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in a complicated way on the laser output power and optical quality of the laser beam. This paper has been

devoted to a description and a short analysis of the factors that decide about radiance of so far developed
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1. Introduction

Appearance of quantum cascade lasers (QCLs) in 1994 [1]
opened up a long time expected feasibilities for development of
semiconductor lasers capable to emit infrared radiation in a wave-
length range extending from around 3 pm [2] to terahertz [3,4].
This ability remarkably enhances applications of semiconductor
lasers in spectroscopy, free space communications and security,
including directed infrared countermeasure systems [5-7]. Spec-
troscopy takes an additional advantage that in the mid-infrared
(MIR) wavelength band the emission linewidth can be as low as
12 kHz [8]. The 3 wm wavelength limit arises due to a small conduc-
tion band offset for QCLs made of classic InGaAs/InAlAs structures
grown on InP substrates. That can be overcome to some degree by
application, for instance, InAs/AlSb compounds grown on InAs or
GaSb [2], but this technology is still immature. Extending the QCL’s
wavelength to terahertz region meets a number of difficulties and
requires cooling of the device. Solutions are found either by devel-
oping special waveguides [3] or employing intra-cavity terahertz
difference-frequency mixing in a dual-wavelength QCLs [4].

Advancements in physics, fabrication technology, properties
and applications of the QCLs have been too important and inter-
esting to be left unpublicized. As a result, the number of papers
devoted to various aspects concerning these devices is now enor-
mous. In particular, the review papers like those by P. Rauter and F.
Capasso [9] or M. Razeghi et al. [10] and many more [11-13], both
the older and new ones, give a very good survey of the subject.

The purpose of this paper is to draw attention to QCL’s beam
radiance (termed also brightness) as this feature is in practice the
real criterion of the laser performance. That is particularly true for
applications that require the presence of high power laser beams
at remote locations. Radiance becomes then a laser figure of merit.
This topic has been already elucidated by P. Shukla et al. [14] but it
was mainly devoted to various types of lasers designed for mate-
rial processing. In addition, the content of that paper has left some
doubts concerning definitions of the laser beam radiance and, thus
encouraged us to undertake discussion of the subject.

Our paper concentrates on the analysis of MIR QCL’s parameters
that decide about their radiance and are deducible from laser prop-
erties described in the literature. We have paid special attention to
lasers operating within spectral atmospheric windows extending
from 4.5 to 5.5 wm and from 8 to 9 wm as they are relatively free
of absorption by water (see Fig. 1) and, therefore are most suitable
for the systems operating at remote locations.

In addition, the wavelengths corresponding to the first window
lend itself to production of high power QCLs. That is because pho-
ton energy at (275 meV for 4.5 wm) comprises a large fraction of the
band offset of conventional lattice matched AllnAs/InGaAs struc-
tures (520 meV) and highly strained InP-based material can be used
for production of high-performance QCLs emitting at A <5.5 pm
using MOCVD or MBE layer growing processes [15-18]. The intro-
duction of the strain leads to higher barriers and, as a consequence,
reduces carrier leakage and changes the type of leakage from leak-
age to continuum to shunt-like leakage within the active region
[19]. The QCLs emitting around 4.5 pm wavelengths dominate in
research that brings lasers with still scaling up the WPE (Wall-Plug
Efficiency) and the output power. This remark by no means disqual-
ifies the 8-9 um, QCLs also found to be very useful in mentioned
above applications. In any case, applications like gas sensing for
toxic industrial chemicals and explosives or detection and ranging
or free space optical communications the AllnAs/GalnAs structures
matched to the InP substrates and grown mainly by MOVPE process
dominate in these applications. This remark by no means disqual-
ifies MBE that is still being exploited and delivers excellent QCLs
emitting for instance total powers of 4.5W at room temperature
(RT) when pulsed and 2 W CW (continuous wave) with a wall plug

efficiency of 16% or 10%, respectively [16], and, thus they are in
no way inferior to the best MOVPE-grown QCLs [18]. In any case,
the QCLs technology requires careful optimization of the epitaxial
process. A non-equilibrium Green’s function modelling has proved
to be very helpful in examining electronic transport and optical
properties of the investigated epitaxial structures [20-22].

Parameters used to describe the performance of semiconductor
lasers are, apart from the wavelength, quite often limited to the
output power, the regime of the work: pulsed or continuous wave
(CW), and the maximal operational temperature. The laser beam
itself remains undescribed although as it has been said above, for
applications like remote optical sensing it is essential to be able
to send the beam of high enough power to a long distance. This
deficiency may be partly made up by indicating the so-called beam
parameter product (BPP):

BPP = Dy 6. 1)

Here, Dy is the near-field beam waist width and 6 is the beam diver-
gence angle (assuming that it is close to Gaussian). In reality, the
beams generated by semiconductor edge emitting lasers both diode
and QCL are strongly divergent, radially asymmetric, and by no
means can be treated in terms directly related to Gaussian. Despite
its deficiency, the BPP factor may sufficiently well characterize the
profile of the laser beam that is to be used for applications like weld-
ing or cutting. However, much more sophisticated measures have
to be considered when the beam is to reach some remote locations.
Then, we must know the beam distribution in space and term “radi-
ance” has to be evoked. It is worthwhile to mention that quite often
term “brightness” is used instead of radiance despite the fact that
we deal with infrared wavelengths. Definition and meaning of radi-
ance have been discussed in Refs. 23 and 24. Here we shall quote
only formulas most frequently encountered in the papers dealing
with the problems discussed in the present paper.
Thus the radiance can be expressed by:

cP

__o 2
MV )

Le
where P is the output power, C is some constant dependent on the
definition of the beam cross-section dimensions and divergence
[25], A is the wavelength, M? is the beam distortion measure in
respect to the Gaussian one and, directly from this definition, can
be expressed by the formula:

b4
= Do
where Dy is the beam waist width and 6 is the divergence angle of
the real laser beam [24].

Because there are no unquestioned definitions of Dy and 0 for
non-Gaussian beams, it recommended determining the value of M2
based on the beam matrix P containing second-order moments of
the Wigner distribution:

M? 0, (3)

“x2 > <X¥> <x0x > <x0y >

p_ <XV> <y?> <ybx> <y6y>. 5)
<X9x><y6x><6§> < Bx6y >
<xby > < x0y > < 0x0y > <932,>

Then, the beam quality parameter M? is expressed by the fol-
lowing formula [26]:

M2 = 47”(det P)3. (4)
The beam shape and corresponding M2 factor have become very

important after QCLs came of age and can now operate at room tem-
perature and high output power. The latter and the wide spectral
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Fig. 1. Diagrams showing transmission spectrum of the atmosphere in the MIR wavelength ranges 4-5.5 um and 7-10 pm calculated using the ATRAN modelling software
[http://www.gemini.edu/sciops/telescopes-and-sites/observing-coditions]. Arrows indicate most common wavelengths of the investigated QCLs.

range in which they operate made them suitable for applications
in free space optics if their beams are of high enough radiance.

