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Nonequilibrium spatiotemporal dynamics of the Wigner distributions
in broad-area semiconductor lasers
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~Received 5 September 1997!

We investigate the coupled microscopic and macroscopic nonequilibrium spatiotemporal dynamics of broad-
area semiconductor lasers. Characteristic nonequilibrium Wigner distributions of the charge carriers and the
interband polarization reveal spatially inhomogeneous field-induced heating and cooling as a consequence of
the coupling of the optical field to the carrier and phononic systems. The numerical simulations are performed
on the basis of microscopic spatially resolved Maxwell-Bloch equations in which the spatiotemporal variation
of thermal properties of the active laser medium are self-consistently included. In particular, the spatiotemporal
light-matter interactions are determined by the temporal and spatial transport of the electron-hole plasma, its
dependence on carrier-carrier, carrier-phonon, and phonon-phonon scattering processes as well as on the
optical properties and macroscopic boundary conditions. In resonantly and nonresonantly excited broad-area
semiconductor lasers, the microscopically computed Wigner distributions of the charge carriers and the inter-
band polarization reveal the spatiospectral dependence of the laser gain, the induced refractive index, as well
as the electron and hole plasma temperatures. The spatiotemporal nature of these processes explains macro-
scopic effects such as dynamic thermal lensing and formation of spatiospectral optical structures.
@S1050-2947~98!06503-2#
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I. INTRODUCTION

Ever since its conception over 30 years ago, the semic
ductor laser has been both in the interest of technology an
the forefront of fundamental research. Due to their small s
and unrivalled high efficiency in transforming electrical e
ergy into coherent light, semiconductor lasers are toda
most widely used laser systems. However, when one see
increase the optical output power of a semiconductor lase
enlarging its active zone or by an integration of several las
into an array, severe nonlinearities and instabilities eme
@1,2#. These effects continue to have detrimental influence
beam quality and spectral characteristics when compare
single-stripe semiconductor lasers with moderate ou
power. Recently, it has been theoretically predicted@3–5#
and subsequently experimentally observed@6# that it is the
combination of microscopic and macroscopic temporal a
spatial dynamics which characterizes this behavior. A th
retical investigation consequently has to include both mac
scopic external constraints imposed by a specific type of
ser structure and a spatially resolved microscopic descrip
of the interaction between the optical field and the act
semiconductor medium.

In most theoretical descriptions, however, the characte
tic semiconductor properties associated with the wave n
ber dependence of the gain function, the induced refrac
index distribution, etc. are described on the basis of phen
enological two-level approximations@7–9#. Thereby, both
spatial variations and the spectral dependence represent
the semiconductor band structure are disregarded. Moreo
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a characteristic feature of a semiconductor as the active
dium of a laser is the fact that, besides the interaction w
the light field, other types of interactions play an importa
role. These are, in particular, the Coulomb interaction amo
the carriers giving rise to many-body renormalization
screening, and a thermalization of the nonequilibrium car
distribution, as well as the interaction with phonons lead
to an energy exchange between the carriers and the cr
lattice. To include these effects in a theoretical description
spatially resolved semiconductor lasers we have recently
rived Maxwell-Bloch equations for spatially inhomogeneo
semiconductor lasers which include both space depend
and momentum dependence of the charge carrier distr
tions and the polarization@4#.

