PHYSICAL REVIEW A, VOLUME 65, 033804
Mesoscopic spatiotemporal theory for quantum-dot lasers
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We present a mesoscopic theory for the spatiotemporal carrier and light-field dynamics in quantum-dot
lasers. Quantum-dot Maxwell-Bloch equations have been set up that mesoscopically describe the spatiotem-
poral light-field and interlevel/intralevel carrier dynamics in each quantuniQ@Ioj of a typical QD ensemble
in quantum-dot lasers. In particular, this includes spontaneous luminescence, counterpropagation of amplified
spontaneous emission, and induced recombination as well as carrier diffusion in the wettingleygum-
well media of the quantum-dot laser. Intradot scattering via emission and absorption of phonons, as well as
scattering with the carriers and phonons of the surrounding wetting layer are dynamically included on a
mesoscopic level. The spatiotemporal light-field dynamics reveals a characteristic interplay of spontaneous and
stimulated emission in quantum-dot lasers that depends on typical spatial fluctuations in size and energy levels
of the quantum dots and irregularities in the spatial distribution of the quantum dots in the active layer. Those
effects are simulated via statistical methods. They are shown to directly affect the propagation of an ultrashort
pulse in a quantum-dot waveguide. The strong influence of the localized carrier dynamics is seen in the
selective depletion and refilling of quantum-dot energy levels.

DOI: 10.1103/PhysRevA.65.033804 PACS nuntber42.55.Px, 78.67.Hc, 05.40a

[. INTRODUCTION shapes[14]. An alternative approach starts from the full-
electron—longitudinal-optical-phonon Hamiltonian and ap-
The quantum-dot lasé@QDL) is a complex nonlinear sys- proximates the system under the assumption that only few
tem in which the spatiotemporal dynamics of the propagatingghonon modes couple to the carrigi$] to a form that pro-
light fields is fundamentally linked with the physical proper- vides a derivation of analytical solutions for the eigenstates
ties of an ensemble of QDs. To unravel the complexity ofand for the various relaxation mechanisms. This has allowed
this interplay a profound theoretical analysis of this novelthe investigation of excitongl4], electron-hole correlations
laser type is necessary, in particular, for an interpretation of16], carrier-phonon interactiorj43,17] (e.g., phonon bottle-
recent experimental results. Furthermore, clear insight isieck[17]), and Auger processd48]. The interactions be-
needed for the technological design of quantum-dot laserswveen QDs and surrounding layers via carrier-carrier colli-
with improved physical properties. The impressive technosion processes have also been the focus of several
logical progress in the field of quantum-dot lasers has irpublications[19,20. The theoretical investigation of carrier-
recent years lead to the development of various new theoriaglaxation processes provides a qualitative modeling of emis-
that specifically focus on the physical properties of QDs andsion spectr@12] on the basis of analytical spectral functions.
QDLs. While the investigation of the electronic and optical Furthermore, the influence of QD size and geometry on car-
properties of QDs represents a formidable task all by itselfrier relaxation has been analyzg2il]. However, those cal-
for the QDL, we have to set up a theoretical basis that comeulations use spatially averaged quasiequilibrium distribu-
bines the particular quantum optics of an ensemble of QDsions for the carriers and phonons, and do not consider the
with the particular material properties of QDs. interaction with a spatiotemporally varying light field. Con-
Various methods have been developed that allow a microsequently they are not appropriate for the analysis of spatial
scopic investigation of stationary material parameters in @ffects such as the influence of a propagating light field or
semiconductor QD. This includes, e.g., the calculation ofspatial fluctuations on the QD parametésize, level ener-
matrix elements and the analysis of the electronic structurgies.
of QDs[1-11]. Numerical methods that have been employed Dynamic theoried22-32 have been set up that apply
are based on Green’s functiori4,2], kp theory [3,4], time-dependent equations for the carrier dynancsg., us-
pseudopotential calculationi§,6], or use direct diagonaliza- ing a density-matrix approaci22], the Green’s formalism
tion of the respective Hamiltonian matiiiX,8]. In particular, [23,24], or rate equations for the averaged carrier distribu-
the analysis of multiple-exciton complexes and many-bodytions in the QD[25-28). The numerical modeling of the
interactions has in recent years evolved to a main topic ircarrier dynamics has been used to calculate spontaneous-
QD theory[7-11]. On the basis of these many-body calcu- emission spectra of QDLE26] and to discuss the various
lations spectral shifts and the appearance of multiline emisrelaxation and recombination procesg2g|. However, since
sion observed in experiments were explaiféf they refer to the quasistationary situation or to the “slow”
Theoretical investigations of carrier-relaxation processeslynamics of QDL, where fast-energy relaxation or interlevel
were done within the framework of perturbation thept®],  scattering are neglected or only considered via a phenomeno-
on the basis of a lattice approa€h3] using precalculated logical rate, they are only valid when the carrier distributions
matrix elements for the respective carrier-phonon interactionare near their stationary equilibrium. As an alternative ap-
or with wave functions obtained from simple QD potential proach theories on the basis of master equafid@s3(Q were
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FIG. 2. Representation of the quantum-dot laser model geom-
etry. The counterpropagating light field€¥) spatiotemporally

couple with carriers in the ensemble of quantum ¢mlumns.

FIG. 1. Schematic of an idealized active layer of a quantum-dotCharacteristic fluctuations in size and location of the quantum dots
laser: Columns of idential pyramidal quantum dots are aligned on are effectively represented on a numerical grid with equally spaced
perfect grid. grid points in lateralx) and propagatioriz) directions(for details

see text
developed in which the QD ensemble is constituted of mi-
crostates, i.e., of subsystems with identical electron-hol¢he dynamic light-matter interactions occurring within a QD
densities. This description does not rely on the averaging dgser.
the carrier distributions. The spatial dependence of the QDs Figure 1 schematically shows the typical geometry of a
(that are embedded in the surrounding mediamd the mi- QDL. The active layer contains an ensemble of spatially dis-
croscopic physical properties of the individual QDs, how-tributed QDs that are embedded within the quantum-well
ever, have still been disregarded. wetting layer(WL). Depending on the epitaxial growth pro-

In comparison to the isolated QDs, the very particularcess the laser may consist of several layers defining vertical
features of a QDL—the interaction of the QDs with a spa-“QD stacks” (columng. Light propagates within the active
tially varying light field—have so far only been addressed inlayer in the resonator predominately along the longitudinal
a few recent work$22,31,32. However, due to the inherent (z) direction. This dynamics of the light fields is described by
complexity of the spatially and spectrally varying physical Maxwell's wave equations considering the spatiotemporal
interactions many important characteristic properties of ahanges of the light fields propagating in the forwarg)(
QDL have so far been neglected. In particular, the spatiallyand backward ) direction within the lasefsee Fig. 2 The
dependent light-field propagation and the interplay of stimudayered vertically) structure is considered via effective ma-
lated and spontaneous emission linked with quantum fluctuaerial and device parameters. These are, in particular, the
tions are to be combined with the individual properties ofeffective refractive index and the guiding properties of the
each QD(e.g., spatially varying energy levels, size, scatterlayer as well as the physical properties of the QD staek-
ing processes, efc. tically averaged energy levels, damping rates or QD)size

In this paper we present a mesoscopic theory that bridgeBhe vertically averaged physical properties characterize an
theoretical descriptions of microscopic material properties ofeffective” QD. The properties that enter the QD-SBEs in a
QDs with macroscopic phenomenological laser theories. Bgelf-consistent way are, in particular, the energy levels, the
explicit consideration of the complexity of the above- initial occupation of the levelgestablished, e.g., via optical
mentioned properties in the context of the whole laser systeror electrical pumping and the size of the QDs.
we introduce a realistic description of QD lasers and ampli- Via the polarization of the active QD medium, the light
fiers. In Sec. Il we derive and explain our theory, which isfields are locally coupled to the dynamics of the carriers and
based on spatially resolved Maxwell-Bloch equations forto the interlevel dipole dynamidslescribed on the basis of
QDs. Sec. Ill shows results of our numerical modeling, Secthe QD-SBE$ Thereby the individual time scales of the
IV concludes the article. underlying optical and electronic processes spanning a tem-
poral regime from femtoseconds up to nanoseconds are me-
soscopically represented. In particular, their spatial and spec-
tral characteristics are fully taken into account and include,
e.g., the localization of the dots in the medium, fluctuations

In this section, we will derive the quantum-dot Maxwell- in size and shape of the QDs, the spatially dependent light-
Bloch equations(QD-MBEs). The QD-MBEs consist of field propagation, and diffraction as well as spatially depen-
semiconductor Bloch equations for an ensemble of QDslent scattering processes and carrier transport.