Unfortunately, the value of the radiance in case of discrete QC
lasers is rarely quoted and can be only deduced from the cited
output power and M? factor, providing that the latter has been mea-
sured [27]. Some rough numbers found in the literature are quoted
in Table 1.

2. Scaling up radiance of a single QCL
2.1. Output power of a single QCL

High output power is a fundamental parameter in the augmen-
tation process of the QCL’s radiance [see expression (2)]. Scaling up
the laser output power can be attained by increasing the number
of the active region stages, sheet carrier density per stage in the
active region or simple enlargement of the laser chip dimensions.
All these ways can be exploited to achieve high peak power in pulse
operation but most of them are of limited usefulness in the case of
CW devices because of their active region self-heating. A high tem-
perature of the active region is detrimental to laser performance
as it leads to the higher threshold current, lower slope efficiency
and, therefore to lower the wall-plug efficiency (WPE), which in
effect diminish maximum optical power of the laser. As these fac-
tors are particularly important in case of the QCLs designed to be
operated in the CW mode, the active region in such lasers should be
designed to suppress the undesirable high-temperature effects and
to provide effective heat dissipation from that region. It should be,
however, remembered that enlargement of the waveguides width
results in lower beam quality due to excitation of a multimode oper-
ation. On the other hand, the increase in the laser cavity length does
not cause any increase in the active region temperature and does
not affect the beam quality. Thus, the advantage of this approach is
that high power can be obtained from narrow devices which are less
subject to self-heating and are therefore less sensitive to limitations
such as the thermal conductivity of the sub-mount. In the range for
which there is the gain not saturated, the WPE in pulsed opera-
tion depends theoretically on cavity length only through mirror
losses, so it can be maximized for a given cavity length by deposi-
tion of a facet coating that will produce the same mirror losses as
those for the optimal length. In result, the output power of QCLs
can be increased while maintaining high WPE by using long cavi-
ties and optimized AR coating [28]. It is to be noted, however, that

the CW WPE strongly depends on the laser slope efficiency the lat-
ter being the result of inter alia injection efficiency inherent to the
mechanism of QC laser operation and losses in the laser structure.
In particular, the slope efficiency is decreased by carrier leakage
through the inactive stages or increasing of the electron backfilling
the lower laser levels. This efficiency clearly depends on thermal
losses in the laser chip and its value is also related to the laser
lateral beam mode content. The last word has not yet been said,
however, just recently [29] it was found that old-fashioned GaAs
QCLs can be still improved by deepening all the GaAs wells in the
laser structure, both in the active region and injectors. The effect
was attained by increasing amount of indium in these wells and
resulted in devices that could operate up to 323 K.

For high power devices, the situation may be complicated by
non-uniform gain saturation due to variations in longitudinal inten-
sity profile along the waveguide. This may have a detrimental effect
on the WPE in case of very long devices (i.e. longer than centimetre
ones) and such optimization does not lead to high power lasers.
Although the losses can be reduced to a certain extent by optimiz-
ing the laser facet coatings, this way turned out not very effective
for high power devices [30]. In any case, mirror losses must be opti-
mized with regard to WPE by deposition of a facet coating properly
adjusted to the cavity length.

It is obvious that heat dissipation from the laser active region
depends strongly on the laser geometry. With reference to QCLs,
their structures can be grouped as shown in Fig. 2.

Most QCL configurations described in the literature have been
designed in form of the index-guided narrow waveguides (i.e. of
the width not exceeding 10 wm) to avoid high order modes and
improve heat dissipation through side waveguide walls. The optical
waveguide, in general, should provide low optical losses and a large
overlap factor of the optical mode with the gain medium. An inter-
esting configuration of a high power QCL has been described in Ref.
31 and shown in Fig. 2b). Its design is an alternative to the typical
design called double channel [Fig. 2a)]. A narrow width low-ridge
configuration is exploited for achieving high peak pulsed power.
The basic mechanisms that play here a role are changes in the lat-
eral current spreading in the layers above the active region. The
narrow waveguide can take in addition an advantage of the current
spreading that leads to a lower threshold current density due to the
mechanism of their operation. But the narrow waveguide QCLs, in
general, suffer poor heat sinking because of the low heat spreading
area. A solution is the buried double channel ridge heterostructure
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Table 1
The QCL’s radiance values selected from the literature to illustrate chronologically the achievable magnitude of this parameter.
Year Ref. No Peak power [W] M? A [pwm] Le [Mwem=—2 cm] Operation Design
2010 66 9 3.5 4.36 3.86 Pulse Broad area PC DFB
2010 80 0.3 <14 4.48 1.73 cwW CBC in the Michelson cavity
2010 91 30 <2 4.6 354 Pulse WBC of QCL array beams in the
external cavity system
2011 85 0.5 (x)1.2 (y) 1.6 4.65 1.38 W Beam combining with
Dammann grating
2011 38 2.5(1.36) (x) 1.06(y) 1.03 4.65 10.6 Pulse (CW) Buried heterostructure
2013 65 4 1.6-1.8 8.1 3.35-4.05 Pulse MOPA tapered
2013 64 2.5-3.8 2.08 225 9.5 1.40 1.87 Pulse MOPA tapered (FWHM 1°)
(FWHM 2°)
2013 61 2 1.3-1.6 9.2-9.7 0.63-1.6 Pulse MOPA tapered
1.25 1.24-1.98 0.07 - 0.72
2014 53 12 3.85 8.7 0.34 Pulse Tilted front facet
2015 55 203 5 4.8 156 Pulse Angled cavity
2016 141 235 (x)6 (y)1.27 4.55 14.89 Pulse Gain-guided
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Fig. 2. Schematic drawings of the currently existing QCL’s designs: a) double channel high mesa, b) narrow low ridge, c) buried ridge waveguide, d) high-power gain-guided.

