/GaSb QW lasers, type-lll ‘W’ lasers based on InAs/GalnSbh and InAsSh/GaSb systems, and InAs/AISb quantum
cascade lasers.

2. Mid-infrared laser features
2.1. Basic laser structure
A schematic drawing of a GaSh-based laser diode with a Fabry—Pérot cavity is shown in Fig. 1. The active zone is sandwiched

between two thick (2—3 pum) confining layers of high band gap and low refractive index Al-rich AlGaAsSb solid solution lattice-
matched to the substrate (cladding layers). Classically, the substrate and the first cladding layer are n-type (tellurium doped), the
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Fig. 1. Schematic diagram of a laser diode.

active region is undoped, and the second confining layer has a p-type conductivity (beryllium doped). A thin and highly doped
GaSb layer is grown at the top of the structure for contacting. It is often recommended to insert a layer of graded composition
between the substrate and the adjacent confining layer, or generally between each confining layer and the adjacent low band
gap material, in order to facilitate carrier injection and reduce the series resistance of the laser diode. InAs/AISb superlattice
has been proposed as material for cladding layers [37]. Compared to AlIGaAsSb quaternary alloy, the superlattice provides a
straightforward lattice-match to the substrate and circumvents the need for a tellurium dopant.

In QW lasers the active region consists of quantum wells shared in the centre of a spacer layer (called waveguide layer)
which has a lower band gap energy and higher refractive index than those of the two adjacent cladding layers. The role of this
spacer layer is to reduce the penetration of light in the cladding layers in order to decrease optical absorption loss [38]. QW
lasers can be classified into three categories, depending on the nature of the band alignment at the well-barrier interface (Fig. 2):
nested (type-l), staggered (type-11) and broken gap (type-lll). In the first case electrons and holes are confined into the same
material (Fig. 2(a)), while in the two other cases carriers are spatially separated into the adjacent layers. As a consequence
indirect radiative recombinations are generated (Fig. 2(b) and (c)). Note that the type-Ill band alignment is a particular case of
the type-Il alignment where the conduction band of the well is placed below the valence band of the barrier (Fig. 2(c)).

The knowledge of conduction and valence band-offsets at the heterostructure interface is fundamental for the design of the
QW laser. Using band gap values, extracted from standard parameters of IlI-V compounds [39,40], and valence band-offset
values of IlI-V unstrained hetero-interfaces, calculated from the data of Tsou [41], it is possible to determine the type of band
alignment for a number of llI-V unstrained heterostructures.

Fig. 3 presents a schematic view at scale of the band-edge alignments of some unstrained 1lI-V binary systems. We can
remark that hetero-interfaces between arsenides (or antimonides) are always type-l, whereas interfaces between arsenides and
antimonides can be type-l (InSb/AlAs, GaSh/AlGaAsSb), type-ll (InAs/AlSb, GalnAsSh/GaSh, InAsSh/InAs) and type-Ill
(InAs/Gash, InAs/GalnSb). Fig. 3 also shows that extremely deep quantum wells (of the order of 1 eV) are realized in the
conduction band by associating compounds with type-Il or type-Ill band offsets (e.g., INAs/AISb, InAs/GaSbh).

2.2. State of the art of mid-infrared laser performance

In Fig. 4 is reported the maximum temperature of operaligax achieved to date from semiconductor laser diodes emitting
CW in the mid-IR wavelength region. Two groups clearly appear.AFar2.7 pm, GaSh-based type-l GalnAsSh/AlGaAsSh
and type-ll GalnAsSb/GaSh QW lasers could emit CW at and above room temperature, best results being obtained with type-I
lasers max= 130°C atA = 2.3 um [21]). Beyond 2.7 um there is no laser system operating CW in the mid-infrared at room
temperature. Maximum CW operation temperatures are 195 K for type-1ll ‘W’ InAs/GalnSb lasets a8 um [25], 223 K
for PbEuSeTe/PbTe QW laser at= 4.2 um [42], and 210 K for GalnAs/InAlAs strained QCL at= 5.2 um [33]. It can
be noted that, except for quantum cascade lasers, the maximum temperature of ofigratioagularly decreases with the
wavelength.

