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In this paper we consider the structural parameter optimization of the active region of
a GaAs-based quantum cascade laser in order to maximize the optical gain of the laser
at the characteristic wavelengths, which are best suited for detection of pollutant gas-
ses, such as SO,, HNO;, CH,, and NHj, in the ambient air by means of direct absorp-
tion. The procedure relies on applying elaborate tools for global optimization, such as
the genetic algorithm. One of the important goals is to extend the applicability of a sin-
gle active region design to the detection of several compounds absorbing at close wave-
lengths, and this is achieved by introducing a strong external magnetic field perpendic-
ularly to the epitaxial layers. The field causes two-dimensional continuous energy
subbands to split into the series of discrete Landau levels. Since the arrangement of
Landau levels depends strongly on the magnitude of the magnetic field, this enables
one to control the population inversion in the active region, and hence the optical gain.
Furthermore, strong effects of band non-parabolicity result in subtle changes of the
lasing wavelength at magnetic fields which maximize the gain, thus providing a path
for fine-tuning of the output radiation properties and changing the target compound
for detection. The numerical results are presented for quantum cascade laser struc-
tures designed to emit at specified wavelengths in the mid-infrared part of the spec-
trum.

Key words: quantum cascade laser, electron-phonon interactions, electronic structure, global
optimization, intersubband transitions

INTRODUCTION

Quantum cascade laser (QCL) is a relatively
new type of unipolar multilayered semiconductor
source, based on electronic transitions between con-
fined states created in the conduction band with the
alternate growth of well and barrier materials, which
can be fabricated to operate in the mid and far-infra-
red spectral range [ 1, 2]. Its emission wavelength can
be tuned by the design of the band structure, and so
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far, “tailoring” of the active band profile has allowed
reaching laser wavelengths from 3 pm up to 250 pm.
The accuracy in the band design requires material
growth by molecular beam epitaxy, which provides
thickness control down to a single atomic layer. This
extreme precision in fabrication, necessary to obtain
the unique device characteristics, together with the
large number of layers and the complexity of the
structure, makes this laser the most impressive dem-
onstration of the capabilities offered by bandgap en-
gineering. The speedy transfer of QCLs out of the re-
search laboratories into practical fabrication has been
stimulated by the variety of performances that these
devices can deliver in the fields as diverse as environ-
mental monitoring, health, safety, security, defense,
medical diagnostics, electronic counter measures,
and chemical sensing [3-5]. Within this last area
(chemical detection and monitoring) a big improve-
ment is expected since the combination of QCLs and
recent gas sensor developments promises to deliver
new levels of spectroscopic performance in terms of
detection sensitivity and selectivity.
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In particular, the terahertz frequency range,
which occupies the gap between the traditional
mid-infrared and mm-wave portions of the electro-
magnetic spectrum is promising for many attractive
ways of usage as it contains the characteristic absorp-
tion features of organic crystals (such as explosives,
not detectable by common means but having very
characteristic absorption lines in the THz-range), bio-
logically significant chemical compounds (such as
some components of bacteria), and low-energy protein
conformational modes. Sensors operating at these
wavelengths possess many interesting properties, in-
cluding the ability to penetrate common non-metallic
containers, packaging and clothing materials. Further-
more, these technologies are foreseen as a tool for ad-
dressing security gaps for protection against terrorism
in infrastructures where high through-put screening of
individuals or items is required. Preliminary measure-
ments have shown that rapid identification, or finger-
printing, of explosive is achievable in 10 ms at extrap-
olated sensitivities in the sub-part per billion range [6].