(QD-SBES. Thereby we will, in particular, include various The time-dependent calculation of the carrier distributions
carrier relaxation processé€Sec. Il B. To represent the dy- and light-field dynamics allow for an explicit consideration
namic subwavelength variations in the light-field dynamicsof the individual time scales of the various interaction pro-
we will derive from Maxwell’s equations a wave equation cesses. The relevant time scales range from the femtosecond
tailored for quantum-dot lasers. The coupled system of parregime (for the fast carrier-scattering processep to the

tial differential equations then constitutes the quantum-dopicosecond and nanosecond regirfes the dynamics of the
Maxwell-Bloch equations that model on a mesoscopic basipropagating light fields and of the spatial carrier density

II. THEORETICAL DESCRIPTION: QUANTUM DOT
MAXWELL-BLOCH EQUATIONS
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A. Carrier dynamics within a QD mesoscopically represents the carrier injection and includes

Starting from the single-particle density matrices for theth® pump-blocking effecta=e,h and|=i,j for electrons
electronsn®=(c'c), and holesn"=(d'd), and for the in- and holes, respec'glv.e)lylt depends on t_he absolute injection
terlevel polarizationp=(d'c), wherec andd are the local currentl, Pump efficiencyn, and the thickness of the active
annihilation operators for electrons and holes, respectiveh@€&n. D(I) denotes the degeneracy of an end energy level
one can derive semiconductor Bloch equations specifically!-€- the maximum occupation with carrigr§ o describes
for quantum dots. The resulting QD-SBEs mesoscopicall he reduction of the pump eff|C|enc_y resulting from the ver-
describe the dynamic changes of the electron and hole didically arranged QDs, i.e., the “spatial overlap” between car-
tributions inside the dotfor each energy leveland the dy-  "€r injection an_d a vertlca_l stack of QDs in the medium.
namics of the(interleve) dipoles. If one considers an en-  1he generation rates given by
semble of quantum dots as active medium in a quantum-dot i
Iaser,_ adt_jitional terms and effects are of r_ele\_/ance. The;e are  g%i)= Re{g 2 U i (L) +U py*(j,D)}
contributions describing the electrical injection of carriers i
(pumping A€ (including Pauli blocking induced recombi-
qation (with generation ratefh), sppntaneous r'ecombina— —{u**p,f,(j,i)+u‘*pn|(j,i)}]}
tion of the carriers [sy), carrier-carrier and carrier-phonon
scattering for the intradot relaxatiora)r(e'“/ﬁtlngh), and the _
interaction with the wetting Iayer&he'h/&ﬂQD_WL). The dy- heiv—pd ot R D AU D (i
namics of the occupation of electrons, (evel indexi) and g'()=R h E' ({7 pa™ (1)U o™ (1,1}
holes , level indexj) , n®", and the dynamics of the in-
terlevel polarizationgp™ [coupled to the forward ) and ot D LY * Do
backward () propagating optical fieldswithin a QD are a1 HU P13
then governed by the equations of motion

()

depend on the interlevel polarizatignand on the optical

an®(i) . . . . . field contributions of spontaneous and induced emission con-
ot =ASDID0) —n%()]+ %) — y"n%(i) stituting the local field/~. The Langevin noise terrf ,q°
describes dipole fluctuationg33] with amplitude F,
~S T n%iHnh(j) =T'\2%heIn’LJeqwo. The local fields ¢~ =d(j,i)E~
— 1 sp
]

+ 8/~ are composed of the optical light-field contributions
ane(i) [c-Ph o E* as well as those induced by Coulomb screening within
+ () + on (')| each quantum dot and by the Coulomb interactions between
at QD at |QD_WL' the carriers in the QD and the carriers in the wetting layer,
OoU. d(j,i) is the interlevel dipole matrix element. The inter-

level polarization depends vﬁ(j =AY E+EN-w (»

h .
anat(]) =AMHIDM ) —n"()T1+ ") —y"ne(i) is the frequ;ancy of the.propagating light fieldms the carrier
energies£®" that are given by
_z Fspn“(j)ne(i) ES(H)y=€%(1)+ SE%(1), (4)
I
e\ [ cph o with the unperturbed level energie&" (i.e., neglecting the
an*(i) an*(i) carrier dynamics The characteristic level energie§(l) of
at oD at QD_WL’ the unperturbed QD are taken from microscopic material cal-
culations[3] and are self-consistently included in the theory.
) ] The Coulomb-induced screening that leads to a renormaliza-
ap=() L — L he vty /- tion of these energy levels and also results in additional
at (o], + )P (i h (=) +n() 1 local-field contributions strongly depends on the specific QD

design(size, shape These respective corrections have been
1) determined in detailed calculatiofs.g.,[16,21,34) and are
represented in the QD-SBER(Q. (1)] in the form of spatially

dependent energied { and local-field contribution$i/™).

. ap=(j,i) [PP"
- géurﬁ_F qup+T

QD

wherey,, represents the rate due to nonradiative recombina- _ _ _
tion and 7, denotes the dephasing time of the interlevel di- B. Carrier relaxation dynamics

pole. The pump term Within each quantum dot the relaxation of the electrons
and holes is determined by a variety of physical mechanisms.
These are the intradot relaxatipan®(1)/dt|op] via acousti-
2 cal and optical phonons or multiphonon processes and scat-
2 n (N[D&N(1)—n°(1)] tering [ane'h(i)/atlQD_WL] between the carriers in the QD
ed and the carriers and phonons of the wetting layer. The physi-

I Ngg(
A =Tgp 7 edl )
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cal properties of an individual Qsize, shape, energy lev- i

els and the phonon distribution thereby determine the rel- ()= g<g2d,—béci> )
evance of the various relaxation processes. Here we will use

dynamic scattering rates for carrier-phonon-relaxation prodescribe phase-relaxation processes.

cesses on the basis of microscopically determined matrix el- We start from the Heisenberg picture to derive a quantum
ements for the respective interaction. The elastic scatteringinetic equation of motion for the phonon-assisted density
between the QD carriers and the carriers of the wetting layematrices. To include the emission and absorption of phonons,

will be considered on the basis of perturbation theory. contributions up to second order have to be considered. Fac-
torization of the two-particle matrices into two single-
1. Intradot relaxation particle density matrices, e.q.c*ch;,bq>=nenq5q'q, , and
The scattering rates for carrier-phonon intradot relaxatiortSing the Markov approximatio(rh..e., assuming slowly vary-
generally include emission) and absorption ) of lon-  ing distributiong leads to a semiclassical description where

gitudinal acousticalLA) phonons, longitudinal optic§LO)  Only the expectation values of the electrons, holes, and of the
phonons, and, in particular, multiphonon processes interlevel polarization appear and cross-correlation effects
(+2 LO,=2 LA, and =LO=LA). They are determined @are neglected. The reduced equations of motion then read

on the basis of microscopic calculations allowing, via a de- 95%(iq i)
pendence of the rates on the spatially and temporally varying =—
carrier and phonon distributions within the QD and the sur-
rounding layers, a self-consistent mesoscopic inclusion of all 1
scattering processes that are relevant in QD lasers. The quan- + _|gg|2{(nq+ 1)n®(i1)[DS(i,) —n%(i)]
tum kinetic equations of motion of the single-particle density h?