The nonequilibrium dynamics of semiconductor lase
have been the focus of a number of recent publicatio
They, however, have been performed mostly either on
basis of spatially homogeneous models@10# or, in the case of
analyzing nonequilibrium dynamics due to pulse propagat
in semiconductor amplifiers, by disregarding effects of cou
terpropagation and the transverse dependence of the op
fields @11,12#. Another shortcoming in the modeling of opt
cal excitation of semiconductor laser structures is related
the specific form of the initial conditions entering into th
numerical simulation scheme. Furthermore, in the simu
tions one frequently assumes nonequilibrium initial con
tions for the distribution functions and, e.g., subsequen
analyzes their relaxation@13,14#. Clearly, a more realistic
way would be to treat in the simulation both the way no
equilibrium carrier distributions and high values of electro
hole density are being created~as a result, e.g., of optica
excitation by a pump laser or electrical current injection! and
the subsequent probe by an appropriate optical ultras
pulse.
2150 © 1998 The American Physical Society
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In this paper we self-consistently analyze on the basis
numerical simulations the microscopic nonequilibrium sp
tiotemporal dynamics of the interaction of transversely str
tured counterpropagating optical fields with the active se
conductor medium. Specifically, we discuss the excitation
a broad-area semiconductor laser by resonant and non
nant continuous-wave~cw! Gaussian-shaped optical beam
In the simulation, the characteristic~counter! propagation of
the optical fields within the active semiconductor layer
taken into account together with the transverse dynam
governed by diffraction as well as spatiotemporal carrier a
temperature induced refractive index variations. This is d
in combination with an appropriate representation of the s
tially confined carrier injection, including the pump-blockin
and injection heating effects@15#, dynamic local carrier gen
eration, carrier recombination by stimulated emission,
well as spatiotemporal changes in the energy distributio
As we will show, the complex interaction of these effec
leads to dynamic variations in the local temperatures of
electron-hole plasma, the lattice, and, in particular, to ch
acteristic nonequilibrium spatiospectral carrier and polari
tion Wigner distributions.

We will proceed along the following line. In Sec. II w
extend our previous theory@2,4# on broad-area semiconduc
tor lasers by including in the theory the combined optical a
thermal spatiotemporal properties of the active laser m
dium. To model the spatiotemporal temperature dynam
we build on a moment expansion of the Boltzmann equa
@16# and recent spatially homogeneous models of ther
effects in semiconductor lasers@17,18#. Specifically, the tem-
perature elevation and relaxation is described on the bas
a balance-equation approach@19#, where characteristic distri
butions of the phonon relaxation rates are taken into acco
In Sec. III we discuss the spatiotemporal dynamics of
optical intensity distribution, the charge carrier density,
fractive index, as well as the temperature of the lattice a
the electron-hole plasma within the active zone of the bro
area laser. Section IV then presents our analysis of the n
equilibrium spatiospectral dynamics of the carrier Wign
distributions, where resonant as well as nonresonant ex
tion is discussed. Section V concludes the article.

II. THEORETICAL DESCRIPTION

In the following, a theory for the description of the no
equilibrium spatiotemporal dynamics of spatially inhomog
neous semiconductor lasers is developed in which mic
scopic and macroscopic processes within the semicondu
layer are considered in combination with relevant therm
interactions. We emphasize that the general formulation
our theory allows, with consideration of the relevant micr
scopic material properties, description of many types
semiconductor lasers. For specificity, we will later conce
trate on typical III-V semiconductor material systems, a
use the relevant parameters for the GaAs-AlGaAs sys
@20#.

A. Semiconductor laser Maxwell-Bloch equations

Our theoretical description of nonequilibrium spatiote
poral dynamics of semiconductor lasers is based on a s
classical approach. The optical fields are described by M
f
-
-
i-
f
so-
.
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well’s wave equation and the microscopic dynamics of
carrier distribution functions and interband polarization
governed by the semiconductor Bloch equations as der
in @4#. The microscopic system of equations is based o
Wigner function representation of the single particle dens
matrices@4# and thus generally holds for arbitrary spatial
inhomogeneous geometries, such as multistripe laser, br
area, and tapered edge emitting semiconductor laser
coupled arrays of vertical cavity surface emitting lasers.
particular, spatial transport and momentum space dynam
have been self-consistently described using momentum
density dependent relaxation rates for the carrier distri
tions as well as for the polarization. The relaxation rate d
tributions include carrier-carrier scattering and carri
phonon interactions. On the basis of this model we include
our present model on the microscopic and macroscopic
els the influence of spatiotemporally varying temperat
distributions.

In the active zone of the semiconductor laser, the dyna
ics of the distribution of electrons (e) and holes (h)
f e,h(k,r ,t) and the interband polarizationspnl

6(k,r ,t) is gov-
erned by the equations of motion@4#

]

]t
f e,h~k,r ,t !5g~k,r ,t !2te,h

21~k,N!@ f e,h~k,r ,t !