In this paper, we consider the structural parameter
optimization of the active region of GaAs/Al,Ga,_,As
based mid-infrared quantum cascade laser, with the
goal of maximizing its output properties, in particular
the optical gain, at characteristic wavelengths, suitable
for detection of pollutant gasses in the ambient air. In
mid-infrared devices, the desired emission wavelength
imposes the required separations between the active la-
ser energy states, while the spacing between the lower
laser level and the ground state is set by the longitudinal
optical (LO) phonon energy (which facilitates the popu-
lation inversion by allowing the fast emptying of the
lower laser state by means of non-radiative transitions).
However, the parameters of interest in the calculation of
the optical gain, such as the population inversion and
the transition matrix element, still depend, via the wave
functions, on the potential profile which may be varied
to optimize the performance of the structure. The rela-
tionships between these parameters are very complex,
making the optimization process difficult and demand-
ing. A large spatial overlap between the electronic wave
functions of the lasing states increases the dipole matrix
element which enhances the optical transition, but also
results in the reduction of the electron-longitudinal op-
tical phonon scattering time. Since these two quantities
influence the gain in an opposite manner, a balance has
to be found to ensure the proper operation of the device,
and it becomes apparent that a carefully selected opti-
mization technique should be employed. One of the best
tools for the systematic search of free parameter space is
the genetic algorithm (GA) [7, 8] for global optimiza-
tion whose inherent parallelism in generating and pro-
cessing the trial solutions allows dealing with such
complex optimization problems.

Upon obtaining a gain-maximized structure emit-
ting at desired wavelength, we introduce a strong exter-
nal magnetic field to tune the laser output properties and

to extend the applicability of the given structure to the de-
tection of additional compounds, absorbing at
wavelengths close to the initial one. The magnetic field is
applied perpendicularly to the epitaxial layers, thus caus-
ing two-dimensional continuous energy subbands to split
into series of discrete Landau levels (LLs). This affects
all the relevant relaxation processes in the structure and
consequently the lifetime of carriers in the upper laser
level. Since the arrangement of Landau levels depends
strongly on the magnitude of the magnetic field, this en-
ables one to control the population inversion in the active
region, and hence the optical gain [9-12]. In addition,
strong effects of band non-parabolicity alter the lasing
wavelength at magnetic fields which maximize the gain,
thus providing means for adjusting the output radiation
properties and changing the target compound for detec-
tion. The complete procedure was illustrated by perform-
ing numerical calculations for GaAs/ALGa,_,As based
quantum cascade laser structures designed to emit at
specified wavelengths in the mid-infrared part of the
spectrum.

THEORETICAL CONSIDERATIONS

The active region of the QCL structure under con-
sideration comprises three coupled quantum wells
(QWs) biased by an external electric field K, as dis-
played in fig. 1. In the absence of the magnetic field this
system has three energy states, i. e., subbands (n =1, 2,
3), and the laser transition occurs between subbands n =
=3 and n =2. The energy difference between E, and £
should match the LO-phonon energy in order to ensure
fast depopulation of the lower state of the laser transi-
tion via resonant optical-phonon emission.

This active region is surrounded by suitable
emitter/collector regions in the form of superlattices,
designed as Bragg refectors, which inject electrons
into the state #n =3 on one side, and allow for rapid ex-
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Figure 1. The conduction band diagram of the active
region of a QCL
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Figure 2. A schematic diagram of one and a half period of
QCL, which consists of an active region and suitable in-
jector/collector layers

traction of carriers from the lowest subband n =1, on
the other side (fig. 2). These two mechanisms are re-
sponsible for achieving population inversion between
subbands £; and E,.

In the usual operating regime (without the exter-
nal magnetic field), the electronic subbands from fig. 1,
within the parabolic approximation have free parti-
cle-like energy dispersion in the direction parallel to the
QWplanes: £, = n* kuz/ 2m’, where m" is the effective
mass, and ;j is the in-plane wave vector. The non-radia-
tive lifetime for the state |3, k) is limited by elec-
tron-LO-phonon scattering into two lower subbands of
the active region, and the optical gain may be described
by the following expression

2 oo
&32 :672 ] F3,2P32,25(E3 —k, —ha))d(kf )

2ng @myc 0

(1)

where n is the refractive index, g is the vacuum dielec-

tric permittivity, c is the speed of light in vacuum, F;,

stands for the difference of Fermi-Dirac functions for

the initial and the final state, while P;, is the momen-
tum matrix element.

