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ABSTRACT

The pump rate is one of control parameters in thentym dot laser (QDL). In the present work, wealgtthe
effect of this parameter on the dynamical charisttes and carrier's population of a CW InGaAs/Gagsniconductor
QDL output. The operation lasing with CW wavelengthl.3um at room-temperature is including the photon-éadis
polarization contribution. We studied the variabléractor's dependence of the delay time, rise tioseillation region

time and photon number on the pump rate.
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INTRODUCTION

The QDs and the wetting layer (WL) constitute aped system with common electronic states. Wheee fr
carrier dispersion with effective masses for elmtérand holes is assumed, the geometry of thisdir@Ds allows for a
description within the effective mass approximasidt, 3]. One can consider the first two confindéels of such a
system, which are denoted by s and p accordingetio in-plane symmetry. The s-shell is only spigelgerate, while the
p-shell has additional angular- momentum two-foddjeheracy [4]. Although the term sub band is sona¢wiisleading
for the QD case, as these possess only a disqgretérsm due to the additional in-plane confinem&he spectrum of the
potential well introduces a splitting into sub bamdth a spacing that depends on the strengthecfxial confinement [5].
The localized states exist only below the quastioanm states of the WL so the discrete statedommed energetically
below a quasi —continuum of delocalized statessesponding to the two-dimensional motion of carirea WL [6, 7].
The localized states and the WL states are soktidnthe single-particle problem for one commonficeament potential.
A characteristic feature of a QD laser is the phesgsition from a thermal into a coherent liglttstas a function of pump
rate [8]. The pump rates have to be large and bmtop storage time is long in order to achieveghodd [9]. Our aim
here, how to gain a deeper understanding of impbrtde of pump rate in the laser dynamics charisties using a site of

master equations of semiconductor QD lasers.

The same argument electrons and holds for the puatgpat which two-level systems are excited. Tdtalt
number of excited systems is given again by the fimegral over the pump rate [10, 11]. The excitatakes place at a
constant rate in the CW case, and the total nurabéewro-level excitations scales again with the gnégion time of the
measurement [1, 12]. So the CW result can be shiftative to the pulsed curves along the diagoviedn comparing

input/output traces on a logarithmic scale [13].
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THE THEORETICAL MODEL

One can use th@D laser master equations modMEM) including photorassisted polarization tstudy the
control parameters effects. This model base four levels system that are available in two pumls for electron / hol
per pshell and two emission levels for electron / hade §-shell [14-16. The QD laser dynamics in this model are Id
on the following; the lasamicro cavity of QD can be considered as a four level system evheles have two levels- and
p-shell) in valence band and electrons have two $efe- and pshell) in conduction band. QD laser procedure ihetuthe
direct pumping between ghell holes to -shell electrons, then through equilibrium transitioetween holes state, i
holes rise from p-shell to theskell in valence band and electrons relaxes fr-shell to sshell in conduction band. The
laser operatioccur through the recombination process betweeceteing captured electrons fro-shell and capture of

rising holes from shell, then the light is emitted. Each of the sixiables in the model under investigation has Vs

dynamics.
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Figure 1: QD Laser Model with Carrier Generation in the p-Shells and the Laser Transition between the-Shells of
Electrons (Top) and Holes (Bottom)

The total Hamiltonian for the system has the follaywontributions 17]:

HTotal = HCarrier + HFieId + HCoqumb + H Interaction (1)

Where H is the free carrier Hamiltonian, which containomhation about the sin¢-particle spectrurand

Carrier
describes a system of niamteracting charge carrierHrieid Is the total energy of the free electromagnetic f

Hamiltonian? H ., IS @ccounted for the Coulomb interaction between tieiers Hamiltonian H is the

Interaction
light-matter interaction Hamiltonian in dipole approxiioat The transition of an electron from the valeng® the

conduction bands (or vicesrsa) by absorption (emission) of a photon is@ased with resonant elementary proc