matrices with respect to the carrier-phonon Hamiltonian are

i .
ot (%(5i1_5i2_5ph)+?’g)seﬂlv'z)

given by _nqne(iz)[De(il)_ne(il)]}
i *
e e-ph o _ P + h t(+) PR
Sl =2 P (RS- Res(iia) ), * (ﬁ“(”'” ve £
at QD q i1z .
o oy,
h h-ph -2 (W(J,u)wz (i)
—| =22 X {Rdsi(i1.i)]-Resyi.i)1}, ’
It {op q i1l
1
ap o —; ﬁgégﬁ*p*(j,il)p(j,iz),
— =2 {E [0, =t ()]
QD a h aSh(jlij) I h hy: .
— = | 5, &, &+ 75" 2)
-2 [ -t %Gl 6
! 1
+ g% (ng+ 1)n"(j)[D"(j2) — n"(]
wherei andj are the initial(in the case of phonon emission ﬁ2|gq| {ng+ DM (G)[D2) (12)]
or final (in the case of phonon absorptjdevel of the elec- b b b
trons(i) and holesj) andiy, i,, j1, j» denote intermediate —Nngn"(j2)[D"(j)—n"(j)]}
levels from which inscattering and outscattering occurs via i *
the emission and absorption of phonons. The intraband den- -> <%,u(j1,i)+ vel t(2.0)
sity matrices !
. i
Co =2 o)+ ¥t
33('1-'2):g<ggc;rlchi2>y EI (ﬁM(JZ ) Yq (J1,1)
hei iye Loyt -2 igggg*p*(jl,i)p(jz,i),
Sq(Jli]Z):g<qujlquj2> (6) T 7
- - at(j,i) [ .
depend on the carriec(,d;) and phononl§,) creation and —_ - —(51+5i—5ph)+73 tH(j,i)
annihilation operatorsq denotes the phonon wave vegtor at h
They describe energy relaxatiogc‘i'h is the coupling con- 1
stant of the respective carrier-phonon interacti8f]. The — > —|gPIA4ngn"(j)+ (ng+1)[D(j)
interlevel density matrices p2 te !
i . . 1 .
t§9(1.1) = +(g3d;bqci), —n" (DI = 2 5195 ngn(i)
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+(Ng+ D[DEi)—n®(i)1}p(j.i) comparison with the carrier dynamics. Moreover, due to the
conservation of energy, only phonons with energies close to
resonance with the level energies of the QDs significantly
contribute to the carrier-phonon interactions. Thus one can
adiabatically eliminate the dynamics of the density matrices.
N Furthermore, the phonon distributions are approximated with
s'(J1.0), (8  their quasiequilibrium distribution given by the respective
Bose statisticsng= 1/[ expfiwy/KT)—1] with phonon fre-
) . ) __quencywgq. Insertion of the resulting expression for the ma-
where the damping arising from higher-order terms are intrices s&h t(+) yields the following rates describing the

cluded inyg=y4(11) + v4(l2) and»§. change in level occupation by inscattering and outscattering
Typical time scales of the phonon dynamics are slow inprocesses:

SR

+3 gt g

P
gu(ll.l)ﬂ/g

ane(l) e_ph |ge|2 e/ H e/ e/ e el el e/
G| =2, 2Lt D)D) )] - ngn (D) ~ (i)}
QD
e|2
-3 29 201 DIRFD(13) = (1) 1= g D)~ (1) ]
hex hx ~€
-3 sz [29 (1 iDp(iip* ()~ 27 L:(j,il)p*(i,jl)p(i,j)]
h~ex hx ~e
-3 [zg (1. )P( )P* () -20 z(jl,np*(i,jl)p(i.j)H,
anP(iy [h-ph h2
) -3 zm?zhul,j){mﬁ1>nh<j1>[D“<j>—n“<j>]—nqn“<j>[Dh<j1>—n“<11)]}
Qp 1~
9"% . . . . . . . .
—jEi 2?6“(1,11){(nq+1)n“(1)[D“(J1)—n“(J1)]—nqn“(Jl)[D“(J)—n“(J)]}
1<

eqhx ex ~h
-3 {E (292 LGip(iy )Pt (i)~ 27 gc(i,n)p*(il,j)p(i,j)]

To|i<i h

eqh* ex ~h
-3 |2 et ety -2L S c(il,np*(il,j)p(i,j)” ©

i1>i

The function £ describes the dependence of the carrierincludes the decay of optical phonons into two acoustical
phonon interaction on the contributing QD level energies angbhonons via the inharmonic interaction potenté"". The

the energy of the respective phonon. It also contains théfetime of acoustical phonons usually is much longer than
damping resulting from higher-order contributions. For car-the lifetime of optical phonons. As a result, the functién
riers interacting with an opticgL.O) phonon,£ can be ex- can in the case of direct interaction of carriers with acoustical
pressed with a Lorentzian line shape phonons be approximated with & function, £5(14,1,)

1 =0(&,—&,= &)
L(4,1,)= Lo — (10 Next to the emission and absorption of one single phonon
hAE &, o)+ 16 the influence of multiphonon relaxation has to be considered.
Among all multiphonon processes the most relevant ones are
with [ =i for electrons and=] for holes. The lifetimer, o the emission/absorption of an LO phonon accompanied with

with the absorption/emission of an acoustical phonanlLQ

*LA) and the emission/absorption of two acoustical

27 . !
TLé:_2|VAnh|22 5Qwa(Q)— w o) 2ng+1] (1D phonqns (cLA=LA). The respective relaxation terms de-
h q rived in analogy to the above read
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c

an 1 c c e e 2 c c c
Sr| =22 X 165(a005(d2) Lo, (11,12)+ 991 %(T2) Lo, (112)|*{(ng, g, + Dn(1)[DE(1) —n(1)]
c-2ph 1 1 2

H 1 C C Cc C 2
(g, + 1ng, ([P —n* ()]} +22 2 +105(d1)95(02) £, (12,1) + 9101 95(d2) Loy (11.12)]
1> l> 2>

1
X{(Ng, + 1) (g, + 1“1 )[D(N) =n(D)] = Ng,ng,n“(N[D(I) —n()P+22 > =

=1 LT >

X G5(01)95(02) Lq, (12.1) + 0501 95(02) L, (15.11)2{ng, (ng, + N1 )[D(H) —n(1)]

) 1
= (N, + DN, n°(O[D(1) —n(I)]}+22 X +|95(00)95(d2) La,(1.12) +9%(d1)g%(a) Lq,(11.12)

=1, 1511,

*{(Ng, + 1)Ng, N1 D[ D(1)—n°(1)]— (g + 1)Ng,n%(H[D (1) — (1) ]} +2 >

=1, 151551, A

X195(A1)95(A2) Lq, (1,12) +95(A1)95(02) Lq,(12.11)[*{Nng,Ng n°(1 1)[D(1) —n°(1)]

1
~(ng,+ (g, + (DD () —n(IpP+2> 2 &

=1 1,511
X 95(01)85(0) La, (12,11 + G5(A1)g5(02) L (1,D |2 (g, + L)ng n°(I D[DE() ~ (1)
— g, (Ng, + DINS(HIDC(1) — (1)1}, (12)

Whereﬁql, Ly, depend on the energy and damping rate oflayer via emission and absorption of optical and acoustical
the respective phonon. phonons, where the level descriptionin L£(l,%) refers to
the respective energy of the valence and conduction bands of
2. Scattering processes between QDs and the wetting layer the wetting layer. In Eq(14) the scaling faCtOIf%D-WL rep-