When the structure is subjected to a strong magnetic
feld B in the direction of the growth axis, continuous
subbands £, (k; ) transform into series of individual (strictly
discrete) states at energies E,;, ~E, +(/+1/ 2w,
where /=0, 1,2, ... is the Landau index and w, = eB/m’ is
the cyclotron frequency. The variation of the magnetic field B
influences the configuration (energy spacings) of the discrete
states, and hence the probabilities for emission of LO phonon
and the optical gain. The values of B which give rise to the
resonant LO phonon emission (and in consequence, the dra-
matic reduction of the gain) are found by solving the equa-
tion: £5 o —E, ; =ho, o (withn=1,2), where 7o, , isthe
LO phonon energy.

Optical transitions in this system are allowed
only between the states with the same value ofthe Lan-
dau index, i. e. (i, [) — (f, [). The fractional absorption

(or, if it comes out to be negative, the gain) on transi-
tions corresponding to the lasing energy, i. e. (2, ) >
(3, ) reads [10-12]

3 2
A2,1—>3,1 =ﬂdzi’35(E3,z _Ez,z —ha’)Fz,z;a,l (2)
hne, A
F.5,1s the difference of Fermi-Dirac functions for the
initial and the final state, and d; =(n; ‘z‘n ¢) 1s the
transition matrix element (with 7; and nydenoting the
z-dependent parts of the wavefunctions). Using the ex-
pression for the electron areal density in the state (7, /),
i.e.N, , =eB/(xh)Fp(E, )and summing over all
LLs, we get the total gain on all transitions between
LLs belonging to subbands n =3 and n =2 of the QCL
active region [10-12]

2e% 72 d22,3
ngy, A
“(Ng3 —Ng, ) 3)

823 = O(Es; —E,; —hw):-

To determine the population inversion Nq; — Ng,,
on which the gain depends, one has to find the electron
distribution over all the states in the active region. This
is obtained by solving the system of rate equations,
which describe the change in level population as the
difference between the rate at which the carriers arrive
and the rate at which they leave. The exact form of the
rate equations used in this work is presented in detail in
references [10, 11].

Numerical results

The need for numerical and simulation tools in
studying QCLs stems from the fact that simple analyti-
cal expressions clearly cannot describe the important
details of the QCL dynamics. In this work we have se-
lected the genetic algorithm as a method of choice for
establishing the conditions for optimal laser perfor-
mance [7]. This algorithm belongs to the so-called
evolutionary computing — one of the essential spheres
of artificial intelligence. Clearly, this technique is in-
spired by the theory of evolution, where problems are
solved by selecting “the most capable” solution which
is then allowed to survive [7]. GA begins with a set of
solutions called population which is used as a basis for
generating another set of “offsprings” with the best
possible characteristics (defined by the value of the
objective, i. e. the fitness function). This process is re-
peated until some predefined criterion is met (this
could be, e. g. the total number of populations gener-
ated or the improvement in the fittest solution). The
performance of the algorithm is influenced mainly by
settings associated with the recombination (or cross-
over) and the mutation probability. The crossover rep-
resents a set of rules for creating new offsprings (“chil-
dren”) from parent data. On the other hand, mutations
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introduce random changes in the offsprings resulting
from the crossover and are intended to prevent the fall-
ing of all the solutions into a local optimum. One of the
most important phases in the implementation of any
GA algorithm is the selection of a formal fitness func-
tion, which should be defined so to encompass all the
goals of optimization. This can present quite a compli-
cated task, depending on the optimization problem,
and usually a few different definitions of fitness need
to be tried out. Here, the objective is to optimize the
optical gain at the selected wavelength, hence the fit-
ness function is taken in the following form

B =0
—2esn — @
(By —Ey —Egy )" +O0 H(E, ~E ~hoy)” +0°}

where the term in the denominator favours achieving
specified emission wavelength and the LO-phonon
resonance. In this example, we have chosen to opti-
mize the structure for emission at A ~ 7.3 um, which
corresponds to a characteristic line in the spectrum of
sulphur-dioxide. In addition, @ is a non-zero constant,
which ensures that F' is strongly driven towards the
resonance in the course of optimization [8], while re-
maining finite at the exact resonance, and g is the opti-
cal gain in the absence of the magnetic field, given by
eq. (1).