In Fig. 5 the maximum CW output power per facet exhibited by the devices is shown. The two groups of laser diodes are
again observed. High CW optical power were reported from type-1 GalnAsSb/AlGaAsSb QW lasers (1.9 W at 2.0 um [43,44],
680 mW at 2.3 pum [45], 1 W at 2.5 um [46]). A strong decline of the performances is visible beyond 2.7 um. For the second
group of llI-V systems, noticeable output power was measured at low temper&tsr8Q K). The highest reported CW powers
per facet are 140 mW at 3.25 pum for type-lll ‘W’ InAs/GalnSb laser [25], 215 mW at 3.4 um for type-I INAsSb/AlInAsSb QW
laser [47], 100 mW at 3.7 um for InAs/GalnSb ICL [48] and 150 mW single mode at 4.6—4.7 um for GalnAs/AlinAs QCL [28].
Lead salt lasers exhibit weak output powers, of the mW order [11].
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Fig. 2. The different types of band alignment: (a) type-l; (b) type-ll; (c) type-Ill (often called type-IlI broken gap, and by word confusion,
type-11). The fundamental electron-hole transition el-hh1l is showed.

2.3. Limiting physical parameters

The main physical parameters responsible for the performance limitations at long wavelengths can be found by considering
the threshold current density of a laser diode. The different contributions to the current in an injection laser are the non-radiative
Schockley—Hall-Read (SHR) recombinations on deep levels, the interband spontaneous recombinations, and the non-radiative
Auger recombinations [49]:

J =qd(Rnr+ Rsp+ RAuger)- 1)

In Eq. (1) J is the current density/ is the width of the active regiorRny is the SHR recombination rat&gp the radiative
recombination rate anfiayger the Auger recombination rate. Eq. (1) is described by the phenomenological equation:

J =qd(AN + BN? + CN3), )

whereN is the concentration of the injected carriers (supposed much higher than equilibrium carrier concentrations of the active
region). A is the non-radiative SHR coefficiens, is the spontaneous emission coefficient &his the Auger coefficient. The
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laser threshold is obtained when the modal gajfoq(N), which increases with the injected carrier concentraNgribecomes

equal to the total optical lossegyta):

Gmod(N = Nih) = I'Gmax(N = Nth) = ttotal = Aint + ¢Fp. 3

I is the optical confinement factoGmax is the maximum optical gain for an injected carrier concentrafibnynt is the
internal loss coefficient anglrp is the mirror loss of the Fabry—Pérot cavity. The carrier concentration at threskpld then
determined by Eq. (3), and the threshold current denkitys given by:

Jin = qd (AN + BNG + CNg).

(4)
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For long wavelength lasers, two parameters are of critical importance: (i) the internal losses, and particularly losses due to
free carrier absorptionwhich strongly increase with wavelength [50,51]. This increase induces an increase of the carrier
concentration at thresholsly,. (i) The Auger nonradiative coefficiemthich increases exponentially with the wavelength [49,
52]. As a consequence, the Auger rate, which varie€ &S, is dramatically increased, and the Auger contribution to the
threshold current becomes the dominant mechanism at room temperature.

In the free carrier absorption mechanism, the photon disappears by collision with a free carrier, electron or hole, which
increases its energy. That increase requires a change inwae vector with the aid of a diffusion mechanism (impurity,
optical phonon). The free carrier absorption mechanism is not simple to quantify. A practical equation is:

afc =K - [N (cm™3)/20t] - [% (um)/9)”, ®)

whereK and p are constants dependent on a given material [51,53]. Fig. 6 shows the variation of the free carrier absorption
coefficientasc of different mid-IR materials as a function of the carrier concentradofor a wavelength. = 3.5 pm. One can

see that they value for AIAsSb material, which is currently used as the cladding layer in a mid-IR laser structure, becomes high
(~20 cni1) at carrier concentrations around¥am=3 which are typical values for injected carriers at threshold. Inversely,

the free carrier absorption coefficient of GaSb, InAs angl 4Gay g5ASo. 035k 97 Materials, which are usually employed as
waveguide layers, remains reasonably small{3 cni 1 at N = 108 cm*3).

