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Regardless of the huge advances made in the design and fabrication of mid-infrared and
terahertz quantum cascade lasers, success in accessing the ~3-4 pm region of the electromag-
netic spectrum has remained limited. This fact has brought about the need to exploit resonant
intersubband transitions as powerful nonlinear oscillators, consequently enabling the occur-
rence of large nonlinear optical susceptibilities as a means of reaching desired wavelengths. In
this work, we present a computational model developed for the optimization of second-order
optical nonlinearities in Ing 53Gag 4,As/Al 4gIn) 5,As quantum cascade laser structures based
on the implementation of the genetic algorithm. Carrier transport and the power output of
the structure were calculated by self-consistent solutions to the system of rate equations for
carriers and photons. Both stimulated and simultaneous double-photon absorption processes
occurring between the second harmonic generation-relevant levels are incorporated into rate
equations and the material-dependent effective mass and band non-parabolicity are taken
into account, as well. The developed method is quite general and can be applied to any higher

order effect which requires the inclusion of the photon density equation.

Key words.: quantum cascade laser, genetic algorithm, second harmonic generation, optical

nonlinearity

INTRODUCTION

Quantum cascade lasers (QCL) represent a class of
semiconductor injection lasers based on intersubband
transitions in multiple quantum well (QW) structures.
The vast number of QW that form these structures, which
can be measured in hundreds, allow us the flexibility of
tailoring various output properties to demand, in accor-
dance with or even optimized for a particular application,
by simply modifying the thickness and/or composition of
the constituent layers [1, 2]. In the past couple of years
this design flexibility has expanded the achievable wave-
length range from 3-25 pum to the terahertz regime,
which, together with the ability of room temperature op-
eration, has marked these lasers as practical and reliable
light sources for a variety of applications such as trace
chemical sensing, health monitoring and infrared coun-
termeasures [3-10].

Besides the linear optical properties, resonant
intersubband transitions can also be utilized for strong
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nonlinear effects, enabling huge nonlinear optical sus-
ceptibilities to take place [11]. These optical
nonlinearities can have a vast range of possible appli-
cations, due to the capability of changing the fre-
quency of the fundamental laser source [12, 13].

A necessary requirement for effective QCL design
is acknowledging all the physical processes that occur in
the active laser region of these complex devices, as well
as creating a systematic and precise modeling technique
which will be able to successfully reproduce them. This
makes the inclusion of all relevant scattering mecha-
nisms that take place in both the optically active and col-
lector(extractor)/injector multi-quantum well regions of
the QCL essential for an accurate description of carrier
dynamics [14, 15].

In the work pre here, we will address the op-
timization of two-QW dctive region mid-infrared (MIR)
QCL [16] with respect to resonant second-order suscep-
tibility (y®). The optimal potential profile that maxi-
mizes the product of dipole matrix elements relevant to
7? associated with the second harmonic generation
(SHQ) is obtained by employing the genetic algorithm.
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The output properties of the optimized structure are cal-
culated by using the full self-consistent rate equation
model which includes both carrier and photon densities
[5, 17], while the results of the calculations predict a no-
ticeable improvement of the targeted nonlinear optical
susceptibility and, consequently, of the nonlinear output
power for the optimized design.

THEORETICAL CONSIDERATIONS

Active region optimization

Optimization through mathematical modeling
has been utilized in many applications [18], and proba-
bly the most promising one is its deployment in the
field of improvement of the output characteristics of
heterostructure-based devices [19, 20]. There are sev-
eral techniques that can be applied for solving this par-
ticular problem [21] and in this work we have adopted
a global optimization technique based on the use of the
genetic algorithm [22]. This algorithm belongs to a
larger class of evolutionary algorithms and represents
a search heuristic used to generate solutions to optimi-
zation and search problems by a combination of selec-
tion, recombination and mutation [23, 24], actually
mimicking processes that occur in nature. It is chosen
for its ability to address problems that standard optimi-
zation algorithms cannot handle, i. e. entailing objec-
tive functions which are discontinuous, non-differen-
tiable, stochastic, or highly nonlinear. Also, unlike
other techniques in use, the genetic algoritham (GA)
can be easily adapted so that it takes into account vari-
ous design constraints, such as supersymetric quan-
tum mechanics, which will produce a smooth potential
profile that requires additional discretization.