The role of the GA is to simultaneously vary all
six free parameters on which the fitness function (4) de-
pends (the barriers height and the thicknesses of all the
inner layers), while searching for the optimal solution,
and this procedure has resulted in the structure pre-
sented in fig. 1. The obtained structural parameters for
this QCL active region read: 1.1 nm, 3.2 nm, 3.9 nm,
2.3 nm, 3.8 nm (for well and barrier widths, respec-
tively, going from left to right) and U, =0.3175 eV(the
barrier height), which corresponds to aluminum mole
fraction of 38%, so the structure may be realized by
GaAs/Aly33GagsAs. The material parameters used in
the calculation are: m" =0.665 (my is the free electron
mass), n = 3.3, and the conduction band discontinuity
between GaAs and AlAs is AE, = 0.8355 eV. The ap-
plied electric field in the z-direction is K = 48 kV/cm,
and the minima of energy subbands are at
E (k; =0)=00828 ¢V, E, (k) =0)=01188 ¢V, and
E5 (k; =0)=02896 eV, as presented in fig. 1, together
with the corresponding wavefunctions. The calculated
optical gain per unit of the injection current in this case
reads g = 0.00127 cm*/KA.

When non-parabolicity is included, the 2-D
subbands £, (k; =0)+7*k{/2m" split, in a strong ex-
ternal magnetic field, into series of discrete LLs, the
energies of which are given by [13]

E,, =E,(kj =0)+(I+1/ 2)heB/my, (E ) -
—1/8[(81* + 81+ 5)a; + (I* +1+1)B, |(heB/m" )?

The in-plane electron effective mass is here calcu-
lated as m (E o) =m [1+ (20t + 3 )E o} (this pro-
vides the best agreement with the experimental results
[12]), where the non-parabolicity parameters ai and
B] are evaluated according to ref. [13]. It is evident that
the realistic effects of band non-parabolicity influence
the energy separation between the levels relevant for the
radiative transition, i. e. the lasing wavelength becomes
dependent on the magnetic field. This allows for the
shift of the emission wavelength by variations of the
magnetic field. The idea behind this analysis is to enable
the detection of multiple compounds absorbing at simi-
lar wavelengths by the same QCL active region design,
by tuning the laser levels with the external field.

The LO phonon emission rate on the transitions
between the initial state and the final state
E; =E, ;and the final state E =E, is given by
[14]

2
e‘w
Wio(ELE )= L0 6(E,  —E,. I —hoyg )-
TEYE
R 2, ©P(q,)
'.[q”‘Fz(q\Ialialf){ dq 'Iﬁdqz[”(h@Lo)‘Fl]
0 0g; +q:

(5)

where P = jgnf sin (¢,z) 1 ;dz. Here d denotes the
length of the confining region in the z-direction, and ¢,
is the z-projection of the phonon wavevector
q=(q,,q),while ‘F(qu Ainly) ‘ is the lateral overlap
integral. The constant &, in eq. (5) is calculated as

e =8;1 —8;1, where €. and ¢g; are the high-fre-

qflency and static permittivity, respectively, while
n(hog )= [exp(hcoLO/kBT)—l]’1 is the equilibrium
population of optical phonons. In addition to LO phon-
ons, we have also included the acoustic phonon emis-
sion in the model, and the corresponding relaxation

rate is given by [14, 15]

2
E,-E

W (E[,E/~) _%ac| Zi S 1 )

7h hvy E,-E,

l—exp| ——

kgT
4: max 2 2
1P F(q10.0;51)] da, (6)
0

wherea, ==/ ¢, , = is the deformation potential, ¢
—the elastic constant associated with acoustic vibrations,
g, =(E-E)ivi 1q9=lg2  —q2]"" and v, the
longitudinal phonon velocity. Numerical parameters
used in the calculations are: .. = 10.67, &, = 12.51, 5 =
=6.7eV,c=1.2:10" N/m’, v = 4.7-10° m/s, and T=
=77K.