Two examples of Auger recombination processes are given in Fig. 7. They concern the CHCC and CHHH mechanisms in
type-Ill quantum wells. In the CHCC process the conduction to heavy hole CH recombination 1-2 is accompanied by an electron
transition 3—4 to a higher energy conduction band state CC. In the CHHH process the CH recombination is accompanied by a
hole transition 3—4 to a higher energy valence band state HH. In that mechanism if HLH3 transition energy is equal to the E1H1
transition energy, the Auger CHHH mechanism is highly probable. However, the band structure can be designed to suppress
this ‘resonance’. In this case, the multi-hole CHHH process becomes energetically unfavorable, and cannot occur.

Such considerations brought a number of authors to predict extremely small Auger coefficients for type-Ill quantum
wells [54-56]. In fact the reduction of Auger effect in this kind of heterostructures is real, but much less than theoretically
estimated, as shown in Fig. 8. In Fig. 8 the Auger coefficients for a number of mid-IR materials experimentally determined
at room temperature or near room temperature by Meyer et al. [57], Vurgaftman et al. [26], Joullié [20], and Pautrat [58] are
reported. The following findings can be drawn from these experiments. In the 2-5 Fig. 8 pm mid-IR wavelength domain, the
Auger coefficient of I1I-V compounds strongly increases with temperature (frdre28 cmP/s to ~10726 cmB/s). In the
wavelength range 2.0-2.6 um type-Il staggered GalnAsSb/GaSb quantum wells show Auger coefficients smaller than those of
type-I GalnAsSh/AlGaAsSh quantum wells. In the 3-5 um wavelength region, InAs/GalnSb type-IIl ‘W’ quantum wells show
smaller Auger coefficients than bulk material (InAs, InAsSb). This reduction is noticeable (its corresponds to a%ctor
but it is far from that predicted by calculations. Around 4 pm, the Auger coefficient of lead salts is strongly inferior to that of
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IlI-V systems by a factor superior to 10. This explains the high temperature operation of lead salt devices (Fig. 4), while small
radiative efficiency can explain their weak optical power.

3. Typel GalnAsSb/AIGaAsSh laser diodes

Laser diodes based on the GalnAsSb/AlGaAsSb system have the structure of Fig. 1 with an active region employing com-
pressively strained (1-2%) quantum wells ofiGalny As, Shy_,, and GaSb lattice-matched barriers of Sl AsySby_,
having a moderate aluminium contenrt-£ 0.20-0.35). They are classically grown by MBE. The type-l GalnAsSb/AlGaAsSb
system offers the following advantages:

e a strong electrical confinement for electronsHc ~ 300—400 meV) for the increase of radiative efficiency;

e an important difference in the refractive indéan ~ 0.4) of AlGaAsSb spacer and fbGay 1ASy.08S.g2 cladding
layers, for high optical confinement;

o a small Auger coefficient@ayger~ 5 x 10~2° cnP/s ata = 2.05 pm [20]) for the reduction of threshold current. This
small value is the result of two factors: the vanishing of the ‘resonance’ between the effective band gap E1H1 and the spin
split-off energy transition H1S1, resonance which occurs for GaSh and gallium-rich alloys [59], and the low in-plane mass
for holes due to strain with as a consequence an increase of the Auger activation energy [60].

The conduction and valence band energy levels of a typical laser structure, designed for 2.3 um wavelength emission, are
schematically depicted in Fig. 9. The thickness of the spacer must be sufficient to avoid excessive penetration of the emitted
light into the cladding layers. If this is not the case, there is strong absorption of photons by free carriers in the doped cladding
layers, inducing high internal optical losses (cf. Fig. 6).