Due to their extremely complex structure and a
large number of parameters to be considered, the opti-
mization of the entire QCL structure would be highly
demanding, so we have focused on the optimization of
the active region which we then seamlessly assimilate
with the existing injector/collector design.

Typically, active regions in MIR QCL consistof a
minimum of three consecutive energy levels, with the
radiative transitions occurring between the upper and
lower laser levels, while the electrons quickly leave the
lower laser level by resonant LO phonon scattering into
the first, basic, level of the active region. However, a
QCL structure capable of second harmonic generation
contains one more significant energy triplet in which at
least one energy level needs to be populated with free
electrons in order for the structure to be able to generate
radiative transitions and act as an efficient nonlinear
converter. This sets an important design requirement,
i. e. that the upper laser level needs to coincide with one
of the levels in the nonlinear cascade.

In our optimization model, we start with the ex-
isting design (see [ 16]) in which the active region con-

sists of two coupled InGaAs quantum wells separated
with an AllnAs barrier. The optimization target func-
tion is chosen so as to maximize the second order non-
linear susceptibility [25]
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where, M; is the dipole matrix element between levels
i and j, y;—the full width half maximum for transitions
occurring between levels i and j, n; —the sheet electron
density of level i, and d represents the layers width.
Taking into account that ny>n,, ns, as well as that
the y;; have similar values [16], the following relevant
quantity for optimization may be extracted from eq

(.
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The optimization is performed for a fixed exter-
nal field value, with the objective to maximize the
function Fp, eq. (2), by varying the constituent layer
thicknesses which form the parameter vector. At the
same time, several constraints need to be addressed.
Transition energies, AE,, and AE;,, defined by the LO
phonon and transition energy, respectively, together
with the transition energies between the levels consti-
tuting the cascades, AEs, and AE,;, should remain
unchanged. The layer thicknesses are only allowed to
have non-negative values, and these are limited to
105 A (1A = 10719 m) for the wells and 30 A for the
barriers. Additional constraints concern the minimal
value of the matrix element, as well as the upper laser
level energy which is set to fit the injector region.
Also, the limitation regarding the favoring of diagonal
transitions in order to increase the upper laser level
lifetime must be carefully balanced with the constraint
regarding the matrix element, making the optimization
process extremely difficult and complex.

The design process is concluded by adding the
existing injector/collector region.

The self-consistent rate
equation model

The output characteristics are calculated by ap-
plying the full self-consistent rate equation modeling
of electron transport [14] to the optimized structure.
The model includes photon density equations describ-
ing single- and double-photon stimulated emission
processes which significantly increase the complexity
of the numerical procedure.
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In the model applied in this calculation, we can
use a simplified form of the model described in [26,
27], in which the number of relevant energy levels is
restricted to five per QCL region (five in the optically
active region and five in each injector and collec-
tor/extractor regions), see fig. 2. Adopting the notation
and subband indexes given in [26], the injector and
collector regions are represented with five energy lev-
els each, subbands 1, 2, 3, 5, and 7 in the collector, and
8,10, 11, 13, and 15 in the injector. Active region lev-
els 14, 12,9, and 6 are equally spaced with the energy
intervals resonant to the lasing frequency. Level 4 rep-
resents the active region ground state which is located
one LO phonon energy below the lower laser level (6),
so as to facilitate faster carrier extraction from the ac-
tive QCL region into the following collector/injector
region of the subsequent period, see fig. 2.

If we make the assumption that the transitions
between the injector and collector are negligible, the
rate equation for subband 1 can be written as

dn,
dt
:Z(lenj +Wign; =W, n; +Wy;ng )+
J
+ 2 (Wi =Wyny) (3)
k

where, W, represents the total scattering rate between
subbands p and ¢. In the equation above, indexes j and
kareequaltoj=4,6,9,12,and 14andk=2,3,5,and 7,
while similar equations can be written for all other in-
jector/collector states.

In the case of active region levels 4, 6, 9, 12, and
14, the rate equation is given by

.15
di: Z(WU ”i_Wji”/) 4)
(" T
where j =4, 6,9, 12, and 14.