The photorassisted polarization from this model is formed tbé highe-order correlations and ignorit
spontaneous emission for the abouwhresold solution. For this purpose, we can use thgosiary limit of MEM are
given as [15, 16]:
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1gphoton (t) = _%k fphoton (t) + %6& (t) (2)
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where f ., (t) is photon numberf " (t) / fpe’h(t) is electron / hole populations of s-shell (p-shef\ (t)

is the photon-assisted polarizatioR(t) is the pump ratek is the total cavity loss, 0 is the dynamical delay factor

(which one of the structure parameters that istia f the doping barriers in quantum dots [15, is the spontaneous

emission coupling factor,/] is a phenomenological dephasing/,&p is s-shell (p-shell) spontaneous emission rai@ int

non-lasing modes, anﬂ’g‘h is electron (hole) spontaneous emission ratelagimg modesQO is absolute value square of
the coupling between the mode and the carrieritrans

In the following we shall use the site @D semiconductor laseviEM (2)-(7) to compute numerically and study
the dynamical characteristics with contributionpoimp rate effect in InGaAs /GaA3D lasers. This system includes the

time variation of f (t) in the QD laser cavity, photon-assisted polarizatléy(t), and carrier's populations of

photon
electron / hole Gse’h (t) / f,f‘h (t) respectively). Those variables are functions tdows parameters (i.e. control
parameters). The pump rate is one of the impottianet dependent parameter.

The pump rateP(t) is either a constant value in case of pulsed atiit of the time-dependent pump pulse, or
in the case of CW excitation [18]

ity
ﬁe Z(At)

_ 8
J2mnt ®)

Where At is a pulse width (pulse duration) afdl is the pump pulse area, which is directly corresisoto the

P(t) =

number of two-level systems excited by the pulse.

To control the dynamical interaction between carded the laser mode, paramete(t) in Egs. (3) Play an

important role to properties 6D laser. The tide denotes thhoton number outside the cavity so that the tatahber of
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excited systems is given again by the time integvarP(t) , yielding P [15, 16]. The system is excited at a constant

rate in a CW case, and after the switch-on dynathigsa stationary state is reached where theofagenitted photons per
time is constant. The signal at the detector isertbeless integrated over a time window so thatcthieected photon
number scales directly with the integration tim8-PI0].The excitation takes place at a constant eatd the total number

of two-level excitations scales again with the gnégion time window of the measurement.
THE RESULTS AND DISCUSSIOND

To begin, we present numerical solutions of theemded QD semiconductor laser based on MEM (2—7§. €n
solve this scheme by using the Mathematica softwline pump rate play very clear role to determhee ¢haracteristics
of QD laser such as: the field, the delay time asdillation region time of QD laser output. Theajetime is inherent to
occur between pumping process and building the gimquopulation inversion, which leads to the gaim dmen the

production of electromagnetic field. Figure 1 reggngts the variation of photon number as a funaifdhis factor.
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Figure 2: Dynamical output characteristics of InGass /GaAs QDL at 1.3 um wave-length as function of
pump rate: (a) photon number, (b) delay tlme (c) ise time, and (d) relaxation oscillation regionThe

parameters used14]: k =20 ueV , 0 =6. 58><1O , =10 eV , 0=324 ueV? Vs=90ps , y,=2fs, yi=1
ps, y5 =5.ps
Above threshold, our theoretical results of the algical characteristics of CW InGaAs/GaAs QDL firtkt
relation between the rate of pumping and the phatamber is a linear as shown in Figure 1 (a). \Whth varying pump
rate, the delay time decreases exponentially abeaeen in Figure 1 (b). In Figure 1 (c), theaditin is similar to the rise
time behavior. The instable increase of relaxatiscillation region increases with the increasewhp rate even up to the

point of a coup when the pump rate value 33thgn decreases with farther increase as showigimd=1 (d).