Ridge lasers with cleaved Fabry—Pérot (FP) cavity of 1-2 mm length are the standard laser devices. They use broad stripe
contact (100 pm) for high power emission and narrow stripe contact (5—10 pm) for single mode transverse operation. A cross
section of a ridge laser is shown in Fig. 10. The ridge geometry is generally obtained by reactive ion etching itfa SiCl
plasma, etching being stopped in the p-AlGaAsSb cladding layer just above the active region. A too deep etching favors lateral
waveguide modes; a too shallow etching increases the laser threshold because of the lateral current spreading. The wafer is
planarized by a thick layer of polymer so that the device can be indium-soldered p-side down onto cooled copper heatsink. That
situation promotes the heat evacuation from the device through the support. In order to collect the maximum output power, the
FP facets are often coated with antireflection layer (3—5%) at the front facet, and high reflection layer (95-97%) at the rear facet.
The reflectivity of uncoated facets is around 30%. The obtention of low resistivity ohmic contacts is of primary importance in
CW operation. Using a Au (or Au/Te) sputtered layer for n-type GaSb and sputtered Au/Zn for p-type GaSb, specific contact
resistivities inferior to 10° Qcm? are obtained. The series resistance-&1 2 for broad stripe lasers andl Q for narrow
ridge lasers.
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Such type-l GalnAsSb/AlGaAsSb lasers having the band structure of Fig. 9 emitted CW at room temperature near 2.3 um
with low threshold current, varying from 100 to 30Q'&? depending on the cavity length and the number of quantum wells.
The characteristic temperatufg, which indicates the temperature sensitivity of the threshold cufkgnt Ioexp(T/Tp), is
higher than 100 K. The external differential quantum efficieagydefined as the ratio of the number of emitted photons per
second on the number of injected electrons per second®-60%. Linear relationships betweemg and the cavity length
were observed, furnishing typical internal loss coefficiept ~ 10 cn ! and internal quantum efficienaypn; ~ 60-80%.

For broad area lasers, the emission spectrum shows longitudinal and transverse modes. The CW output power is high with
a maximum value close to 1 W. The plug power efficiency-iB0%. In pulsed-current mode the peak power is nearly 5 W.
These results are excellent, and could be still improved by reducing the thermal resistance of the mounted device, as predicted

in Fig. 11.
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For narrow ridge lasers, transverse modes are suppressed and, in some cases, only one longitudinal mode is observed. Lasing
wavelength can be changed by varying the injection current or the temperature. The tuning rate versus sux@hhisy mA,
and the temperature tuning is of the order of 1/A@. The current threshold is small (20-60 mA), with a characteristic
temperature of 110-130 K, and an emitted power higher than 10 mW in CW regime. This kind of lasers could emit CW above
RT up to 140°C, and up to 180C in pulsed regime [21] providing a very large temperature tuning interval by simple heating.
Industrial applications need data about the lifetime of the devices. A lifetime of more than 15000 hours of CW operation has
been demonstrated [61] with such a type-I GalnAsSb/AlGaAsSb laser diode emitting around 2.27 pum.

By increasing the indium and arsenic content of the GalnAsSb solid solution emission wavelength can be increased from 2.0
to 2.78 um [15,18]. A weak degradation of the threshold current density (per QW) and maximum CW output power performance
is noted up to. = 2.6 um, which can be attributed to two factors: the reduction of valence band-affsgtnducing a loss in
hole confinement, and the increasing importance of the Auger process with wavelength. Beyond 2.6 um, a brutal deterioration
is observed, certainly due to the fact that compositions of the GalnAsSb QWs having effective band gap energies higher than
2.7 um lie inside the solid phase miscibility gap of the quaternary alloy [62].

4. Type-ll GalnAsSb/GaSh laser diodes

In relation to the type-l1 GalnAsSb/AIGaAsSbh QW system, type-Il GalnAsSb/GaSh system offers two main important
advantages: (i) a smaller Auger rat€ager~ 5 x 10729 cme/s at 2.35 um); and (ii) the possibility to extend the emission
wavelength beyond 2.8 um, up to 3.5 um [40]. The problem for type-II heterostructures is the weak overlap of electron and hole
wavefunctions, electrons being localized in one layer (quantum well) while holes are localized in another (GaSb barrier). The
consequence is a weak optical efficiency and a strong increase in current threshold. In fact, it was demonstrated [40] that under
injection, the localised electrons in the quantum well ‘pull’ the holes from the adjacent GaSb barrier due to Coulomb interaction.
Such an interaction induces a modification of the band structure near the heterointerfaces, generating narrow quantum wells in
the GaSb barriers (Fig. 12). Consequently, holes are confined in a nearly triangular potential close to the QW interfaces, and
their presence probability near the quantum well is strongly increased so that the electron—hole wavefunction overlap becomes
important. In these conditions, the reported good performance from type-ll GalnAsSbh/GaSb QW lasers are not surprising [19,
22,63-67].