The contribution of SHG resonant levels, i. e.,
6-9-12 and 9-12-14 cascades, is reflected through both
sequentially and simultaneously resonant intracavity
double-photon processes. The incorporation of these
processes into the rate equation model is essential,
since the two-photon absorption between 9 and 14 and
emission between levels 12 and 6 can seriously influ-
ence the lasing performance, due to the reduced popu-
lation inversion between lasing states 6 and 9. They
are taken into account by extending the rate equations
system with the rate equation for the density of pho-
tons describing single- and double-photon stimulated
emission processes

dm, T
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here, m,, is the photon density [m™], Wij(’ and Wli” are
the single- and double-photon stimulated emission
rates, I — the mode confinement factor assumed to be
0.5 [28], and 7}) — the photon lifetime related to the to-
tal loss o, as [28] r;f =(vyQ, )~!, where Vg represents
group velocity, v, = c/ng.

The single-photon stimulated emission rate is
expressed as [29]

2 2
wr =50 Ty m,  (6)
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where, Ej; is the energy difference between levels i and

J, € —the permittivity of the lasing medium and @ — the
incident photon frequency. It can be seen from the ex-
pression eq. (6) that the single-photon stimulated
emission rate is proportional to incident photon den-
sity (light intensity). The double-photon stimulated
emission/absorption rate in the transition cascade i-j-k
is proportional to the photon density squared, as given
in [16, 28]
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In addition, in the rate equations system described
by egs. (3) and (4) , the total scattering rates between any
two levels of the nonlinear cascade in the active region
include not only the nonradiative scattering rates origi-
nating from electron-LO phonon and electron-electron
scattering, but also from the radiative single- and
two-photon transitions which are linearly and/or
quadratically dependent on the incident photon density.

For any other transitions occurring outside the
active region, scattering rates are obtained by taking
into account electron-LO phonon and electron-elec-
tron scattering only, making these transitions inde-
pendent of the photon density in the cavity.

The set of equations expressed by egs. (3) and
(4) , together with eq. (5) describing the photon den-
sity, form a total of 16 rate equations whose solution
for electron and photon densities »n; and m,,, respec-
tively, can enable us to estimate macroscopic parame-
ters of the system, such as the linear and nonlinear out-
put power. The scattering time ¥, /is a function of both
n; and n, — initial and final subband populations, as
well as of photon density, as stated in egs. (6) and (7),
hence the set of equations needs to be solved self-con-
sistently, using an iterative procedure [14, 26].

Linear and SHG output light intensity can be cal-
culated from the photon density in the cavity as

Iw :Nmod (hw)mwi (8)
n

(0]
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where, Nyoq 1 the number of QCL periods in the lasing
cavity, setto 50 as in [16], while factor ¢/n is the speed
of light in the lasing cavity. The output power can now
be calculated as

P, =1,4 Q)

where, 4 represents the cross-sectional area transverse
to the light propagation direction.

By solving the steady-state rate equations sys-
tem given by egs. (3)-(5), we can determine the photon
density and, correspondingly, the initial fundamental
power output given by egs. (8) and (9). The nonlinear
output power can then be obtained from the following
expression [28, 29]

22|y PP (1-R,)
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here, 1~9 um is the wavelength of the fundamental
mode and IR represents the effective interaction cross
section decided by the overlap between the fundamen-
tal and the second harmonic mode, considered to be
equal to the one given in [16], i. e. 1000 um®. n, =
= kyc/o and ny,= ky,clow are refractive indices of the
fundamental and second harmonic mode, Ak = 2k, —
k. the phase constant mismatch and a,, is the total
loss including both the waveguide o5, and the mirror
loss a),,. The waveguide losses, as well as the dimen-
sions of the waveguide, are taken from [16]. The mir-
ror losses can be estimated by

—(In Ry )
aar:l(2co) = -

where, L is the cavity length, while R, and R, are re-
flection coefficients at the fundamental and second
harmonic frequency. They are related to the refractive
indices as 2
(1 - nm(Za)) )

(14,00 )

The macroscopic parameters of the system, such
as linear and SHG power, can be evaluated by repeat-
ing the self-consistent procedure for a number of ex-
ternal fields and by calculating the lifetimes and transi-
tion matrix elements which, consequently, influence
the electric current and subband populations, as well
as photon density.

