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Abstract—We present an optimization study of ring cavity  the instability threshold. The linear stability model oduced
guantum cascade lasers with regard to the instability condition.  in Ref. [6] is employed to analyze the instability of the sadd
The effects of saturable absorber and pumping strength on the  QCL. In this analytical formalism, the parametric gai2) as

A numerical calculation based on the Maxwell-Bloch equations for the characteristics of the RNGH instability.

is performed to analyze the optimized structure.

. C (QTl + Z)QTQ — 2<p — 1)
I. INTRODUCTION 9(8) = ane o QT +9) QT +4) — (p—1) (1)
Quantum cascade lasers (QCLs) are the most prominent YR (p — 1) (T + i) (3QT% + 2i) — 4(p — 1)
and compact coherent light source in the wavelength range Ty (T + ) (QTe +4) — (p—1) |’

from 3.5 to 20 um. The dynamics of QCLs is important i ) ) , ) ,
for generating ultrashort pulses [1]-[3]. Unlike convenal Nerep is the pumping factof} is the gain recovery time; is
semiconductor lasers, QCLs have a faster gain recovery (i€ dephasing tim€y is the linear cavity lossy is the matrix
the order of picoseconds) than the cavity round trip, owing t element of the Ia}smg.t.ransnmn, andis the SA coefficient.
the ultrafast tunneling and intersubband electron-phcsuat-  FOr €ach mode identified by the resonance frequeacshe
tering. Thus, in typical QCLs, self-mode-locking domirdite mode is s;able for positive vaIL_Jes of the parametric ga!d, an
by the saturable absorber (SA) effect is not possible, whictih® mode is unstable for negative values. At each iteratan,
spurs the mystery of the dynamic behaviors of QCLs [4]. It is? set of geometrical parameters and the applied electrit, fiel
demonstrated that the fast gain recovery of the QCLs exhibitd Monte-Carlo simulation is performed and the parameters
two kinds of instabilities in the multimode regime: one is 11, T2, and p are extracted. Based on these parameters, the
the Risken-Nummedal-Graham-Haken (RNGH)-like instapili parametric gain (Eq._l)_ is evaluated. If the stability ¢rde is
and the other is associated with spatial hole burning (SI8B) [ "ot satisfied, the optimizer selects a new set of paramaters f
Both RNGH and SHB instabilities are demonstrated in Refth€ next iteration. Employing this approach, a modified Istab
[6]. The SHB instability doesn’t appear in ring cavity laser Structure with maximum laser gain is achieved.
where the standing wave, which is a requirement for this kind
of instability, is absent. [1l. RESULTS ANDDISCUSSION
In this work, we perform an optimization study of ring cavity . : .
QCLs with regard to the instability threshold. We employ the . The schematics of the conduction bands and wavefunctions
particle swarm optimization (PSO) method to maximize theof a reference design and optimized design are shown in Fig.
gain and stable laser operation simultaneously by modifyin 1. The layer sequence of theolfeAlo.4sAS/IN.53Ga.47AS

for the optimized structure, starting with the injectiorrioer

the laser structure. is: 1.033.348.393.648.044.162.394.004.502.984.933.56
/3.7/2.30.714.45 nm, where the barrier layers are in bold and
the underlined layers are n-doped with Si2ak 10'7cm—3.
PSO is an evolutionary computation technique developedhe parameters used for instability analysis of the optthiz
by Kenney and Eberhart [7]. It optimizes a problem by structure are shown in Table I. Fig.2-a shows that the inigtab
iteratively trying to improve a candidate solution with a&d  threshold increases uniformly with the SA coefficient. The
to a given measure of quality. This method is found to beparametric gain of the optimized structure at various pugpi
robust in solving continuous nonlinear optimization pmbs  strengths is shown in Fig. 2-b. The results indicate thatgela
[8]. Generally, the PSO method can be used to solve many
problems of the same kind as genetic algorithm methods, and

Il. MODEL AND METHOD

! . . R X TABLE I. THE PARAMETERS USED FOR INSTABILITY ANALYSIS OF
it can generate high-quality solutions with stable coneang THE OPTIMIZED STRUGTURE
characteristics, requiring only a concise program codelj8p : :
to the large number of simulations needed for our study, we Ty Gain recovery time 0.67 ps

loy a computationally efficient semi-classical MontH6 T, Dephasing fime 0.047 bs
e.mp Yy p y . ; m Matrix element of lasing transition 2.21 x 10~ ° m
simulator based on the Pauli master equation [9]. n Refractive index 33
The optimizer iteratively improves the reference struethy lo  Linear cavity loss 500 rr;*l
modifying the wells, the barriers widths, and applied elect L Cavity length 3x 107" m

Saturable absorber coefficient 10~ 1T m/V?2

field to achieve the maximum gain and laser operation below 7
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Fig. 1. The conduction band diagram and wavefunctions ofn@yeference
design and (b) the optimized design. The lasing subbandsdieated with
bold solid lines.
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Fig. 2. The parametric gain(2) as a function of the resonance frequency Fig. 3. The spectra of the optical intensity at various SAfficients. The
Q at various (a) SA coefficients and (b) pumping strengths. parameters of the simulated design &fg:= 0.67 ps, T2 = 0.37 ps,lp =
500 m™ ', = 221 x 1072 myn = 3.3,L = 3 x 1073 m,y =
10~ m/V2,

pumping strength broadens the instability charactesstiod

decreases the instability threshold. threshold increases uniformly with the SA coefficient. More

The linear stability analysis, however, predicts only the i o6 the instability threshold in QCLs is lower than that of
stability threshold and does not describe the dynamics ®f thy,o RNGH instability in conventional lasers.

Iasler. dT‘r)] investigal'lte Ithehdynam_ics of QCLS’l we ”uhmeé'ifa"yThe numerical results based on the Maxwell-Bloch equations
solved the Maxwell-Bloch equations [6], employing the BRit g6y that the lasing instability, exhibited as the side nsode
difference discretization scheme in space and time domalqn the optical spectrum, appears either with the increase of

The effect of the SA is modeled as the intensity-modulateqne sa coefficient or higher pumping strength at the same SA
optical field amplitude. coefficient.

For the parameters corresponding to the optimized QCL,
including the SA, the lasing instability appears as the afe
the side modes with the increase of the SA coefficient. In
lasers with slow gain recovery time, the transition in théiRa This work has been partly supported by the Austrian
sidebands is discontinuous [10], however, because of #te faScience Fund, special research programme F025 (IR-ON)
gain recovery time in QCLs, Rabi sidebands continuouslygro and the European Seventh Framework Programme, contract
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Furthermore, more Rabi side modes appear with the increase
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