The initial structure [64] contained five 7-nm-thick §&gslng 355ky 854S 15 quantum wells between 30-nm-thick GaSb
barriers, the total thickness of the active zone being 0.3 pm. The wells and the barriers had a type-Il band alignment with a
valence band offseh Ey of 80 meV (the heavy hole subband for the QW) and a conduction band afi&gt= 350 meV.

The wide mesa lasers emitted between 2.35 pm and 2.39 pm at room temperature. The threshold current density monotically
decreases from 2.5 k&m? to 400 A/cm? when the cavity length increases from 200 um to 1500 um. The characteristic
temperature wa%y = 60 K. Ridge waveguide 8-um-wide lasers operating in CW regime at RT were fabricated from a similar
wafer [67]. The lasers had threshold currents in the range 60-140 mA and emitted 2 tg/faceidf optical power in the

range of 2.34-2.4 pm.
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Fig. 13. (a) Emission spectrum of a type-ll GalnAsSh/GaSb laser diode measuretiGitdt (b) dependence of the peak wavelength on
current, after Yarekha et al. [22].

The emission wavelength of the type-Il lasers with GaSb barriers was increased to 2.65 um by use g@&thg £5éy 7g—
Asg. 22 alloy in the 7-nm-thick wells [66]. A pulsed threshold current density of 1.3deA with a characteristic temperature
To = 45 K has been obtained for 80-um-wide devices. Total peak output power reached 130 mW with a differential quantum
efficiency of 14%. From the cavity length dependence of the reciprocal external differential quantum efficiency for 2.35 pm
Gap g5lNp. 355 85ASp.15/GaSb and 2.65 um @alng 5Shy 78AS0.22/GaSh type-Il laser structures, the internal quantum
efficiency njnt and the internal losgj,; were found to be 45% and 17 ch for 2.35 um laser and 33% and 62 Thfor
2.65 um laser. The relatively high values of internal efficiency, for both type-Il QW structures, were explained by the Coulomb
enhancement under injection [40].

Employing broadened 0.8-um-thick waveguide and an optimized QW growth procedure internal losses were reduced from
17 to 7.8 cnt! and the laser performances were considerably improved [22]. The 10 pm ridge lasers operated in CW regime
up to 50°C with an output power of 20 m\Wacet at RT. The internal quantum efficiency was found to be 89% and the power
efficiency reached 20%. The lasers exhibited single frequency operation in a large range of currents and temperatures. The
side mode suppression ratio reached 30 dB (Fig. 13(a)) and was nearly constant between longitudinal mode hops. Hysteresis
was observed in the lasing wavelength versus current characteristics (Fig. 13(b)), which indicated autostabilization of the main
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mode. The high side mode suppression ratio (SMSR), comparable with that of DFB lasers, and the observed autostabilization
of the lasing mode have been explained by the photorefractive effect due to DX centers in the Te-¢ppdld 68ln . 95AS0.05
cladding layer acting as a periodic saturable absorber.

Like type-I GalnAsSb/AlGaAsSb laser diodes, Fabry—Pérot devices based on type-Il GalnAsSb/GaSb system appear really
interesting for gas analysis by TDLAS. Their performance in the 2.0-2.6 um wavelength range are inferior to those of type-I
lasers, partly because the optical efficiency — despite Coulomb interaction positive effect — is smaller, partly because near 2 pm
the electron confinement in quantum wells with GaSb barriers is lower than that due to AlGaAsSb barriers. However, around
2.7 um and beyond, type-Il GalnAsSb/GaSh QW lasers could constitute a way for achieving CW RT laser emission, specially
in the 2.7-3.5 pm wavelength range.

5. Type-lll InAgGalnSb ‘W'’ laser diodes

To achieve laser emission in the 3-5 pm mid-wavelength infrared region, a wide variety of Sbh-based systems, grown
on GaSb or InAs substrates, have been investigated. There are InAsSb/InAsPSb [68,69] and GalnAsSb/AlGaAsSb [70]
double-heterostructure lasers, type-l or type-ll quantum well lasers with InAsSb/InAs [71-73], InAsSb/InAIAsSb [47,
74], InAsSbh/InAsP [75,76] or InSb/AlInSb [77] heterostructures. All these traditional systems have presented excellent
performances at low temperatures, but laser emission was limited to 225 K in pulsed regime and to 175 K in CW regime
(Fig. 4) [47].