(BH) [see Fig. 2¢)] having a narrow width of the ridge [32]. That
approach turned out to be the most effective way to achieve the
required parameters and in addition to maximize the heat dissi-
pation from the waveguide core [33-35]. These features combined
with improvements in active region design dramatically increased
the WPE in recent years. The active-region designs that reduce the
carrier leakage evolved from the deep-well design [36] to so-called
shallow wells [33] and so-called step-taper active region [18,19].
While in 2009, the QCLs emitting in the 4.6 wm window deliv-
ered 3W CW with WPE of 12.7% at 293K [34], two years later
in 2011, the attained CW WPE at RT for InP based QCLs, emitting
around 4.9 pm, was of 21% and raised to 27% in pulse operation [37].
The maximum CW RT power output of these lasers reached 5.1 W.
However, due to such enlargement of the waveguides, the laser
operation must be multimode and, as mentioned above, results in
poor beam quality. Xie et al. [38] showed that deterioration of the
beam quality of QCL emitting about 4.6 um starts for the waveguide
width of 7 wm. Record high pulse power of 120 W was achieved
by enlarging the ridge width up to 400 wm although at the same
time the WPE showed some decrease [39]. Whereas, the record of
CW single-mode power from broad area (BA) QCL is 1.36 W [38].
A more detailed analysis of the BA structures has shown that a
wide active region does not prohibit the RT CW QCL’s operation
[40]. Lasers with the active region 30 wm wide, and consisting of
only 10 cascades, emitted 0.6 W CW at temperatures close to RT.
In order to achieve this, it was necessary to provide conditions for
effective heat sinking from the top contact and to limit the thick-
ness of the active region by restricting the number of cascades. The

laser should be mounted epi-down applying well known already
methods and materials. Temperature distribution in the BA QCLs
described in Ref. 40 leads to the conclusion that temperature rise
in the active region scales linearly with the heat density, but is
squared with the active region thickness. Therefore, it is adven-
turous to decrease cascade number even if that will increase heat
density due to the rise of the threshold current density. Thus, the
increase of the laser ridge width can be considered as a promis-
ing route to scaling the laser output power. Unfortunately, at this
approach, the beam profile degrades quickly as higher order lateral
cavity modes are excited. In result, the BA QCLs tend to show multi-
ple peaks in the far-field profile due to exciting higher order lateral
modes and a “rabbit ear” shape in the far field is the typical beam
pattern for BA QCLs. It is so if no special precautions are taken and
the TM polarization facet reflectivity increases with mode index.
The broad area QCLs lase in that case on high order modes with
a far-field profile consisting of 2 lobes propagating at large angles
from the optical axis. Nevertheless, the BA geometry is the most
straightforward approach for power scaling of the QCLs. Due to the
increase in the size of the resonator the output power can be hun-
dreds of times higher than in the case of a narrow ridge device.
As mentioned above up to 120 W peaks power has been demon-
strated in a BA QCL. However, both high output power and good
spatial beam quality of BA QCLs can be achieved only by suppres-
sion of higher order lateral modes. Despite all the drawbacks, the
BA QCLs are very interesting because, unlike diode lasers, in gen-
eral QCLs have negligible linewidth enhancement factor [31] and
therefore should not suffer from filamentation and consequently
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could operate stably in a single transverse mode at currents well
above threshold.

The lasers described above belong to the group termed “index
guided” adequately to the way the mode structure is formed. The
other type of that process may be “gain guiding”. Gain-guided
diode lasers have been known for decades. They generate high
power beams but with rather poor quality. In that aspect, the QCL’s
designs demanded a different approach from the described above.
Therefore, on a special notice deserves described in Ref. 41 idea
leading to high power gain guided QCLs based on the structure
that assures operating at fundamental optical mode. In that struc-
ture [see Fig. 2d)], distribution of the current in the active region
became strongly non-uniform and gain profile corresponding to the
horizontal current density spreading led to gain guiding and effi-
cient optical mode selection. Described lasers emitted 23.5 W peak
power at RT and 1% duty cycle. Due to their efficient optical guiding,
they emitted a single lobe beam with aratio of 1:7 between the hor-
izontal and vertical axis. The estimated value of M2 was around 6.
Unfortunately, the output beam characteristics depended strongly
on the current.

In conclusion, it is quite difficult to develop QCLs emitting a high
power beam and to avoid at the same time an increase of the M2,
Thus, achieving solely emission of high output power is not enough
to attain a laser beam of high radiance.

Regardless of the laser structure, heat generated in the device
must be effectively conducted away. This necessity has impelled
to extensive research on heat spreading in semiconductor lasers
[42-44]. Particular effort has been devoted to soldering process of
the laser chips to heat spreaders. This task has been challenging as
both the heat conductivity of the soldered materials and the strain
between them had to be taken into account. Significant improve-
ment was achieved when so-called epi-down soldering technique
based on using a hard solder (AuSn) has been mastered [42]. Any
research on these problems obviously demanded development of
measurement techniques capable to evaluate temperature profiles
within the laser active region. In that aspect, thermo-reflectance
spectroscopy turned out to be very helpful and has been studied in
details [45,46].

The obvious solution leading to scaling the laser output power
is to operate it in a pulse regime and that is a common practice. It
is important that in a pulse mode operation the laser output power
increases linearly with the width of the device. Still, it should be
noticed that an intra-pulse modal instability and beam steering in
a pulse operated QCLs may take place due to lateral hole burning
[47].

Recapitulating the remarks above one should be aware that in
addition to edge emitting lasers there exists a plethora of another
laser configuration as described below.

2.1.1. Linewidth and tuning of QCLs

The QCLs as a source of penetrating signals provide very pow-
erful technical solutions applicable to spectroscopy used at remote
allocations. They can be designed to operate in a single mode with
a very narrow linewidth and sufficiently high pulsed or CW power
that satisfy spectroscopy requirements. For instance, the power of
2.4W CW has been attained in a single lobe with a side mode sup-
pression ratio (SMSR) around 30dB in the current range of 1-1.7 A
[48]. As mentioned above, the linewidth as low as of 12 kHz was
estimated for a stabilized QCL [8]. The required single mode opera-
tion of the laser is usually achieved by implementing the distributed
feedback (DFB) configuration. For a CW operating DFB QCL, a free-
running frequency stability of 150 kHz over a 15 ms time interval
has been observed [49].

Tuning of the laser wavelength is absolutely necessary for spec-
troscopy applications. The simple DFB QCLs can be tuned either
by changing the supply current or temperature. The best results

- sections

sampled gratings

Fig. 3. Schematic of a multi-section sampled grating DFB QCL.

obtained for the current tuning of 4-5 pum QCLs were of the order
of 5 cm~! [48]. Temperature tuning is slightly more effective and
was executed over arange of 6 cm™! for DFB QCLs operating at 9 pm.
This figure could be multiplied by combining lasers to form an array
with individually supplied lasers [50]. A much better solution relies
on a multi-section sampled grating DFB (SG DFB) technology [51].
An example of such solution is displayed in Fig. 3. It consists of two
sections each containing gratings with sampling periods Z; and
Zy, respectively. Both sections utilized a 30-period grating which
was sampled 3 times. The sampling periods were appropriately
adjusted for different sections to obtain uniform injection tuning
effects. The obtained tuning range was up to 50cm-'.