(11)

(12)

10 =

NUMERICAL RESULTS AND
DISCUSSION

The previously described procedure is flexible
and widely applicable to any number of structures.
However, here we have chosen to consider the optimi-
zation of the active region for the reference structure de-
scribed, [16], which consists of two coupled InGaAs

quantum wells separated by an AllnAs barrier, de-
signed for fundamental and SHG wavelengths at
A~9 umandA~4.5 um, respectively. This limits the fun-
damental transition energy to approximately 136 meV,
while the energy difference between the ground and the
lower laser level is defined by LO phonon energy and
amounts to 34 meV. The optimization was carried out
for the value of the applied field of F=38 kV/cm, tem-
perature 7'= 10 K, and sheet carrier density N, = 37.2-
-10'% cm™2, which was derived from the dopant profile
per repeat period and was, initially, at the beginning of
the self-consistent procedure, assumed to be distributed
equally between the subbands of one period.

In order to better illustrate the iterative proce-
dure described in the previous chapter, the result of the
self-consistent calculation for one of the parameters,
namely photon density, is shown in fig. 1. The time in-
terval for solving the differential equations is set to
1 ps, the value reaching convergence after approxi-
mately 30 iterations, while the number of iterations
differs from structure to structure and is not the same
for the reference and the optimized structure.

A schematic diagram of quasi-bound energy lev-
els and associated wave functions squared for an injec-
tor-active region-injector section of the optimized
structure is shown in fig. 2. The layer sequence of one
period, in nanometers, starting from the injection bar-
rieris: 4.1,8.6,1.5,5.7,2.6,4.1,2.1,3.9,2.3,3.7, 2.5,
3.5,2.6,and 3.3, where normal scripts denote the wells
and bold the barriers. The injector and collector re-
gions are numbered, as given in the previous para-
graph. Nonlinear cascades are formed by levels 6-9-12
and 9-12-14. The first cascade coincides with the laser
transition, while the resonance of the second cascade
can be achieved by relative thickness variations of the
two QW and the barrier between them. At the applied

35}

Mopon 110727 M)

2.2 \\\ ——————

00 0.5 1 15 2 25 3 35 4 45 5

Time [107" 5]

Figure 1. The result of the self-consistent calculation
for photon density. The time interval for solving the
differential equations is set to 1 ps; as can be seen, the
value reaches convergence after approximately 30
iterations
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Figure 2. A schematic diagram of quasi-bound energy
levels and associated wave functions squared for one and
a half period of the optimized structure. The layer
sequence of one period, in nanometers, starting from the
injection barrier is: 4.1, 8.6, 1.5,5.7, 2.6, 4.1, 2.1, 3.9, 2.3,
3.7, 2.5, 3.5, 2.6, and 3.3. Normal bold scripts denote the
wells and bold italic the barriers

bias field of 38 kV/cm, for which the optimization
was performed, the lasing wavelength amounts to
A =9.08 um.

By using eq. (10) and adopting the parameters
given in [16], we can estimate the nonlinear conversion
efficiencyn = P,,/P} of 272 uW/W? for the reference
structure, which is in good agreement with the experi-
mentally obtained values of ~100 u W/W? given in [16].
The calculated value for the second order nonlinear sus-
ceptibility of | ;((2) |=2.58-10 pm/V is in accordance
with the calculated values of 2-10* pm/V given for the
reference structure in [16]. However, the optimized
structure shows a noticeable improvement regarding
these parameters and the calculated values for the non-
linear-to-linear conversion efficiency and the sec-
ond-order nonlinear susceptibility are 349 uW/W? and
2.71-10* pm/V, respectively.

Figure 3 represents the linear and nonlinear out-
put for both the reference and the optimized structure.
The calculated values are represented with symbols:
white for the reference structure [16] and grey for the
optimized one. Circles correspond to the linear,
squares to SHG power. The threshold current esti-
mated for the optimized structure is close to 0.5 A,
while the calculated value for the reference structure is
about2 A, which is in good accordance with the exper-
imentally obtained values given in [16]. It can be seen
that the optimized structure shows higher linear output
powers at lower currents.

As can be seen from eq. (10), the phase mis-
match factor Ak plays a significant role in nonlinear
conversion efficiency estimation. In our calculations,
the phase mismatch factor is about 100 times larger
than the loss a,,. Even though the calculated values
for the nonlinear conversion efficiency are rather high,

Figure 3. Fundamental power (straight line) and

the nonlinear power (dashed line) under different pump
currents for the optimized (grey symbols) and reference
(white symbols) structure. The lines represent
interpolated values of the calculated data which are
denoted by symbols (squares and circles)

they could be additionally enhanced by making the
phase mismatch factor comparable to the optical
losses, or by decreasing the effective interaction area
Iy, which will be the subject of further work.