Next to the intradot relaxation, the dynamics of theresents the fraction of wetting layer states to which a single
quantum-dot laser depends on the carrier-carrier and carriefeffective QD couples. It is determined by the dot density
phonon scattering processes that occur between the QDs affid by the epitaxial structure defining, e.g., the potential bar-
the wetting layer into which they are embedded. Those aréier between the QD and the surrounding layexgA (1))
both, inelastic emission and absorption of phonons as well agdenotes the phonon number available at energy values higher
elastic collision processes. For the inelastic-scattering prathan the energy given by the potential step between the re-
cesses we will consider the inelastic Coulomb interactiorspective QD level and the wetting layer. The Auger carrier-
between QD carriers and the 2D carrier plasma of the weteapture kinetics may be attributed to the following processes.
ting layer via Auger recombination, the ionization of a QD (1) A QD electron or hole in the wetting layer collides
via excitation of carriers by absorption of a phonon, as wellwith a 2D electron and is captured by the QD. The final state
as the carrier capture from the wetting layer ifu@ to then  of the second 2D electron is then a wetting-layer state of
unoccupied state of the QD by emission of a phonon, i.e., higher energy.

(2) A 2D hole is captured via Coulomb scattering with a

anc(l) an<(1) |Aug ane(1)|e-en QD electron into the dot while the electron is excited into a
= (13)  wetting-layer state.
ot QD-WL Jt QD-wL Jt QD-WL We will represent the two types of processes with the
The relaxation rates rates{36}
on¢ c-ph
- (D ={fGp-wNWL[D(H)—n®(1))(ng+1] gn®|Aug : . .
T gpw —| (== BpN{n®()H[D"()) —n"(j)]
at QD-WL J
—n°ng(AE(IN}IL(I,%) (14)

+CeeNSVL2[De(i)_ne(i)]
describe the interactions between the discrete energy levels e uh reen o
of the QDs and the states of the surrounding quantum-well + CerNw Ny [ D*(1) —n*(i)],
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gnelAug A et . whereo‘;'h ando‘j;h denote the intersection areas of the scat-
> (J):Bherlzi n*(H[D"(j)—n"(j)] tering processes given §20]
QD-WL
+CppNDL D) —n"(j)] Ue,h:jo 2dbgp 1—cos( J_ thw%B(t)”,

Y

+CpeNyy NG D () —n"(})]. (15

In the wetting layer, the carriers are not as strongly local- o= fo 2dbgp sin( fﬁ thw%B(t)), (19
ized as in the quantum-dot islands and may therefore diffuse
within the layer. WithN§,! denoting the local density of i
electrons ¢=e¢) and holes ¢=h), the dynamics of wetting-
layer carriers is represented by the diffusion equation A ngh Ci’h
Aogo=——3-—7
ONg,. J  ON° . 'ep  Tqp
— = oqt o ~ YspNwiNwL— YW Nwe
ot ed at 2 2
QD-WL h *e Bhap
(16) cg"= > '
47780neffh 2
with a pump term describing carrier injection and a rate for
nonradiative emission processes. In Ef6) the change in . e2 ke
carrier density due to Auger relaxation can be expressed as a (20

[36] 16m2egng;h 1t
The sign+ in C$" refers to the situation where the carriers
in the QD and in the wetting layers that participate in the
collision process have equat-( or different (—) signs, re-
spectively.bgp is the spatially dependent collision param-
eter,hgp andrqp are the height and the radius of the QD.
Nets IS the effective index of the material. The coefficight
is a measure of the linear Stark effgecesulting from ex-
pressing the component of the dipole in direction of the QD
axis asBhgp) and kg is a coefficient describing the qua-
dratic Stark effect, which can be estimated from the dipole
_co.Nh 21N (i) —nf(i)n moment and the eigenenergigd7]. The collision-induced
hhNwL QD correctionAwgB_WL is added to the spatially dependent en-
_CheN\r}VLN\eNL[Dh(j)_nh(i)]nQD- (17 ergy renormalizations€ and A?’%B-WL contributes to the
damping ratesy®" and 4P in the density matrices. We note
In Eq. (15) and(17) Bpe, Cee, Cen, andCy,e are the respec- that the spatial dependencelmfp, rqp, andhgp modeled
tive Auger capture coefficients, which we take from the de-in the form (=bgp,hgp.rqp)

INE®
ot

= BN, n®()[D"(j)—n"())Ingp
QD-WL

- CeeNSVLZ[De(i )— ne(i )]nQD
— CorNG N D) —n%(i) Ingp,

IN®
ot

= —BpeNiy F(H[D"(j)—n"())Ingp
QD-WL

tailed calculation i 36], ngp is the dot density.

The elastic Coulomb-scattering processes between the
QDs and the wetting layer are treated on the basis of pertur-

bation theory[19,2(. Elastic collisions do not change the

fluc

QD /» (21)

Pob=Pop(1+P

where p&p, denotes the average value ap@“DC is the spa-

occupation of the levels. However, they may lead to Si(‘;niﬁ_tially dependent fluctuation, represents an arbitrarily distrib-

in a spectral shift and spectral broadening represented by
energy-correction termd&®" and the dipole dampingr, .

cant changes in electronic energies and damping that res&!ﬁed ensemble of quantum dots of varying size and shape.

app"ﬁjc considers, for example, the spatial fluctuation of the

collision parameter resulting from a spatial localization of

These spatiotemporally varying quantites are selfthe QDs in the laser. The higher the amplitude of the fluc-
consistently included in the QD-SBEs. They lead to spatiallytuations, the higher is the degree of disorder in the spatial

dependent line shapes and frequency differencé®tween

the frequency of the propagating light field and the eigenfre
guencies of the spatially localized QDs in the laser structure®

The shift of the emission frequency and the carrier dampin
rate resulting from the elastic Coulomb scattering betwee
QD and the surrounding layer are

e,h

AwQD-WLz Y 2kT/me’ (TwN

AygDw=V2kT/m® o NG,

eh
WL

(18)

distribution of the effective QDs.qp andhgp are the aver-
age radius and height of the QDs, respectively. This leads to
spatially dependent energy corrections and damping rates.
The QD-SBEs including the dynamic intradot scattering
nd the interactions with the wetting layer constitute a fun-
damental basis for a microscopic analysis of the relevant
physical processes such as the influence of many-body inter-
actions, spontaneous recombination, carrier relaxation, and
carrier injection. At each location in the laser structure the
carrier dynamics within the Q1) and the wetting layer
(16) is—via the generation rate and the dipole dynamics—
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fundamentally linked to the light-field dynamics that, in turn, with the propagation constag and frequencyw. With the

is described by a suitable wave equation. main field propagation parallel and antiparallel to the reso-

nator axis we may in Eq24) neglect the mixed derivatives

V,dldz, (0/9z)V+. Similarly, V;E;~ —i BE, such that the

i i i i . deviatesV;V+E and Vi BE, can also be safely omitted.
The spatiotemporal light-field dynamics plays a MaJor pisregarding the second-order derivatd/¢t?)P of the po-

role for relevant physical quantities such as the spatiospectrl i ation (in analogy to the microscopic Bloch equations

gain and induced md_ex of the _system tha_\t, in comblnatlo_there one implicitly assumes a linear-response funtios

with the complex carrier dynamics, determine output quantigina|y obtain the following effective wave equation for the

ties of the laser system, i.e., emission wavelength spectra ; ; : ; )
. ; ' ' 1 2=~ CounterpropagatingH, —) optical fields in a QD laser:
bandwidth, saturation properties, and temporal emission propagating, —) op Q