It is true that internal tuning range limitations connected with
DFB QCL structures can be overcome by applying configurations
based on external cavity feedback. The 303 cm~! tuning range was
obtained for a DFB QCL operating at the central wavelength of 8 um
with a maximum optical power of 200mW [52]. However, these
systems require external optical components and their tuning is
of a mechanical nature. As such, it is slow and dependent on the
mechanical precision.

2.2. Scaling up the radiance by minimizing the value of M2 factor

As it has been shown above, the most straightforward approach
leading to scaling up the QCL output power is increasing the geo-
metric dimensions of the laser. However, simply widening the laser
cavity leads to poor beam quality and multimode spectrum arising
from high-order transverse modes.

If a high power QCL is engineered by the increase of the device
area, its beam profile usually degrades. It is because higher-order
lateral cavity modes are excited and this results in the increase of
M?2. An exception has been described above with reference to gain
guided QCLs, but the obtained results demand further improve-
ments. In any case, high output power is not enough to obtain the
laser beam of high radiance. Making simply the resonator wider
but without changing its shape would induce a degradation of the
beam quality. In fact, a mentioned above rabbit-ear-shaped far field
is the typical beam pattern for BA QCLs.

An interesting solution to this problem has been found by tilt-
ing the laser front mirror (facet) with respect to the optical axis
of the cavity [53]. The non-perpendicular cavity has been realized
by a specific etching of the front mirror that makes them nonpar-
allel. Such mirrors induce asymmetric light intensity distribution
along the laser cavity and hence most of the light is being emit-
ted through only one facet. In the cited work, emission through
the tilted front facet has shown a lower beam divergence, sup-
pression of higher order lateral modes of BA QCLs, as well as the
increase of slope efficiency and of the maximum peak power. The
optimal tilting angle was around 17° and the method was effective
to the waveguides of about 60 wum wide. The peak output power
of 1.3W in a single lateral mode has been obtained and the lasers
showed a nearly-diffraction-limited beam with an FWHM of 8.3°.
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Fig. 4. Principle of a” tilted mirror” QCL (a) and two exemplary types of” angled” QCLs (b) (based on ideas presented in Refs. [53-55]53-55).
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Fig. 5. MOPA and tapered laser designs devised to emit high radiance beams.

The calculated M? value depended on the current and was around
of 1.24-1.98 resulting in the radiance of 0.07—0.72 MW cm~2 sr’!,
respectively.

A similar approach but with two laser facets tilted with respect
to optical axis was proposed for DFB QCLs and termed “angled cav-
ity” [54,55]. The concept of both solutions has been displayed in
Fig. 4.

As a result it has been proved that angled waveguides, as well
as DFB and photonic crystal DFB QCL angled cavity with parallel
facets, bring power scaling with good beam quality and so pro-
vide a high radiance. However, it should be noted that these lasers
work only in the pulse regime, which still does not diminish their
usability for some applications, such as molecular spectroscopy.
As the angle increases all modes experience increased losses, but
the higher order lateral mode losses intrinsically increase faster
than the fundamental mode. This is due to the nonlinear relation
between the penetration depth and the incidence angle and pro-
vides lateral mode discrimination. For any wavelength, exists a
critical angle for suppressing the higher order modes. This angle
is dependent on the side wall shape, its roughness, and materials.
The study on the tilt angle was carried out on QCLs with double
channel waveguide emitting around 5 pm [55]. The tilt angle was
on the order of 12° and a peak power of 203 W was obtained at the
driving current of 136 A for a duty cycle of 0.02%. At a driving current
of 120 A, the M2 =5 was obtained with an FWHM of 3°. The output
power at this current was 180 W which translates to a record high
radiance L. of 156 MW cm~2 sr™!. This ultrahigh radiance value for
a QCL may be considered as a proof that the single lobed far field is
due to the angled cavity.

Combining the sampled grating solution with the surface emit-
ting concept one can obtain an interesting result in form of a
narrow beam as described in Ref. 56. The quoted laser has been
termed “grating-coupled-surface emitting QCL” (GCSE). A 2"d order
DFB/DBR Au-semiconductor grating was used for feedback and
outcoupling. The DFB grating was terminated on each end by
second-order DBR gratings. Grating periods have been adjusted
to generate a single mode beam which was perpendicular to
the active region plane and that has led to surface emission.
Laser operation has been made possible by inherent suppression

of the antisymmetric modes and therefore depended on phe-
nomenon connected with the resonant coupling of the guided
optical mode to the antisymmetric surface plasmon mode of a
metal-semiconductor grating. The laser operated in a symmetric
grating mode at 4.75 pwm wavelength and emitted around 0.4W
in a single lobe of 0.048 °FWHM. The emission linewidth was
of 0.43 nm. It was found that such laser configuration does not
affect the laser output power while collimates the beam. Further
improvements of this device concept are expected.

2.3. MOPA QCLs

Laser configuration termed MOPA (master oscillator power
amplifier) is one of the most promising approaches to scaling up
semiconductor laser beam radiance in the pulse regime. They owe
this to combining a seed i.e. the laser that generates high optical
quality signals with an amplifier that if properly designed, ampli-
fies the output power without significant distortion of the output
beam. The idea of MOPA structures originated at times when choice
of seeds and power amplifiers was at the beginning restricted
to diode laser structures. It became particularly interesting after
power amplifier section took the form of so-called “tapered waveg-
uides”.