The total relaxation rate for transitions from the
ground LL of the third subband (into which the major-
ity of carriers are injected) into the two sets of LLs of
the two lower subbands is shown in fig. 3, for the mag-
netic fields in the range of 20 T to 60 T. Such high val-
ues of the magnetic field are necessary to provide suf-
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Figure 3. The total electron relaxation rate due to the
emission of optical and acoustic phonons as a function of
the magnetic field, for transitions from the state (3, 0)
into LLs belonging to the two lower subbands

ficient changes in the lasing energy, so that the device
may be utilized effectively for the detection of several
compounds absorbing at similar wavelenghts. The os-
cillations of the relaxation rate with B are very pro-
nounced, and prominent peaks are found at the values
of the magnetic field which satisfy the resonance con-
ditions for LO phonon emission. Conversely, when the
arrangement of LLs is such that there is no level situ-
ated at = iy , below the state (3, 0), this type of scat-
tering is inhibited, and therefore the lifetime of the up-
per laser state is increased. The influence of
acoustic-phonon emission is characterized with rela-
tively small relaxation rates, and becomes significant
only at the values of the magnetic field where LO
phonon scattering is inhibited (e. g., around 27.5 T and
34.5T).

Assuming a constant current injection, the mod-
ulation of lifetimes of all the states in the system results
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Figure 4. The ratio of the total electron areal densities, in
all LLs of the third and second subband as a function of
the magnetic field
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Figure 5. The optical gain (per unit of the injection current)
as a function of the applied magnetic field at 7= 300 K

in either a suppression or an enhancement of popula-
tion inversion between states (3, 0) and (2, 0), as
shown in fig. 4 and therefore also in the modulation of
the optical gain, fig. 5.

The highest peak of the gain is obtained at B =
=34.5 T, in which case the electron relaxation from
state (3, 0) is suppressed because there is no lower state
with the energy around £; , —/w, . Quite a different
situation occurs ata field of B=30 T, where the config-
uration of relevant electronic states leads to the maxi-
mally enhanced relaxation rate from the (3,0) state.

The lasing energy obtained in case of the maxi-
mal optical gain (at 34.5 T) corresponds to a character-
istic absorption line in the spectrum of HNO;, (A =
=7.52 um, i. e. the wavenumber k= 1330 cm™!). The
next peak of the gain is reached at the magnetic field
value of B=46T and the energy between the laser lev-
els in this case reads £5 y — E, = 163.8 meV, which co-
incides with the line at k= 1320 cm'in the spectrum of
methane (CH,). Finally, a smaller local maximum at
B =55T gives the emission wavelengths of A = 7.66
um which are suitable for absorption at k= 1306 cm™!
line in the spectrum of NO,.

As the final point, we should note that through-
out the above considerations we have assumed that the
energy relaxation in the injector/collector is not sensi-
tive to the magnetic field. This is likely to be a reason-
able approximation since these regions consist of a
multitude of the extended states with small energy sep-
aration [9].

CONCLUSIONS

Tunable access to the broad range of wave-
lengths, excellent power and wavelength stability,
compact dimensions, convenient modulation mecha-
nisms, high continuous-wave output power, and



80

Nuclear Technology & Radiation Protection — 2/2009

steady progress towards high temperature operation
imply many strategic potential applications of QCLs,
such as inorganic and biological material spectros-
copy, imaging, free-space communications, and medi-
cal diagnostics. We have presented a method for sys-
tematic optimization of a quantum cascade laser active
region, based on the use of genetic algorithm. The
method aims at obtaining a gain-maximized structure,
designed to emit radiation at specified wavelengths
suitable for the detection of pollutant compounds in
the atmosphere. The external magnetic field is used to
tune the output properties and to extend the applicabil-
ity of the QCL to the detection of additional com-
pounds, absorbing at wavelengths close to the initial
one. The numerical results are presented for the struc-
ture designed for the emission at 1 = 7.3 um, corre-
sponding to a characteristic line in the spectrum of sul-
phur-dioxide. However, the procedure can easily be
modified for other characteristic wavelengths (pollut-
ant gasses) of interest, simply by changing the objec-
tive function for optimization.
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Jenena PAITOBAHOBWH, Buromup MUJTAHOBU'h