C. Optical field dynamics: Counterpropagation and diffraction

characteristics. A realistic theoretical treatment consequently P 52 2iw J 1 52
requires full consideration of spatially and temporally vary- V%Ei +2if—E*+—E*"+——E*—— —E~
9z 9z? c? ot c? gt?

ing optical fields(associated with spontaneous- and induced-
emission processps$hat are mesoscopically coupled to the
dynamics of the electrons and holes in the QDs. The QD
ensemble represents a strongly inhomogeneous gain medium
with spatially distributed QDs with individual material prop- i . £
erties(dielectric constant, refractive index, 6tcThis spatial 1€ Langevin noise terieq™(r,t) that has been added to
inhomogeneity is even more intensified by the spatiotempoEd- (25 has been derived from quantum Maxwell-Bloch
ral dynamics of the carrier distributions in the QDs and in theduations[33]. It considers spontaneous light-field fluctua-
wetting layer as well as by the nonlinear interaction of bothtions that depend Vig = (127 wo)/ (Ve €o) on the specific
carrier systems with each other. One may immediately sengdaterial parameters and on the emission wavelength of the
that these space- and time-dependent variations lead fgVvice.q=(r.t) obeys the correlation relation
strong phase changes during the propagation of the light L , ,
fields in the laser resonator. Consequently the calculation of (A5(r,0Q=(r" 1)) = wd(r—r",t=t"),
the light-field dynamics has to include the temporal and spa- _ .
tial changes of the field amplitudes in an appropriate manne\r'.VhereK_ L/(2L)In[R;R,] corresponds to the damping rate
We start from Maxwell's equations for the optical fiefid of the resonator. The polarization of the active semiconduc-
and the polarizatio? and the material equations and derive tor medium
the wave equation

(25

2t o 9o E
— oW P——ZIwEP—-I—FEq (r,t).

(26)

PiZV’liZj d(i,j)p=(i.j) (27

2 2

1 1
—VV P+VE-— —E=ug—
at

€ c? ot?

P, (22
is the source of the optical fieldd/(denotes the normaliza-
tion volume of the crystal

Our derivation of the QD-MBEs reflects the spirit of de-
scribing the(spatiotemporaldynamics of{(spatially inhomo-
geneous semiconductor lasers on the basis of Maxwell-
Bloch equations [38]. The QD-MBE mesoscopically
considers the dynamics of the carrier distributions in the dots
and the interlevel dipoles together with the spatiotemporal
dynamics of the optical fieldincluding spontaneous light
fields, amplified spontaneous emissiORSE) and induced
recombinatiof

Specific laser configurations of an actual device that is
characterized by its geometry, reflectivity of the mirrors, cur-
rent, injection, etc. are fundamentally included in our de-
scription. They enter the theory in the form of boundary
conditions for the dynamically varying optical fields and car-
riers, e.g., the pump term of the QD-MBESs. The laser cavity
induces additional counterpropagation and waveguiding ef-
fects, which superimpose the carrier-field dynamics. The re-
sulting complex dynamic spatiospectral interactions between
the QDs, the optical fields, and the surrounding layers influ-
ence the emission propertiés.g., temporal behavior of the

whereey and uq are the permittivity and the permeability in
vacuum, respectively; is the velocity of light. Insertion of
the ansatz

E=ef77 1ol Erte,E,),

S - (23

for the optical fields and the polarization leads to

|

2

9 9
_B2+2'ﬁ5+E (Er+e,E,) +VZ(Er+e,E,)

9
I'BE

Jd
a)2+2iw———)

'+6VE+1
I R— JE—
Pty =T 2 a2

X ( ET+ ezEz)
(92

9
=— 1 w2+2lwﬁ—ﬁ (Pr+e,Py), (24)

optical fields, emission specjrdn the following section we
will discuss selective results of numerical simulations that
illustrate the interplay of light-field and carrier dynamics in
quantum-dot lasers.
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Ill. COUPLED SPATIOTEMPORAL LIGHT-FIELD AND ( )
INTERLEVEL /INTRALEVEL CARRIER DYNAMICS 4
IN QUANTUM-DOT LASERS

1000

750

In the following, we will present selective results of nu-
merical simulations based on QD-MBEs. Specifically, we
will consider spontaneous and induced light emission in the
active dot medium and analyze the influence of spatial inho-
mogeneities(in quantum-dot parameters such as dot size, 250
level energies, dipole matrix element the spatiotemporal
light-field and carrier dynamics. For specificity, the QDL
structure is assumed to consist of three dot laydmas/

500

z [um]

0.00 375 7.50 11:25 15.00
GaAs [3]) with a dot density of 18 cm 2. The dots are x [um]
assumed to be of pyramidal shaféth base length 12 njn
with three electron and five hole levels. The length of the (b) 1000
laser is 1 mm, its widtlfof the active zongl0 wm. At every
location within the medium, the QD-SBEs are, via dynamic 750

scattering terms, coupled to a diffusion equation describing
the spatial distribution of the carriers in the surrounding lay-
ers. The general representation of physical properties and
components of a QDL by the QD-MBEs is sketched in Fig.
2: The spatial dependence of the carriers in the wetting layer
and the propagating light field€£(") are, in the simulation

of the spatiotemporal dynamics, considered via a humerical
grid with equally spaced grid points in the latefa) and 0
propagation(z) direction. The local distribution of QDs is 000 315 x7['5° 1128 18aE0
defined by spatial coordinates with respect to this grid.

Thereby the spatial distance between the position of each QD ©) 1000
and the center of the respective célith length Az and
width Ax) is saved in a spatially dependent variable that is
used for the collision rates between the QD and wetting
layer. Each meslisize AxAz) contains the following infor-
mation: Number of(effective QDs in the meshNqp (note
that a “hole” in the spatially distributed QDs, i.eNgp=0 is
also possiblg position of the QDdi.e., their distance from
the center of the areaAkAz), and the individual material
properties of the QDs. The specific laser configuration is
defined by the size of the medium and the reflectivities of the 0 -
facets R;,R,) and enters the theoretical description as 0.00 375 x7[»5r0n] .25 15.00
boundary conditions for the optical light fields. =

A convenient way to visualize the spatiotemporal light £ 3. Dynamics of luminescence patterns of spontaneous
dynamics of spontaneous- and induced-emission processesgission of an idealized quantum-dot laser with perfect and uni-
in the form of temporal and spatial light-field and the carrierform dot arrangement and identical parameters for dot size, level
distributions. To additionally grasp the complex microscopicCenergies, and dipole-matrix elements. Light shadings indicate high
carrier-relaxation dynamics we will focus on the dynamics oflevels of intensity. The time between successive snapshots is 3 psec.
the level occupations. On route, we will analyze the influ- . . .
ence of spatially varying quantum-dot properti@sg. dot  ©F optica) excitation of the system. For low electrical injec-

size, level energies, dipole-matrix elemént: the spa- Uon current Fig. 3 shows typical snapshots of the spatial
tiotemporal light-field and carrier dynamics. light-field distribution within our model quantum-dot laser

structure. The time interval between the snapshots—showing
the speckle distribution that is a characteristic of the
quantum-dot medium—is 3 psec. In this example we have
assumed the very ideal case where the distribution of the
One of the very characteristic properties of a laser is thelots within the structure is uniforrti.e., the dots are posi-
buildup of coherence in the light field from initial spontane- tioned with constant dot-to-dot distancd-urthermore, we
ous emission. In the quantum-dot laser whose active mediuthave used, for each dot within the structure, an identical set
is fundamentally characterized by the spatially inhomoge-of parameters for dot size, level energies, and dipole-matrix
neous ensemble distribution of active quantum-dot sourceglement. The injection of carriers has been chosen such that
one would expect that this transition is determined by thishe occupation of the energy levels of the dots are near trans-
very feature together with the dependence on(#iectrical  parency. In spite of the “ideal” conditions assumed for the