The first proofs-of-concept of the QCL MOPAs were demon-
strated by Trocolli et al. [57] and they soon found followers. The
investigated devices have been of different geometry depending
on the expected laser properties. However, all of them consisted of
two parts: a seed operating as a DFB laser and a section of a power
amplifier (PA). Their layouts have been sketched in Fig. 5. The PA
section has been at the beginning rectangular, afterwards “tapered”
to exploit many advantages of this geometry among them the pos-
sibility of a single lateral mode operation. In high power lasers with
the broader active area the PA section mitigates the effect of gain
saturation onreducing the single-pass gain. To prevent lasing in this
section the front facet can be AR coated or cleaved at a small angle
relative to the normal with regard to the propagation direction [see
Fig. 5a)]. Depending on the version, the seed and PA can be electri-
cally connected or supplied separately [58] (types b and c in Fig. 5).
A disadvantage of electrical isolation between the MOPA sections is
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Fig. 6. Configurations of (a) a photonic crystal DFB QCL (based on idea presented in [66]) and (b) photonic crystal surface emitting QCL (based on idea presented in [69]).

the necessity of double synchronized supplying. In the electrically
connected version, the whole MOPA configuration with tapered PA
can be considered as a “tapered laser”. Concluding, it is obvious
that configuration of the tapered MOPA QCLs offers many solutions
to satisfy properties demanded from these devices i.e. high out-
put power and/or single transverse mode operation that leads to
high radiance. Their geometry allows in general for suppression of
higher-order lateral modes because of taper acute angle while the
increase in the volume of the gain material over that of conven-
tionally designed ridge devices results in a significant increase of
the available peak power. Therefore, the sections of the tapered
MOPA lasers sketched in Fig. 5 may differ not only in width but
also in length (types ¢ and d). In type e the main purpose of the
taper was to increase the device area in order to increase its peak
power in low-duty-cycle pulse operation while maintaining good
beam quality. In such devices, the length of the tapered section was
typically more than half of the entire device [59]. The purpose of
shaping the PAin form of a taper may also be reducing optical inten-
sity at the output facet to increase optical damage threshold while
keeping self-heating to a minimum for high-performance CW oper-
ation. Therefore, the taper width and length, in that case, is kept to
a minimum leading to coversion from MOPA to flared waveguide
[60]. These lasers showed WPE of 16.3% and optical power over
4.5W CW in 283 K. They had highly strained active region com-
position and operated at 4.7 wm wavelength. Single-longitudinal
and single-spatial mode tapered pulsed QCLs have been described
in Ref. 61. An evident advantage of a tapered MOPA configuration
over typical Fabry-Perot (F-P) cavity has been shown in Ref. 62.
The output power of 1.5W at RT (A =7.26 pm) was obtained for
tapered MOPA QCLs while only 0.9W was available from the F-
P QCLs made from the same MOVPE on InP grown active region
material. The MOPA tapered lasers displayed single longitudinal
and transverse mode emission which resulted in the beam FWHM
of 10° in the chip plane. This figure was 3 times higher for the F-P
structures. Non-linear flaring of waveguides has also been tested
recently and although the linearly tapered waveguides produce
the greatest output power, convex waveguides lead to better beam
quality and consequently greater radiance [63]. In another type of
lasers the light emitted by the seed travels only once before leav-
ing the device, thus the taper section was used as a monolithically
integrated single pass external optical amplifier for obtaining high
output power [64]. The length of the tapered section was chosen so
that the taper angle was of 0.7° and the mode expanded adiabat-
ically in this section. Thus, the taper was used as a monolithically
integrated single pass external amplifier, i.e. a device through which
the light emitted by DFB oscillator travels only once. Although the
slope efficiency decreased with increasing taper angle, paradoxi-
cally, the threshold current density was also lower for the tapered
devices than for the F-P device made from the same material. This

has been explained by the fact that threshold current density is also
lower for the tapered devices than for F-P lasers. The 1.0° devices
delivered up to 2.5W of optical peak in the beam with M2 =2.0°.
The devices emitted 3.8 W with M? =2.25 and had the radiance of
1.87 MW cm~2 sr™! [64].

In attempt to attain a QCL that would emit the beam of possibly
low divergence a MOPA with plasmonic collimator has been devel-
oped [65]. The collimator was produced on an InP laser substrate in
the plane of laser facet. It consisted of a second order grating with
7.5 wm period. The obtained M? value was of 1.6 at I=3.5 - I;;, and
therefore the maximal radiance of 4.05 MW cm—2 sr~! was reached
(see Table 1).

2.4. Photonic crystal (PC) DFB QCLs

Although the gain guided QCLs based on a wide active region
and a narrow current injector on the top, attained peak power emis-
sion of 23.5W at RT (see Ref. 41), the problems of the beam quality
and scaling up of the M2 factor have not been solved. In search for
new QCLs configurations that would lead to improvement of both
these parameters a two dimensional photonic crystal structure dis-
tributed along the cavity has been proposed and investigated [66].
Its configuration is shown in Fig. 6a). Other use of photonic crystals,
as shown in Fig. 6b), results in surface emission and the lasers are
termed surface emitting photonic crystal QCLs [69].

The photonic crystal distributed feedback (PC DFB) structure
described in Ref. 66 had a form of the rectangular lattice with first
and second order Bragg gratings in the transverse and longitudinal
directions. The aspect ratio of the resulting rectangular structure
was [;/0, = 2. The cavity facets were tilted at the angle of 14°
with respect to the transverse axis of the lattice. At a cavity width
of 100 wm high-power nearly-diffraction-limited operation up to
6 W was obtained from the PC DFB QCL. The radiance of a PC DFB
laser increases with increasing cavity width and optimization of
this parameter is a major concernin the design of high-performance
BA lasers [66]. A 400 pm wide PC DFB QCL emitting at A =4.36 um
with a total peak power of 34 W at RT based on an optimization of
the coupling coefficients at the given cavity width and length has
been realized, its slope efficiency was around 560 mW/A [66]. The
M? parameter had value of 2.5 at 1.1 I;, and stayed below 3.4 up to
1.51 Iy,. The radiance of these lasers was increasing with enlarge-
ment of the cavity width. The power output was strongly related
to the beam quality and single spectral mode operation through
the selection of transverse and longitudinal coupling coefficients
at a given cavity width and length could be achieved. It is worth-
while noting that QCLs should not suffer from filamentation and
thus could operate stably in a single transverse mode at currents
well above threshold. But because of a TM polarization, facet reflec-
tivity increases with mode index and broad area QCLs are lasing on
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a higher-order mode and the far-field profile consists of 2 lobes
propagating at large angles from the optical axis. The beam diver-
gence along the fast axis is usually controlled by lenses. However
similar results can also be obtained by shaping the output beam by
plasmonic collimators coupled to the front face of the laser [65].

3. QCL arrays

While individual QCLs are slowly reaching limits of their output
power, even when operated in pulse regime, there are new horizons
opened up by assembling them into arrays [61]. So far, the most
spectacular solutions are based on individually addressed DFB QCL
arrays with a frequency span of 85 cm~1! [9]. This classic solution
was based on an array of 32 DFB QCLs with closely spaced emis-
sion wavelengths. This spacing was sufficiently small to allow for
attaining any desired wavelength within the laser gain spectrum. In
addition, by heating an individual DFB laser, its wavelength could
be well adjusted. The advantage of the QCL arrays over the exter-
nal cavity QCLs stems from the monolithic structure of QCL arrays
and their fully electronic wavelength tuning that allows for avoid-
ing any moving gratings and thus realizes higher speed acquisition
and wavelength stability.