To improve the maximum temperature of operatiruy, a new laser design has been proposed based on interband type-

Il broken gap InAs/GalnSb/InAs ‘W’ structures [23]. The designed active region is made of several QW periods, each period
including a GalnSb ‘hole’ quantum well sandwiched between a double InAs ‘electron’ quantum wells, what forms a conduction
band profile in the shape of a ‘W’ (Fig. 14). This system presents several advantages. First, the ‘W’ arrangement induces a phase
position of the carriers that increases the electron—hole overlap integral and hence the optical matrix elements, giving values
comparable to type-l structures. Next, this structure keeps the advantages of type-ll ones like a substantial reduction of Auger
recombination [54,57] and internal losses [78], because of the small in-plane electron and hole masses and the elimination of
the resonance between the energy gap and the split-off valence band or with any other lower valence sub-bands.

Excellent results have been obtained by the ‘W’ structure design reported in Fig. 14 [24—26]. The active region consisted of
five or ten W periods of InAs (15 A)/Gayging 2sSh (27 A)/InAs (15 A) separated by AIGaAsSb (80 A) spacer layer. This layer
furnishes a two-dimensional dispersion for both electrons and holes with strong confinement in each ‘W’ period. These MQWs
are embedded in a 0.6 pm thick AlGaAsSb waveguide layer to maximise the optical confinemenf factbe active region,
while minimizing free-carrier absorption losses in the cladding layers. The optical cladding layers are made from AlGaAsSb,
lattice-matched to GaShb. The fundamentahé; optical transition was expected around 3.3 um at RT.

For a reasonable injected carrier concentration N3Dx 1018 cm~3, the calculated modal gain can reach 230 énat
T =100 K and 35 crii! at T = 300 K. This last value confirms that the ‘W’ structure can theoretically operate at RT, but

GalnSb fﬁa $Sb
l conduction
[] H band
I { i1 valence
o o 0 * ¥ band

I<f If > =57 %

1" "hhi

Fig. 14. Schematic band diagram of the InAs (15 A)/GalnSb (27 A)/InAs (15 A)/AIGaAsSb (80 A) ‘W' laser structure. In the lower part,
the fundamental electron (and heavy-hole (hf) presence probability densitieélfand ﬁhl are reported. The carrier wavefunction overlap
is 57%.
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only for laser structures having small optical losses with excellent structural quality of the grown layers. Modal gain versus
total current density/ (Eq. (2)) is shown in Fig. 15. Standard values for Sh-based structures are considered [79]: the non-
radiative recombination coefficient = 108 s™1 can be taken as temperature independent; the radiative coeffRiersts

taken equal to % 10711 cm3/s and 4x 10711 cm3/s and the Auger coefficier@, which governs the current, was fixed at
C=5x1029c¢m®/s andC =5 x 10727 cmP/s, atT = 100 K andT = 300 K, respectively. The theoretical results confirm

the experimental values reported in [24,25] with a threshold current density of;kémgﬁat 300 K.

The laser devices were processed into 100 pm-wide stripes. In pulsed regime (0.2-0.5 us, 200 Hz), the device, with ten
‘W’ periods, operated up to 310 K. At this temperature, the laser emission was observed at 3.27 um, the output power was
370 uW and the threshold current densify was 25 kA/cm?. On the other hand, in the continuous regime, the best results
were obtained with five ‘W’ periods. At 80 K the measured threshold current density wasltﬁﬁzAand the CW output
power was 140 mW. The CW lasing performances improve when the number of QWSs is kept small to limit the threshold while
in pulsed regime at higher temperature, the ten-period devices outperformed the five ones because important gain is needed.
CW measurements yielded a maximum operating temperature of 195K with a threshold current density qfcﬂn%f &Ad
a characteristic temperatufg = 38 K [25]. To date, this result is the highest CW operation temperdiyes for the 11I-V
mid-infrared laser diodes.