KBAHTHU KACKAJIHU JIACEP: IIPUMEHE Y XEMUJICKOJ
JETEKIIMJU U MOHUTOPHUHI'Y KUBOTHE CPEIUHE

Y oBOM pajiy pa3MaTpaHa je OnTHMH3alyja CTPYKTYPHIX TapaMeTapa aK THBHE 001aCTH KBAHTHOT
KackajiHoT JJacepa 6a3upanor Ha GaAs, y Inby MaKCUMHA3MPaHa ONTUYKOT [10javyatha Ha KApaKTEPUCTUIHAM
TaJIaCHUM Ay>KHHAMa KOje Cy HajIIOTOAHU]E 32 IETEKIINjy IITETHUX TacoBa IPUCYTHUX Y aMOUjeHTY, Kao IITO
cy SO,, HNO;, u NH;, nyrem aupekTHe ancopnuyje. [TocTynak ce 3acHuBa Ha IPUMEHM CJIOXKEHUX anaTa 3a
rII06aTHy ONTAMH3AIIH]Y, Kao IITO je TCHETCKHU alTOPUTaM. JeflaH Off BASKHUX [IIJbEBA je MPOIINPEHhE OIceTa
NPUMEHJBUBOCTH MOjeIMHAYHE aKTHBHE 00IACTH Ha JICTEKIY]y BUIIIE jeINE-CHha KOja aricopOyjy Ha OIUCKUM
TaJacHUM AY>KMHAMA, U TO Ce IOCTHXKE YBObEeHmEM jaKOr MarHeTHOr MOJba y INpaBIly HOPMAJTHOM Ha
enuTakcujanHe cnojeBe. OBO MOJbE JOBOAY JIO IETaha KOHTUHYATHUX ABOJUMEH3MOHATHIX €HEPreTCKUX
MO/I30HA Ha cepuje ruckpeTHnx JlangayoBux HuBoa. [lomrro pacmopern JlangayoBux HIBOA 3HAYAjHO 3aBHUCH
O]l jauMHe MarHeTHOT II0Jba, TO OMOryhaBa KOHTpPOJIHMCAC¢ CTENCHAa WHBEP3HE HACEIHEHOCTH HUBOA Y
aKTMBHO] OOJNAcTH, a CaMUM TUM U ONTHYKOr mojadama. lllraBuire, m3paxkeHm eeKTH 30HCKE
HEmapaOOJIMYHOCTH pPE3yaTyjy OJlaruM IpoMeHamMa TajlacHe Jy>KMHE EMUTOBAHOr 3pavema Ipu
BpEHOCTMMA MATrHETHOT TOJba Kajla je Tojadame MaKCMMAllHO W Ha Taj Ha4WMH omoryhaBajy ¢wuHO
nojielaBamke OCOOMHA M3JIa3HOT 3paveia M IPOMEHY HWJBHOT jefHibera 3a aeTekuujy. Hymepuuku
pe3yaTaTé Cy NpUKa3aHW 3a KBAHTHM KAacKajHU Jacep AU3ajHUpaH 32 EMUTOBAC Ha CIEHU(PUIHUM
TalaCHUM Jy>KMHaMa y Cpefii0j MH(PaALPBEHO] 00JIaCTH CIIEKTPA.

Kmwyune pequ: K8aHiliHU KACKAOHU Adcep, eAeKIUPOH-()OHOH UHIlepAKYU]e, eAeKIIPOHCKA CIUpYKIUypa,
2n06aana oumiuMU3ayUja, YHYmMap30HCKU Upeaasu