500

z [pm]

250

750

500

z [um]

A. Spatiotemporal light-field dynamics: Interplay of
spontaneous and induced emission
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1000 1000

(a)
750 = 750
= =
é o7 & 500
250 250
0
0 - 0.00 375 7.50 11.25 15.00
0.00 3.75 7.50 11.25 15.00 x [pm]
x [um]
1000
FIG. 4. Snapshot of the spatial electron distribution correspond- (b)
ing to the luminescence pattern of Figcll
750
laser structure, spatial fluctuations in light and carrier distri-
bution arise. They are the result of spontaneous light fluctua- =
tions, microscopic carrier-relaxation dynamics, and nonlinear & 500

coupling between the light fields and the charge-carrier
plasma: The carrier dynamics within each dot is determined
by processes such as carrier injection, spectral-hole burning,
intradot carrier relaxation via phonon emission and absorp-
tion, carrier-carrier and carrier-phonon interaction with the 0
wetting layers, as well as screening. We will later focus on 000 75 [
those in more detail. For now we can see that for the light-

field dynamics the underlying physical processes consist of (©)
both coherentin the case of, e.g., induced recombinajion

and incoherent contributionge.g., spontaneous emission, 750
carrier relaxation Consequently they vary from dot to dot
even when identical dot parameters and ideal uniformity of
the dot distribution in the layers are assumed.

The interplay of incoherent and coherent interactions
yields a spatially varying number of electrons and holes in
the energy levels of the quantum dots. Together, the sponta-
neous and induced light emitted by a quantum dot then con-
tributes to the forward and backward propagating light fields <
and is thus transferred to the neighboring dots leading to R T
complex spatiotemporally varying light-matter interactions.

The propagating light fields on the other hand, experience a FIG. 5. Spatiotemporal dynamics of stimulated emission in
spatially dependent modification via the interaction with thequantum-dot lasers pumped above threshold. The time interval be-
guantum-dot ensemble. In combination with the diffractiontween successive snapshots is 3 psec.

of the light field this leads to a spatially varying light-field

dynamics[Figs. 3a)—3(c)]. The nonlinear and inhomoge- uniform carrier injection and regular matrixlike positioning
neous light-matter interaction and the carrier dynamics affecof quantum dots that each have identical proper{sise,

at the same time the spatial charge-carrier density. For thievel energies, matrix elements

time frame of Fig. &), Fig. 4 shows as an example the  The spatiotemporal light-field dynamics changes if we in-
distribution of electrons. The spatially varying level occupa-crease the excitation levétarrier injection by rising the

tion and the formation of characteristic optical patterns are agespective pump term in the Bloch equations so that the dots
direct consequence of spontaneous light fluctuations andre almost completely filled with carriers. In this case the
scattering. The microscopic intradot scattering of the carriersnapshotgagain with time steps of 3 pseof Figs. 5a)—(c)
within the dots via emission and absorption of phonons, theshow the result of a significant inversion: light amplification
interaction of the “dot carriers” with the carriers and the by induced recombination occurs in addition to the
phonons of the wetting layer, and the nonlinear coupling tospontaneous-emission processes. The first intensity distribu-
the propagating light fields lead to a spatially varying occu-tion is taken 100 psec after the initial excitation of the dots.
pation of the dots and subsequently to complex transversi the longitudinalz) direction one can observe dynamically
carrier dynamics. It is important to note that the interplay ofvarying intensity modulations. These longitudinal structures
light with the carriers results in a spatiotemporally varyingare typical for the inset of laser oscillations of a device im-
occupation although we have assumed the “ideal” case ofmediately after start-up. They are a measure of the charac-

250

1000

500

z [pm]

250
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FIG. 6. Dynamics of the opti-

(a) 10.0 ‘ : ' (b) 10.0
; :; ‘ ‘ ‘ ‘ 75
: V ‘ ‘ 5.0
i 100
510 ‘ | ‘ 25
. f‘ !‘ | ‘ cal nearfield(a),(b) and the corre-

0 75 150 225 300 0 75 150 225 300 sponding carrier densitic),(d) at

t [ps] tps] the output facet of a QDL(a),(c)
for negligible dot-to-dot fluctua-
tions, (b),(d) quantum-dot en-
semble with Gaussian fluctuations
(with a variance of 12%in size
and location.

(© C)

x [um]
x [um]

150 225 300 0 75 150 225 300
t [ps] t [ps]

teristic internal coherence length scales that typically lie inapproximately 200 psec after turning on the deyite dy-
the micron regime. In time, the structures lead to intensitynamics of the optical nearfiel@),(b) and the carrier density
spiking and relaxation oscillations in the light emission. In(c),(d) at the output facet of the laser. In Figgagand Gc)
lateral direction, i.e., parallel to the output facet, the intensityonly a negligible deviation of the QD parameters from their
is rather uniform when compared to Fig. 3. This uniformity average values has been chok variancg while in case
originates from induced emission processes, which now pla@f Figs. @b) and &d) the variance of the parameter values of
a major role in the overall behavior of the device: The initialthe spatially distributed QD$i.e., their size, dipole-matrix
filling of the dots establishes a carrier inversion and thus &/éments, energy levels Gaussian with a variance of 12%.
high gain. Due to the increased influence of inducedi" both situationslow and high fluctuationsthe near-field
emission processes, a spatiotemporal coherence builds u ,tensny[Flgs:. Ga) and Gb)] ShOV.VS. slight modulations ona
which is via the propagating light fields transferred in both |cos§cond time scale. '.I'heylongmate from the dyf‘am'c In-
time and spatial dimensions. The coupling of the carriers "{eractlons between the I'ght, fields apd the QD carriers rang-
the dots with the propagating light fields in combination with "9 from the femtosecond time scali the case of micro-

the high gain characterizing the dot medium may then lead t§COPIC carrier scattering up to the picosecond and
a narrow-band stable laser output. nanosecond time scaléeeflecting the resonator round trip

time of the propagating light fields and the slow buildup and
decay of the spatial carrier densitfrrom the simulations we
can see that the diffraction of the light fields and the spatially

Contrary to the ideal situation assumed so far, slight dotdependent interaction of light with the carriers in the dots
to-dot variations in size, energy levels, and material paramand in the wetting layer lead to the formation of characteris-
eters exist in real quantum-dot laser systems. In addition, theéc optical patterns. The time scales of the carrier dynamics
dots are not equally positioned on a grid within the layersthereby are via the propagation of the light fields transformed
The respective variance in quantum-dot parameters and dato characteristic interaction lengths like the coherence
to-dot distance depends on the material system and the epgength. In combination with the diffraction of the light fields
taxial growth process of the particular quantum-dot systemthis leads to transverse modulations in Fig. 6 that typically
The most relevant inhomogeneities are, e.g., a variance die in the micron regime.