The array sub-beams, however, could not be collimated properly
with a lens because each of the lasers in the array emits at a differ-
ent angle with respect to the optical axis of the system. In result,
the collimated beam would consist of many wavelengths emitted
by individual lasers in the array and all that would cause detrimen-
tal interference. In addition, each beam in the QCL array is radially
asymmetric. Other problems that appear are induced by thermal
management of the heat produced in the complicated arrays con-
figurations. Discussion on that subject can be found in the cited
above [44].

3.1. Internal phase-coupling of the laser array modes

Intuitively it could be imagined that the most elegant way lead-
ing to synchronization of the beams generated by lying side by
side lasers in an array could be realized by globally coupling all
waveguides. This phenomenon has been a subject of many years
research carried out on diode laser bars at least from the year
1988 (see Botez et al. [67]) and devoted mostly to anti-guided
diode laser arrays [68]. They had been afterwards switched to
QCLs and the results described in numerous papers among them
devoted to Surface-Emitting Photonic Crystal Lasers [69] and other
designs [70-72]. The new achievements looked promising but it
turned out that even in the case of wavelengths close to near-
infrared, this method is troublesome as the needed fabrication
tolerance (which is proportional to the wavelength) is in the order
of 0.1 wm. That changed dramatically when QCLs operating in the
MIR band appeared. The experiment with QC laser arrays emitting
at A =8.36 wm and with anti-waveguides formed by high refrac-
tion index contrast (A =0.08—0.12) has shown that it is possible to
attain resonant leaky-wave coupling for phase-locked arrays which
can provide stable in-phase -mode array operation [71]. It is essen-
tial that the output beam was near-diffraction-limited and was of
5.5W peak power at pulse operation. It has been concluded that
resonant leaky-wave coupling of QCLs bringing about the in-phase
mode operation can be expected only in the case of designs that
are composed of leaky-waveguides (or anti-waveguides) [71]. Only
then the wave coupling restricts the side modes and at resonance,
this provides a stable work of the lasers although the emission
has multiple peaks. The whole process has been termed “phase-
locking” and requires a very complicated structure of the arrays.
Then, because 4.5 wm wavelength is so important in practice, new
resonant leaky-wave-coupled QCL phase-locked arrays emitting at

interelement
interelement

element

\

Fig.7. Configuration principle of a phase-locked QCL array (based on idea presented
in Ref. 71).

4.7 pm have been fabricated. Details of the improved structure are
described in Ref. 72 and Figure 7 presents a sketch of three ele-
ments of the array. The inter-element region width can be edged
to attain the resonant-coupling condition. The QCL arrays operated
in the regime of near-resonant leaky-wave coupled and emitted up
to 3.6 W pulsed power with a near-diffraction limited (<1.7 times)
beam pattern. Improvements of this type of arrays led recently
to 5.1 W with slightly better beam quality (1.6 times diffraction
limited) [73].

It is believed that by scaling the number of the array elements
these devices hold potential for reaching output power of 10W
in the near-diffraction limited beams [72]. Leaky-wave-coupled
phase-locked arrays have also potential CW operation with multi-
watt-range output power [74].

3.2. Internally uncoupled multi-wavelength DFB QCL arrays

The idea of arranging DFB QC lasers in form of laser bars was
simply a step forward towards increasing their output power as it
was in the case of diode lasers. However, the new array configura-
tions were based on a DFB feedback, and each QCL laser could have
a grating of different period [75]. That feature with an opportunity
of individual current supplying each laser in the array has allowed
for wide tuning of narrow linewidth beams [76]. The mentioned
QCL arrays operated at a wavelength of 9.5 wm and their beams
could be combined to increase the radiance as described below.

Continuation of the effort brought QCL MOPA array structures
[77,78]. The arrays in question formed an array of 16 or more
QCL MOPA devices. Each of them comprised two sections: a nar-
row ridge DFB laser that functioned as the master oscillator and
a tapered power amplifier (PA). Each DFB laser in the array had a
grating of a different period in order to achieve a different emis-
sion wavelength. Proper antireflection coatings were applied to
PA section allowing for strong optical amplification in single pass
travelling wave configuration. Lasers were pulse operated and dis-
played high power (above 4W) in single lobe peaks within the
wavelength band from 9.2-9.8 pm. The individual current supply
of the array element allowed for independent addressing of dif-
ferent wavelengths. The far-field single-lobed beam characteristics
measured in plane showed an average FWHM angle of 7.7°.

3.3. Multi-wavelength high power MOPA QCL arrays

The idea presented in Ref. 76 has been significantly improved
by employing arrays formed from QCLs of the MOPA-taper con-
figurations with all advantages of these lasers described above.
Detailed features of that MOPA arrays have been described in an
excellent review paper by P. Rauter and F. Capasso cited previously
in the introduction [9], as well as [77,78]. The configuration of that
array is shown in Fig. 8. It should be noticed that DFB seeds are iso-
lated from the taper power amplifier and therefore independently
current supplied.

It is worthwhile to mention here that mentioned high-power
MOPA QCL arrays were capable to generate beams of up to 10W
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Fig. 8. Configuration of MOPA-taper QCL array (based on Refs. 77 and 78).

peak power in the single-mode pulse operation, although it should
be emphasised that the beams of the individual lasers were not be
combined. They could work at 14 different wavelengths that could
be rapidly switched with a frequency of 100 kHz.

Summing up: it is believed that this type of QCL arrays, being
in addition compact and electrically tunable have the potential to
outperform the external cavity laser (ECL) systems in spectroscopy.

4. Beam combining as a way to increasing radiance of QCLs
arrays

Scaling up the laser array radiance requires first of all collimation
of the laser array beams. However, these beams even if collimated,
still will be affected by the presence of many wavelengths limited
by the gain emission spectrum of the individual lasers in the array
and that causes detrimental interference. In addition, each beam is
radially asymmetrical. This results in a large difference between
values of the BPP; and BPPs where f and s stand for the planes
adequately parallel and perpendicular to the epi laser layers. A solu-
tion to this problem is synchronization of the array sub-beams by
external optics that forms external cavity lasers. Such technique is
termed beam combining to underline the fact that we deal with
the beams already radiating outside the lasers. It turned out to be
efficient and has become a subject of intensive investigations [79].
It is worthwhile to notice that, in fact, this is another approach to
scaling up the radiance.