6. Type-lll interband INAs/GaSh/AlISb quantum cascade lasers (ICLS)

In the QC laser the conduction band discontinuity between the two semiconductor materials would be much higher than
inter sub-band transition energy in order to avoid electron leakage above the quantum well. This is not the case in the 3—
5 pum range with type-l1 QC lasers based on InP lattice-matchegy @ 53As/Alg 49Ng 50As system A Ec = 520 meV).

A means to increase the band discontinuity is to employ strain compensated GalnAs/AlInAs laykrs- (740 meV for
Gay 3lng.7As/Al g glng.4As system). QC lasers based on these materials could emit at shorter wavelengths up to 3.4 um [29].

Another system was proposed for the realisation of inter sub-band QC lasers operating in the 3-5 pm wavelength range:
the InAs/AlISb system grown on GaSb substrate [80]. The very high conduction band discontinuity (2. @diats) of this
material system allows the design of QC devices at short wavelengths. First results are encouraging, and efforts are being made
to improve the design of the QC structure to achieve laser emission at room temperature [81].

In these type-l quantum-well lasers the main problem to solve is the fast non-radiative relaxation between sub-bands via
optical phonon scattering, of the order of 1 ps, leading to a low radiative efficiency and to a substantial heating which limit
their performances. By using a new class of quantum cascade lasers based on resonant interband tunnelling in a leaky type-lIl|
broken-gap system, it is still possible to improve the characteristics of these QC lasers [34,82,83]. The type-lll broken-gap
alignment provides two necessary conditions for achieving an efficient population inversion: a good confinement of electrons at
the upper energy and, due to the existence of a window near the bottom of the well, a fast electron tunnelling rate at the lower
level. The most appropriate system for the design of such structures is the type-lll InAs/Ga(In)Sb/AISb poly-type material
system where the radiative transitions arise from InAs/GaSb or InAs/GalnSb quantum wells.
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Fig. 16. Band diagram (not to scale) under bias of a quantum cascade laser based on interband transitions in a AISb/InAs/GaSb quantum well
structure, following references [34,82,84].

A type-lll interband QC laser using the InAs/AISb/GaSb system is shown in Fig. 16 [34,82,84]. The basic unit of this
structure comprises two coupled InAs/GaSb QWS, which are designed to have, under an external electric field applied along
the growth direction, the ground electron levgl in the InAs QW above the valence band edge of GaSb, and the ground hole
level Hy in the GaSb QW above the conduction band edge of InAs. Electrons enter from the left and are injected by resonant
tunnelling from the injection region (a graded AllInAsSb solid solution or a digitally graded InAs/AISb superlattice) into the
InAs quantum well. They are blocked by GaSb and AISb barriers which prevent tunnelling to the next collection/injection
region and may escape only by making optical transitions to the valence band of the GaSb quantum well. They finally transfer
to the collection region through elastic interband tunnelling.

The main advantage of this type-Ill interband QC laser towards an intersubband QC laser is the suppression of the non-
radiative relaxation between the two states via optical phonons. Another advantage is the substantial penetration of the light-
hole state into the InAs QW, while the heavy-hole state is localized inside the GaSb QW [82]. Thus a strong spatial interband
coupling is provided between electrons and light holes whereas the spatial interband coupling between the electrons and heavy
holes is very weak. This feature has two positive effects. First the CHCC and the CHHH Auger recombination processes
involving an electron-heavy hole recombination are small. Next the population inversion between the two transition states is
easily achieved due to the high interband tunnelling rate of the light hel@d (ps). As a consequence the radiative efficiency
can be very high in this type-Ill interband QC laser.