QD size, energy levels, dipole-matrix elements, and nonuni- The light-field dynamics is determined on the one hand by
formities in the distribution of quantum dots in the layer.  the induced and spontaneous recombination processes and on
To elucidate the influence of spatial fluctuations, we will the other hand indirectly by carrier scattering via carrier-
contrast the temporal behavior of the near-field intensity an¢arrier and carrier-phonon interactions. The mutual influence

the carrier density at the output facet of an almost ideabf light and matter is particularly strong during the start-up
guantum-dot lasefwith uniformly distributed, almost iden- regime of the laser and leads to characteristic oscillations in
tical dotg with a quantum-dot laser characterized by strongthe time domain. In case of a laser with a high spatial vari-
spatial dot-to-dot fluctuationsof 12%) in the parameters. ance of the QD parameters, the spatial dependence of the
Figure 6 displays in a time window of 300 pséstarting near field is strongly affected: The spatial fluctuations in size

B. Spatial fluctuations
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and energy levels of the dots are via the tewn- y, of the @
QD Bloch equationgsee Eq.(1)] transferred to spatiospec-
tral changes in the interlevel polarization. Changes in the
dipole-matrix elemend(i,j) induce via {/%)(n®+n"E*
respective changes in the interlevel polarization. This
leads—via the spatial polarization of the wave equation
(25—to dynamic changes in both, amplitude and phase of
the propagating light field and thus to the formation of dy-
namic characteristic optical patters. The spatial dynamics anc
relaxation of the carrier density typically occurs on longer
time scales of a few hundred picoseconds. Thus in the time
window of Figs. 6c) and Gd) the increase in carrier density
is part of a relaxation oscillation. In addition to the uniform
increase in the carrier density, Figdp shows a characteris-
tic filament structure. They originate from the mesoscopic g4 ©
coupling of the charge-carrier plasma and the light-field dy- ~
namics. The dynamic changes in the carrier system depenc
via the generation rate of the Bloch equati¢sse Eqs(1)],

on the light fields that are spatiotemporally modified by the ~
spatially varying dot parameters. In addition, carrier-
relaxation processes, via phonon emission or absorption an <
via interaction with carriers and phonons of the wetting lay-
ers, depend on the energy differences of the levels involvec
and thus are also directly affected by the spatially varying ) _
dot parameters. We note that although we have in our ex- F!G. 7. Propagation of a femtosecond puléel width at half
ample chosen the fluctuations of the respective parameters ximum of 500 fsectuned to resonance of an inverted quantum-

be the same in each dot, the variance of the individual pad®t €nsemblet@—(c) Snapshots of the light field and)—(f) cor-

rameters can, in principle, be chosen independently.  "<oponding snapshots of the carter densiy. The time betueen suc

©

[1um]

0 10

x [wm]

C. Ultrashort-pulse propagation in a quantum-dot waveguide  ear light-matter interaction between the pulse and the spa-
A typical means of probing the internal dynamics of atia_lly distribu}ed dots, a complex spatio_tempoyal behavior
: . . . arises. It is directly reflected in the dynamic spatial structures
quantum-dot laser s to inject an optical pulse mto_the Iasern both intensity and carrier density. The pulse is laterally
and analyze the ultrafast dynamics of the output signal. FOg,t red and temporally distorted via the interaction with
this configuration thus one additionally has to consider gpe dotgFigs. 7b) and 7c)]. At the same time, spatial-hole-
light pulse propagating in a laser waveguigidth of the  ning effects can be observed in the carrier distribution of
structure 10um, length 1 mm filled with an inverted Figs. 1e) and 7f). The partial refiling of the dots—
quantum-dot ensemble. The snapshots displayed in Fig. determined by carrier injection, carrier capture, and thermal-
show the intensity(@—(c) and the carrier densityd)—(f) ization via carrier relaxation—defines a finite “response
within the active area of a QD laser during the propagatiortime” of the QD medium. As a consequence, the spatial ex-
of an ultrashort light pulse whose frequency corresponds ttension of the hole burnt by the light pulgeig. 7(f)] signifi-
the transition energy of the QDs. The injection current dencantly exceeds the spatial area covered by the optical pulse
sity has been chosen such that the population of the dofsig. 7(e)]. Thus, a light pulse propagating in a QD wave-
within the layers of the QD waveguide are significantly guide is strongly modified by the nonlinear interaction with
above the transparency. For the dot-to-dot fluctuation a varithe QD system. The amount of spatial and temporal distor-
ance of 5% has been assumed. The time between successfi@ghs the light pulse experiences thereby strongly depends on
plots is 3 psec. Figs.(@ and 7d) represent the spatial dis- Poth spatial effectésuch as dot density, uniformity of the dot
tributions of the intensity@ and the carrier densitgd) im-  distribution, spatial fluctuationsand microscopic “spectral”
mediately after optical injection. It is important to note that effects(determined by the characteristic relaxation times and
initially the lateral spatial shape of the injected light field is Microscopic dot propertigsThe spatial effects displayed in

Gaussian shaped with a width full width at half maximum of F19: 7 are thus—via the coupling between the wave equation
6 wm and the temporal profile of the pulse is chosen Gaus:s"Zmd QD-Bloch equations—the result of microscopic physical

ian as well with a full width at half maximum of 500 fsec. cects In order to analyze these dynamics we will in the
Immediately after injection the light pulse starts to interr:lctfoIIOWIng focus on the population changes induced by a light

with the ensemble of populated QDs. During its propagatiorPUIse'

through the laser the pulse locally reduces the population D. Interlevel and intralevel carrier dynamics
within the dots established by the injection current by in- of the quantum-dot ensemble
duced recombination. With continuing propagation the light

oulse is significantly amplified Fig.(). Due to the nonlin- While the optical output signal carries information on the

carrier dynamics of the quantum-dot ensemble, it does not
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(a) tiphonon interactions, and the interaction with the carriers
and phonons of the wetting layer.

The magnitude of the various “channels” for relaxation
mechanisms thereby depend on the QD energy levels, on the
energy difference of the surrounding layers, and on the cou-
pling of a dot to its next neighbors. This dot-to-medium and
dot-to-dot interactions thereby are determined by the dot
density and the light propagation that mesoscopically
couples the QDs. It is consequently both specific material
properties and dynamic light-matter interactions that decide
whether the dots are isolated from their environment or be-
(b) 4 | have like a thermalized ensemble. In passing we may remark
that it is a decisive advantage of the mesoscopic spatial re-
solving that every intermediate state of the dots is allowed
without restriction to the limiting cases of full isolated dots
or a completely thermalized set of dots.

The physical situation is particularly interesting if the dot
medium is near transparen¢frig. 8b)]. Due to the indi-
vidual matrix elements the occupation of the various levels

may rise or be reduced even though the sum of all contribu-
e o 2% 2 3% tions stays more o less at a constant value. In particular, the
14 s dynamic changes in the level occupation and the dynamic

2
=)

o
o

03

02

level occupation [arb.units]

01 |

0 0.5 1 1.5 2 2.5 3 35 4
time [ps]

level occupation [arb.units]

(©) = saturation of individual levels may lead to the situation that
g the laser first saturates to a specific level and then changes
& from one interlevel transition to another one.
§
§ E. Luminescence of optically excited quantum-dot media
o
2 In Sec. Il C we have considered the propagation of a