A similar attempt, but restricted to the interior of the laser
array is in fact realized in resonant leaky-wave coupled phase-
locked arrays described above, but is limited by inter-dimensions
of the array in comparison with the emitted wavelengths. The pre-
vailing majority of beam combining experiments concerned diode
laser bars since they were available a long time before QCL arrays
technology matured enough to make them useful for beam mul-
tiplication via integration of the QCLs into a form of arrays and
subsequent optical combining would lead, in an ideal case, to syn-
chronization of the individual beams and thus to multiplication
of the output beam radiance. By synchronization, we understand
that output beams contain waves of the same wavelength, phase
and direction. Such procedure is termed Coherent Beam Combin-
ing (CBC). In practice, however, phase synchronization is difficult
to achieve. Therefore, a technique of non-coherent synchronization
has been proposed which means putting into an order propaga-
tion direction of the individual beams so they cannot interfere.
Such operation is termed Wavelength Beam Combining (WBC) or
Spectral Beam Combining (SBC). Both techniques CBC and WBC
have been investigated for years and found numerous applica-
tions including infrared counter-measure (IRCM) systems. They
have been described in many excellent papers among them by T.Y.

QCL
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Fig. 9. The Michelson cavity setup displaying an idea of the Coherent Beam Com-
bining (after Ref. 80).
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Fan [26]. The experiments were carried out using diode laser bars
since these were available a long time before QCL arrays technol-
ogy matured enough to make them useful for the beam combining
systems.

4.1. Coherent beam combining (CBC)

4.1.1. CBC presented with aid of the Michelson cavity

According to the definition of the CBC process, lasers arranged
in the array should emit waves of the same length and phase con-
trolled up to a fraction of 2. The constructive interference in the far
field is possible only in that case. Coherent synchronization of QCL
arrays is complicated because of material non-uniformity along the
array and nonlinear processes taking place under high currents that
supply the neighbouring lasers. All these difficulties may be over-
come by employing the discussed below methods. They require,
however, optical systems that include selective wavelength fil-
tration and thus form an external cavity (EC) laser. A number of
coherent beam combining concepts have been studied to push for-
ward performance of QCL array systems. The simplest approach
leading to CBC may be based on exploiting the principle of the
Michelson cavity [80] as displayed in Fig. 9.

The optical system consists of two QCLs, a collimation lens, a
mirror, a beam splitter (50/50) and an output coupler (R=30%).
The back laser facets are AR (R=2%) coated. Both lasers emit TM
polarized beams due to their intersubband principle of operation.
The common cavity optical system combined with the extorted
oscillation on the laser mode with the lowest threshold results
in phase-locking between them. The process can be affected by
changes of the currents supplying the lasers or distances between
the elements in the common cavity. The efficiency of wave com-
bining depends on many factors but can be as high as 85%.

The experiments had shown that spectral characteristics of the
output beam display a narrow single lobe. Coupling of the waves
in the common cavity has led to domination of the in-phase modes
that left the system through the output coupler. Presence of many
longitudinal modes excited within the gain range of each QCLs had
simplified the competition. The obtained values of the M? factor
were My?<1.2 and M;?<1.4 and. thus they were very close to the
values measured for individual QCLs. Unfortunately, the whole sys-
tem was fund to be rather unstable and sensitive to changes in the
supply current. Consequently, this observation and lack of scalabil-
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Fig. 10. Idea of the “Y junction” coherent beam combining (based on idea presented
in Ref. 83).

ity make these ideas more interesting from the point of view of the
phenomena than practical.

4.1.2. CBCin the Y-junctions tree arrays

Phase locking of laser beams has also been achieved in a two-
branch Y-type resonator (termed elsewhere “Y-junction”) where
the suppression of higher order lateral modes leads to a stable
super-mode operation. The Y-junction showed low coupling losses
and in-phase operation with diffraction limited divergence. Such
phase locking has been already demonstrated for diode laser bars.
Applied to QCLs has brought the phase locking where one of the of
higher order lateral waveguide modes leads to a stable super-mode
operation [81,82]. The concept yields promising results in terms of
power scaling efficiency. In the super-mode approach even if a cou-
pled array is composed of elements of different optical path length,
the optical spectrum is expected to reach self-adjustment in order
to minimize the overall loss of the resonator. In this respect, more
than two branches can be combined in parallel in the same manner
by means of several Y-junctions. As the outcome, we have so-called
“tree array QCL”. A principle of that array configuration is shown in
Fig. 10 [83].

An output power of 1.5W CW RT was demonstrated for
four-branch QCL arrays utilizing the Y-junction design [83]. The
out-of-phase modes have to be further suppressed for BH QCL tree
arrays with a large number of merges to achieve along the axis a
diffractive-limited beam in a form of a stem. All the elements are
single-mode waveguides that are uniformly pumped. They merge
together at the back facet. This ensures parallel coupling between
the elements leads to an on-axis far-field intensity distribution
with nearly diffraction-limited divergence. Radiance of the ridge
waveguide QCLs did not exceed that for single emitters, primarily
because the power does not scale with the number of elements. This
was due to modal competition among branches of different length.
This problem was dealt with by using multimode interferometers
instead of Y-junctions [84]. Such an array of 8 lasers emitted 15 W
in pulse operation, which is 5 times more than a single laser.

4.1.3. External cavity QCLs with Dammann gratings

A very sophisticated, although difficult to implement solution
leading to CBC is based on the external cavity principle with a dis-
persion grating of a special type called a binary dispersion grating
(known also as Dammann grating) [85].

The grating is of a specific profile with two different periods as
shown in Fig. 11. Its purpose is to generate strong diffraction orders
with approximately the same amplitude. They should appear in
number N equal to the number of the lasers participating in the
summarizing process. The other diffractive orders should be weak
i.e. containing low power. The efficiency of the beams dispersion,
defined as the ratio of the power contained in the N demanded
orders to the total beam power falling on the grating is maxi-
mized by appropriate adjusting of the grating profile. This can be
done with an aid of advanced optimization techniques. Combining
efficiency of 66% has been achieved for 5 laser Dammann grating
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Fig. 11. External Cavity QCL system with binary dispersion grating [based of idea
presented in Ref. 85.
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system [85]. What is more important, however, the output beam
was nearly diffraction limited and My? < 1.2 and M,? < 1.6 for slow
and fast axis, respectively, were measured.

Despite the excellent results, the systems with Dammann grat-
ings did not gain practical importance mainly due to difficulties
encountered in the process of the grating design and manufactur-
ing.