CONCLUSIONS

A procedure for the design and optimization of a
GalnAs-AllnAs-based QCL is proposed. It relies on
the use of the Genetic Algorithm for the purpose of de-
termining a set of design parameters that would facili-
tate large nonlinear optical susceptibilities. The de-
scribed technique was applied to the optimization of a
double quantum well laser and the output characteris-
tics of both; the reference structure and the optimized
structure were evaluated by modeling the carrier dy-
namics by use of the full self-consistent approach ex-
tended with photon density equations. Reference de-
sign calculations show excellent agreement with
experimental results while, simultaneously, the opti-
mized structure predicts a significant improvement of
the nonlinear-to-linear conversion efficiency and the
second-order nonlinear susceptibility, as intended.

The technique has no restrictions regarding the
number of optimization parameters or material com-
position and demonstrates high optimization abilities.
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Anekcanapa TAJU'R, Jeaena PATOBAHOBUh, Buromup MUJTAHOBH B,
Hparan THBUH, 3opan UKOHU'h

ONTUMUN3AIINIA ONTUYKUX HEJINHEAPHOCTHU Y GalnAs/AllnAs
KBAHTHO KACKAJIHHUM JIACEPIMA

bes o63upa Ha or HanpefakK OCTBapeH y o0JacTy JU3ajHa U U3paje KBaHTHO KaCKaJHUX
Jacepa mpujaarobeHux 3a 3 e y cpeilbe UH(pALpPBEHO] U TepaxeplHoj 06JaCTH CIEKTPa, OINCETy
TallacHUX Ay>KUHA Off ~3-4 mm1 jajbe ce MPUCTYIIA ca OTpaHMUEHNM ycrexoM. OBa Yn-CHULA je ToBesa 10
noTpeOe f1a ce pe30HAHTHHU YHYTAap30HCKU ITPEIa3u HCKOPUCTE KAO CHAXKHU HEJIMHEAPHU OCIUIATOPH, IITO
oMmoryhasa ia ce BelIUKe HeJIMHEeapHE ONTHYKE CYCIEeNTHOMITHOCTUA HCKOPHUCTE KA0 CPEJICTBO 3a MOCTU3AHE
KeJbeHe TajJacHe Jy:KUHe. Y OBOM pajly, IPEACTaBbaMO PAuyHCKU MOJEJ 32 ONTUMHU3AIU]y ONTHUKUX
HEJIMHEApHOCTH pyror pefa y In, 53Gag 47As/Alj 45In) 5,As KBAHTHEM KacKaJHUM JlacepuMa 3aCHOBaH Ha
IPUMEHHU F€HETCKOT anropuTMa. TpaHCOpTHE KapaKTEPUCTUKE U U371a3HA ONTHYKA CHAra U3padyyHaTH Cy
caMocarjlaCHUM pelllaBalkbeM cUcTeMa Op3MHCKUX jefJHaYMHA 32 eJeKTPOoHe U poToHe. Y cTUMYyIUCaHU U
CIIOHTAaHH JIBO 1 je[THO-(DOTOHCKY NPOLECH alICOPIILIKje KOjH Ce jaBIbajy HUBOA PEJIEBAHTHUX 3a TeHEepalujy
APYror XapMOHMKA Cy YHETH Y Op3UHCKE jeflHAaYNHE, a Y 003Mp CYy y3eTe U 30HCKA HEeNapabOINIHOCT U
3aBHCHOCT e(peKTUBHE Mace Off MaTepujana. PazBujeHa MeTofja je MpuiInIHO OMIITA U MOKE Ce IPUMEHUTHU
Ha 0110 Koju edpekar BUILET peia Koja 3aXTeBa YKIbYyUlBawbe (POTOHCKE jeIHaAYMHE.

Kmwyune peuu: K8AHIIHO KACKAOHU AdceD, 2eHETUCKU AAZOPUTHAM, ZeHepayuja OpYZ0Z XapMOHUKA,
OUIUUYKA HeAUHeaPHOCTU
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