resonant light pulse in an inverted quantum-dot medium, i.e.,
04 - : : : : : : an electrically pumped QDL. While this certainly represents
o 18 “m:[ T the preferred mode of operation of quantum-dot lasers in
Pl most applications, in many current experimental setups,
FIG. 8. Calculated hole-level occupation during the propagatiothowever, one investigates luminescence of optically excited
of a light pulse:(a) absorption,(b) transparency(c) amplification. ~ quantum-dot media by altra) short optical-pump pulse. In
the quantum-dot laser this corresponds to an approximately
directly reveal the carrier dynamics within each energy levels-shaped excitation of carriers into one or more high-
In our QD-MBE the interlevel and intralevel dynamics are energetic carrier reservoirs either in the dots themseldies
automatically represented and calculated. The level dynanrect optical pumpingor by carrier capture from the optically
ics allows a visualization of the microscopic interactions oc-pumped wetting layefindirect pumping. Since the dynamic
curring within the dots. As an example, we will concentrateinterplay between the dots and the wetting layer is deter-
on results calculated for the hole-level occupation during thenined by a large variety of relaxation processes involving
propagation of a light pulsg500 fse¢. The respective the dot carriers and the carriers in the wetting layer, the ex-
electron-level occupations show a qualitatively similar be-citation of the dots via the wetting layer represents a particu-
havior. We will focus on three physically different situations: larly interesting case. In the following we will thus focus on
absorbing, transparent, and amplifying QD media. Figuréhe case of an ensemble @fitially empty) dots that is dy-
8(a) shows the situation where the energy levels are almostamically filled from the wetting layefthe high-energetic
empty at the start of the calculation. In this case the pulsearrier-reservoir The dynamic coupling between the dot
leads to an optical excitation of the carrier system. If on thecarriers and the carriers of the wetting layer is determined by
other hand the dots are initially significantly fillggig. 8(c)],  the density of quantum dots, the individual dot properties,
an effect similar to the well-known spectral hole burningand the epitaxial growth process. These factors contribute
occurs: Depending on the dipole-matrix elements for the insimultaneously and lead to a characteristic response of the
dividual states and depending on the frequency detuning afuantum-dot system. Thus the resulting luminescence is in-
the pulse with respect to the frequency of the respective eledluenced by and directly reflects the multitude of physical
tron and hole states, a reduction of the individual level oc-quantities that are involved in the characteristic excitation
cupation and a partial refilling via carrier injection and mi- and relaxation processes. These are characte(iatiteria)
croscopic scattering processes occurs. The microscopjaroperties like the optical matrix elements for the various
scattering processes involved in this “level burning” are de-(intradot and dot-wetting laygrcarrier and carrier-phonon
termined by emission and absorption of phonons, mulinteractions, the transition-matrix elements of the dot levels
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FIG. 9. Dependence of the QD luminescence on excitation level. FIG. 10. Dependence of the QD luminescence on coupling
Solid, gray, and dotted lines correspond to competely, half, angtrength. High coupling strengtiblack) provides a fast filling and

significantly less than half filled wetting-layer states, respectively. efficient refilling of the dots that are partially depleted via induced-
emission processes. Weak coupliiggay) leads to a gradual deple-

involved, the energies of the dot levels and the wetting—layeFIon of the carrier reservor.

states, the dot density, and the spatial dot distribution. Sinc
a detailed analysis and variation of all these paramete%
(some of which even are presently not known in dgtiail
volves extensive simulations we will in the following restrict
ourselves to the investigation of the influence of the filling

zX AX). In a given laser structure this value is determined

y the dot density and by the potential step between the dots
and their environment determined by the size and shape of
the dots as well as the particular material systems and epi-

degree, the coupling strength, and the energy levels. ThereﬁﬁXial growth processes. The resulting dynamic behavior of

T - the emitted intensity is depicted in Fig. 10. First, a high
we implicitly assume the remaining parameters to(fga- ) ; - I
tially dependentconstants. coupling strength provides a faster filling of tfimitially)

Figures 9, 10, and 11 show the characteristic lumines€MPty dots. As a consequence, the dot occupation reaches

cence, i.e., the laterally averaged intensity at the output facét'e characteristic threshold value that is apparant in Fig. 10

of an optically pumped QDL structure. The degree of initial at an earlier time step. Second, it enables an efficient refilling
filling of the high-energy reservoir and the coupling strengthOf the dots that are partially depleted via induced-emission

between the dots and their environment determines the timaf©CeSSes. In combination this leads to an intense peak in the

constants for carrier capture into the dots and the degree (?lmlssmn curveblack. A wee_lk coupling on the other _hand
dot filling. In combination this may lead to very different gray) leads to a slow depletion of the carrier reservoir. As a

characteristic emission behavior discussed below. result it delays the qnset of I|ght_ emission and “stretches
the shape of the emission curve in time.

1. Influence of excitation strength )
3. Influence of quantum-dot size and growth:

The three curves displayed in Fig. 9 show the dependence Variation of energy levels
of the luminescence on the filling degree of the carrier res- S o
ervoir. The solid, gray, and dotted lines visualize the situation A variation in size and epitaxial growth of a quantum dot
where all, half, and significantly less than half of the avail-has a direct consequence for its energy levels. These varia-

able wetting-layer states are filled with carriers, respectivelylions in eigenenergies directly enter the QD-Bloch equations.
For a moderate initial excitation the loading of the QDs with I the following we will consider two channels of transitions
carriers is comparatively slow, leading to a delayed onset ofVith the highest transition-matrix elements for two different
light emission. An increase in the initial carrier filling of the ¢asesi(1) a QD system with close transition energige.,
reservoir provides a higher inversion in the dots resulting irséParated by less than the LO phonon eneegyl (2) a QD
intense light emission. The variation of the reservoir not onlySyStém where the carrier levels belonging to the two most
determines the instant and intensity of the light emission, idominant transitions differ by an energy much higher than
also affects the shape of the curve: For high excitation ah® LO phonon energy. For these two examples Fig. 11
selective saturation of individual transitions may occur. As aShows the temporal behavior of tielectron level occupa-
consguence, a second transition can be involved leading #°nS [Fig. 11(@)] and the resulting emission curjéig.

mode beating, temporal modulations, or a second peak in thkl(b)] after the initial excitation of the QDs. The black lines
emission curve. in Fig. 11(a) pertain to the QDL where the transitions with

the highest matrix elements are separated by more than the
LO phonon energy. The gray curves correspond to the situa-
tion where the respective transition energies are very close to
In order to analyze the influence of the coupling strengtheach other. For the example with higher level separation the
we have calculated the intensity and level occupation in thearriers populating the two QD levels are in main parts de-
dots with dependence on the fraction of wetting-layer statesoupled: the carrier recombination mostly restricts to one
to which the dots couple(normalized to a unit cell level (belonging to the transition with the highest dipole-

2. Influence of coupling strength
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FIG. 11. Dependence @&) level occupation an¢b) the QD luminescence on transition energies. The black lines pertain to a QDL, with
the highest matrix elements separated by more than the LO phonon-energy. The gray curves illustrate the case where the respective transitior
energies are very close to each other. The respective emission properties represented by the solid(lgusron one intense peak
belonging to the main transition. The dashed curves visualize the carrier occupation for the dot system with close transition energies.

matrix element whereas the second level absorbs carriers We have presented results of our numerical simulations
from the reservoir. The respective emission properties reprehat aim to mesoscopically represent realistic QD laser struc-
sented by the black curve in Fig. (Bl shows one intense tures. The simulations include, in particular, microscopic QD
peak belonging to the main transition. For the same excitaproperties, spatially dependent QD parameters and fluctua-
tion conditions, the dashed curves visualize the carrier occutions, spatially inhomogeneous light propagation, and dy-
pation for the dot system with close transition energies. Imamic scattering. The carrier-scattering processes are consid-
this situation the two main carrier levels interact and “inter-ered on a mesoscopic level and include both the intradot
fere” via dynamic carrier and phonon scattering. The result+elaxation and the interactions between the QD carriers and
ing emisssion curvégray) shows two maxima. The specific the surrounding layers. The specific laser configuration of a
shape of the temporal emission characteristics thus is a direntodel device is considered via the macroscopic boundary
consequence of the dynamic interplay of competing transieonditions and constraints. The QD-MBEs allow the calcu-

tions and spectral modes. lation and visualization of spatial distributions of the light-
field intensity and carriers. Furthermore, the calculation of
IV. CONCLUSION level occupations provides a detailed analysis of the various

relaxation processes. For a specific set of parameters, the
In conclusion, we have set up a mesoscopic theory on thguantum dot Maxwell-Bloch equations will allow a micro-
basis of a Maxwell-Bloch description. The resulting QD- scopically founded interpretation of the QD properties ob-
MBEs consist of coupled spatiotemporally resolved wavetained from experimental investigations. Our mesoscopic
equations and QD-Bloch equations for the electron and holéheory may thus establish a basis for linking the microscopic
levels within each quantum dot of a quantum-dot ensemblanalysis of QD material properties with the quantum elec-
inside a quantum-dot laser. tronics of modern quantum-dot laser systems.
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