4.2. Non-coherent beam combining (WBC)

4.2.1. External cavity systems in Littman configuration

A non-coherent beam combining termed Wavelength Beam
Combining (WBC) has on purpose to increase spatial radiance of
the summed up beams emitted by lasers in an array without chang-
ing their spectral radiance. Described in the literature experiments
leading to WBC have been exploiting the external cavity design
concept and a plethora of circuits containing various type filters,
external mirrors with spatially variable reflection or phase coef-
ficients. Most successful, however, turned out the application of
diffraction gratings operating in systems based on the so-called
“Littman configuration”. The principle of such system is sketched
in Fig. 12. Details of the experimental optical systems shown there
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may be different depending on the assumed purpose of investiga-
tion. The idea has been first exploited by applying diode laser bars
[86]. Detailed description and properties of these devices can be
found in Refs. 87-89. The concept was soon followed by its adoption
to QCL arrays [90].

Optical system sketched in Fig. 12 forms a resonant cavity cre-
ated by the back lasers facets coated with reflective layers and the
semi-reflecting output mirror. The front lasers facets have been AR
(anti-reflective) coated (around 0.2%) to avoid internal reflections
in the system and the related losses. The optical feedback is secured
for the waves of different lengths that fall on the grating at the
angle selected by the semi-reflecting mirror that closes the reso-
nant cavity. This geometry resembles Littman configuration but is
in a way specific since the grating angle is adjusted to obtain only
the 15t order diffraction to avoid efficiency losses to higher diffrac-
tion orders. The beams emitted by individual lasers of the array are
naturally divergent. Cylindrical AR coated lenses are therefore used
to make them parallel in the fast axis. Their divergence in the slow
axis is partly eliminated by an aspheric lens used to concentrate
them on the grating and to transform the position of each ele-
mentary beam into incidence angle of the grating. The local offset
between the positions of the individual lasers and the elementary
beams relative to the position of the central laser must be compen-
sated by the grating and semi-reflecting output mirror. The main
purpose of the grating is not to select out a specific wavelength
but to select waves that propagate in the same direction. System
designed for beam combining based on the Littman configuration.

Since emission of the QCL’s beams is polarized perpendicularly
to the laser layer growth direction, and efficiency of the grating
may be higher for in-plane polarization. In that case, an additional
antireflection coated A/2 may be inserted into the optical path to
rotate the polarization by 90°. Summing up, the external cavity
selects different wavelengths for all array elements as needed to
force coaxial propagation.

Most important in the WBC technique become properties of
the optical system that decides about the wall-plug efficiency of
the whole arrangement. The AR coatings mentioned above become
very important as all parasitic reflections of the uncontrolled higher
order mode generation cause decrease of the system efficiency.
Perhaps even more important is the efficiency of the diffraction
grating which depends on many factors like the cross-section pro-
file, period and polarization of the coupled waves. The QCLs emit
TM polarized light, therefore, grating efficiency for that direction
should be taken into account. Mathematical designing necessary to
optimize diffraction gratings for the particular WBC system turned
out to be complicated and, in practice, it remains to rely on empir-
ical adjustments.

The total output power of the combining system is up to cer-
tain limits proportional to the number of lasers in the array. The
total efficiency of the combining process is of the order of 50%
[91] and the output contains many wavelengths. Nevertheless, the
described type of arrays operating at 4.6 wm wavelength was char-
acterized by M2<2 for both slow and fast axes. Thus, for the output
peak power of 30 W, one may estimate the radiance to be of the
order of 35.4 MW cm~2 sr 1.

Typical QCL arrays may be tuned directly in the WBC systems
by adjusting the position of the grating. Their general disadvantage
is the necessity to make the system mechanically stable and resis-
tant to shocks. The obtained linewidth is not sufficiently low for
applications in spectroscopy.

4.2.2. DFB QCL arrays exploited in the ECL configuration

The QCL arrays composed of the DFB type lasers open up a
plethora of new possibilities resulting from the numerous advan-
tages of these lasers. One of them, proposed in Ref. 76 was based
on an application of DFB QCL arrays composed of lasers with differ-

ent DFB frequency. Signals emitted by these arrays were optically
combined by overlapping in a Littrow-like system. To improve its
radiance a second grating was afterwards added making it more
Littman-like [90]. In this paper the radiance is substituted by “beam
quality” calculated using a times-diffraction-limited (TDL) metric
for Gaussian given by ”TV}’f’ where W is the full-width FW 1/e? near
field size, 0 is the FW 1/e? far-field divergence. The beam quality
1.4 total diffraction limit (TDL) to 1.7 TDL has been measured. Many
more details can be found in Ref. 90.

The described above ECL systems delivered interesting results,
but these systems were mechanically complicated and not always
operated at the expected power efficiency. A question arises what
could be expected if each laser in the array was equipped with its
own lens. The answer can be found in Ref. 91. A system was built in
which a micro-lens array was placed exactly in front of the QCL lin-
ear array operating within A =4.5-5 pm range of wavelengths. The
lenses were made of silicon, had the same 500 pm pitch as the QCLs
and were placed in the distance of 100 pm from the laser facets. It
was found that the total output power of the array was very close
to the summarized power of the individual lasers and the beam had
the form of a single lobe. But in the lateral direction, the value of
its M2 factor was around 30 which mean that a special additional
phase adjusting system should be built to secure an effective beam
combining.

5. Summary and conclusions

Described beam combining systems, both CBC and WBC, proved
to be so far the best optical arrangement for the QCL arrays capable
of delivering high output power beams with relatively high spatial
radiance. In particular, the external cavity configuration brings cur-
rently the best solutions when both high power (radiance) and wide
tuning range are necessary. The record high tuning ranges have
been obtained when following this approach. Unfortunately, a gen-
eral disadvantage of all external cavity systems is the necessity to
apply precise, sophisticated and reliable optomechanical systems.

Shown below Table 1 has been composed to visualize described
in the literature results that provoked writing this paper. Frequent
lacking of M2 values in the quoted literature makes the radiance
values indicated in some places of the text doubtful, but at least
they give an idea about a magnitude of this parameter. The table
has been set up chronologically to show the progress and hopes for
future developments but these are rather disappointing, at least
after studies of the publically accessible literature.

Radiance is a QCL’s beam parameter that depends on the laser
output power and the beam quality. This is why this parameter
is of particular importance when we are describing properties of
semiconductor lasers, in particular, QCLs or their arrays designed
for long distance applications. Beams emitted by these devices may
be very much different from the Gaussian ones and this feature is
very often confused with that intuitively associated with beams
of other lasers. Relatively poor beam properties of QCLs arrays
demonstrated by high values of the M2 factor might, unfortunately,
discriminate them from the applications that demand beams of the
very high radiance.
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