IC lasers were first demonstrated in early 1997 [85]. Shortly thereafter, type-lll IC lasers were improved, with encouraging
results~0.5 W/facet peak power, relatively high external differential quantum efficien@00%), high temperature operation
at 3.5 um [86-88]. In 1999, significant advances [35,36,89] were made in the development of IC lasers. The laser structure,
grown on a p-type GaSb substrate, had about 20 repeated periods of active regions separated by n-type injection regions, that
form the waveguide core. Two n-type InAs/AISb superlattices were used as top and bottom optical waveguide cladding layers,
with thicknesses of-2 pm. Digitally graded InAs/AliInSb multiquantum wells were employed for the injection region, which
serves as a collector for the preceding active region and as an emitter for the following one. Each active region comprised
coupled QWs, stacked sequentially with as an example [89] 23 A AISb, 25 A InAs, 36IG#3Sb, 15 A AlSb, and
58 A GaSb layers. Electrons injected into the first InAs quantum well emit a photon by making a type-Ill interband optical
transition to the valence band of the GalnSb hole quantum well. They next tunnel across the AISb barrier into the valence band
of the adjacent GaSb hole well, from which they can make the transfer mentioned above to the conduction band of the first
InAs quantum well of the injected region. Excellent results have been reported from ICLs having this design: record external
differential quantum efficiency~§500%) and high peak output power4 W/facet) at 80 K, increased maximum temperature
of operation (217 K) at emission wavelengths 3.8—-3.9 um, and peak power efficien@af

IC lasers with a similar structure but designed for 3.6—3.8 pm emission, could emit in the continuous wave mode up to 127 K
(250 K pulsed) [48]. Fig. 17 shows the current-voltage-light characteristics for such a laser under CW conditions. The operating
voltage is~6.5 V, only ~107% of the minimum voltage required in an ideal case (humber of periods multiplied by the photon
energy in eV). It presents no obvious change in the temperature range from 60 to 120 K. An abrupt reduction of the differential
resistance was observed at the threshold, as shown in the bottom of Fig. 17. At 80 K the threshold current density is as low
as 56 A/cn12, the CW optical power is 25 mWacet (at a current leval = 100 mA) and the differential power efficiency is
391 mW/A, corresponding to a differential external quantum efficiency of 232%. The power efficiency at 80 K is 7.5% (at
100 mA).

A noticeable improvement is expected at high temperature using type-Ill active region with the ‘W’ geometry. As discussed
in Section 5 the enhancement of the carrier wavefunction overlap would increase the differential gain and, consequently, lower
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Fig. 17. CW operation of a mesa-stripe InAs/GalnSb IC laser at several temperatures. Voltage-current and output power-current characteristics
(top), differential resistance and power efficiency versus current (bottom), after Bruno et al. [48]. Published with permission of the authors, and
the American Institute of Physics.

the threshold current density. IC lasers with W active region were grown on p-type GaSb substrates with similar structures to the
above ICLs, but including additional InAs QW inserted between the GalnSb and AISb layers in each active region [90-93]. No
improvement was observed concerning output power efficiency, but higher temperature of pulsed operation could be achieved
(up to 300 K [93]) for such ‘W’-ICLs emitting around 3.5 pm.

These type-lll IC lasers offer numerous variations of cascade structures, and parameters such as carrier transport, non-
radiative processes, internal absorption losses, which substantially affect the laser performance, could be improved. As a
consequence, interband QC lasers are still far from optimum, and well promising for the achievement of MIR injection laser
devices.

7. Conclusion

Several technologies are in competition for the achievement of mid-infrared laser diodes operating CW at room temperature:
type-1 GalnAsSh/AlIGaAsSb MQW lasers, type-Il GalnAsSh/GaSb MQW lasers, lead salt lasers, inter sub-band GalnAs/InAlAs
and InAs/AISb quantum cascade lasers, type-lll ‘W’ InAs/GalnSb lasers, and interband cascade lasers based on the same
system.

In the 2.0-2.6 pm wavelength range impressive results have been obtained from type-1 quantum well GalnAsSb-AlGaAsSh
lasers: CW output powers of the order of 1/fcet at 300 K, threshold current densities of 50—15@m, characteristic
temperaturedy higher than 100 K, CW operation up to 140, high internal efficiencies and extremely small internal loss
coefficient (as low as-2 cm~1). Gas detection by TDLAS using Fabry—Pérot ridge laser diodes operating around 2.3 pm was
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successfully demonstrated. In that range of wavelengths, type-I GalnAsSb/AlGaAsSb MQW laser diodes appear as the best and
already well-established technology.

Beyond 2.6 um the other technologies under consideration showed encouraging performance, but they must be optimised to
achieve the goal of CW mid-infrared emission at room temperature.
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