During study of attraction between the populatidpumping states and the photon number in Figunee2find
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that the effect of increasing the pumping redubesnumber of fluctuations in the attractor withrgese in the population
of p-shell electron and photon number at stedate sas shown in Figure 2 (a). As well as the le#tsactor, there is
instable in the fluctuations of population of p4hwle and the photon number increase at steaatg stith increase in

pump rate. But that survival population of p-shelle count in the amount of (0.104) as shown iufg(b).

The theoretical results of attraction betweengbpulation of lasing stats and the photon numbersaiown in
Figure 3. In Figure 3 (a), we found out states, itfteease in pumping rate do reduce the fluctuatibpopulation of
s-shell electron attractor. Whenever, this parametzeases in photon number with survival situatibe population of
s-shell electron at the value (0.104). While thiaator declining to become a linear relationshigh® population of
s-shell hole with the increase in the pump rataso$hown in Figure 3 (b).
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Figure 3: The Attractor between Population of PumpStates f,f‘h and Photon Number of InGaAs/GaAs QDL at 1.3
pm Wave-Length: (a) Population of p-Shell Electrorand (b) Population of p-Shell Hole for Different Vdues of

Pump Pulse Area (P ): 3ps* (Dotted Curve), 30ps" (Thin Curve), and 75ps' (Thick Curve). The Black Point is the
Fixed Point of the Attracter Curve in Steady State and the Dashed Line Illustrags the Pump Rate Effect on the
Fixed Points
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The theoretical results of attraction between thputation of lasing stats and the photon numbershmvn in

Figure 4. In Figure 4 (a), we found out states, ittegease in pumping rate do reduce the fluctuatibpopulation of

s-shell electron attractor. Whenever, this parametreases in photon number with survival situatibe population of

s-shell electron at the value (0.104). While theaator declining to become a linear relationshipghe population of s-

shell hole with the increase in the pump rate oftasvn in Figure 4 (b).
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Figure 4: The Attractor between Population of Lasng States fse‘h and Photon Number of InGaAs/GaAs QDL at
1.3 um Wave-Length: (a) Population of s-Shell Eleatn and (b) (a) Population of s-Shell Hole for Diférent Values of
Pump Pulse Area (P ): 3ps* (Dotted Curve), 30ps (Thin Curve), and 75ps" (Thick Curve)
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The study of the attraction between photon-assistdarization and the photon number is shown guig 4. This
is explaining a linear increase of photon-assigt@drization via the pump rate at the steady sfate that linear increase
is follows the variations of the electro-magnetield (photon number) [16]. So, this former is adtion of the later

suggesting the correctness of the obtained refsulthe parameters used.
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Figure 5: The Attractor between Photon-Assisted Harization and Photon Number of InGaAs/GaAs QDL atl.3 um

Wave-Length for Different Values of Pump Pulse Area(ﬁ ): 3ps* (Dotted Curve), 30ps* (Thin Curve), and 75ps"
(Thick Curve)

CONCLUSIONS

The theoretical results given in this work provaldeeper understanding of the effect of increagiagpump rate
on the attractor dynamics of pump, lasing popufatiand CW output lasing of QDL with wavelength o8 im at
room-temperature. We find that the increase in i affect the system carrier's dynamics geneeadlsteady state. The
pump rate has effect on the attractor populatiop-ehell electron positively linear. On the congrdt has effect on the
attractor population of s-shell hole negativelyelin. The other populations (p-shell hole and slgiettron) settled at a

fixed amount (which depended on the parameters) wsigld a linear increase in direct QDL output. Se ean see an act

of the QDL, there is stability of the lower levebgulation attractor of lasing statesfsf'(t)) and the upper level of

pumping states f;(t)). At steady state, the pump rate increase willl lEnan increase in the population attractor of

upper-level population of lasing states (electroéile, that is lead to decline in the populataitractor of lower-level of

pump state (holes). The impact of this factorsilsir on each of the laser output and photon-assigblarization.
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