2 f eq
e,h~k,r ,t !#1Le,h~k,r ,t !

2Gsp~k,Tl ! f e~k,r ,t ! f h~k,r ,t !

2gnr f
e,h~k,r ,t !, ~1a!

]

]t
pnl

6~k,r ,t !52@ i v̄~k,Tl !1tp
21~k,N!#pnl

6~k,r ,t !

1
1

i\
dcv~k!E6~r ,t !@ f e~k,r ,t !1 f h~k,r ,t !#,

~1b!

with k denoting the carrier-momentum wave number anr
5(x,z), wherex andz represent the lateral and longitudin
direction. f eq

e,h(k,r ,t) are the carrier distributions in therma
equilibrium with the lattice each given by the correspondi
Fermi distribution. The counterpropagating optical fiel
E6(r ,t) are governed by Maxwell’s wave equations

6
]

]z
E6~r ,t !1

nl

c

]

]t
E6~r ,t !

5
i

2

1

Kz

]2

]x2
E6~r ,t !2S a~Tl !

2
1 ih DE6~r ,t !

1
i

2

G

nl
2e0L

Pnl
6~r ,t !, ~2!

where the polarization of the active semiconductor mediu

Pnl
6~r ,t !5V21(

k
dcv~k!pnl

6~k,r ,t ! ~3!
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is the source of the optical fields. Here,V denotes the nor-
malization volume of the crystal anddcv(k) is the optical
dipole matrix element. The interband polarizationspnl

6(k,r ,t)
represent microscopically determined nonlinear spatiotem
ral variations of the gain and the induced refractive ind
changes. In Eq.~2!, Kz denotes the wave number of th
propagating fields,nl is the refractive index of the activ
layer, andL is the length of the structure. Via the band g
energy, the linear absorption coefficienta depends on the
lattice temperatureTl . Transverse (x) and vertical (y) varia-
tions of the refractive index due to the waveguide struct
are included in the parameterh and the waveguiding prop
erties are described by the confinement factorG. The micro-
scopic scattering rateste,h

21(k,N) in Eq. ~1a! andtp
21(k,N) in

Eq. ~1b! are microscopically determined@4# and include
carrier-carrier scattering mechanisms and the interactio
carriers with optical phonons~LO phonons!. Both are calcu-
lated in dependence on wave number and carrier den
Gsp(k,Tl) is the spontaneous recombination coefficient a
gnr represents the rate due to nonradiative recombinat
The frequency detuningv̄(k,Tl) between the cavity fre-
quencyv and the transition frequencyvT is given by

\v̄~k,Tl !5Eg~Tl !1
\2k2

2mr
1dE~r ,t,Tl !2v

5vT2v. ~4!

The transition frequencyvT in turn depends via the band ga
energy of the semiconductor medium on the carrier den
and the lattice temperatureTl . Note that all variables which
depend onTl implicitly include a dependence on space. T
microscopic generation rate reads

g~k,r ,t !52
1

4i\
dcv~k!@E1~r ,t !pnl

1* ~k,r ,t !

1E2~r ,t !pnl
2* ~k,r ,t !#

1
1

4i\
dcv* ~k!@E1* ~r ,t !pnl

1~k,r ,t !

1E2* ~r ,t !pnl
2~k,r ,t !#. ~5!

The variation of the band gap with carrier density is given
@21#

dE~r ,t,Tl !5E0

2a@N~r ,t !a0
3E0

2#1/4

@N~r ,t !a0
3E0

21b2~kbTl !
2#1/4

, ~6!

with the exciton binding energyE05mre
4/(2e0

2\2), the ex-
citon Bohr radiusa05\2e/(e2mr), the lattice temperature
Tl , Boltzmann’s constantkb , the effective massmr , and the
numerical factorsa54.64 andb50.107. The dependence o
the lattice temperature can be expressed as@22#

Eg~Tl !5Eg~0!2v1Tl
2/~Tl1v2!, ~7!

whereEg(0) (51.519 eV for GaAs! is the band gap atTl
50 K, andv1, v2 are two material parameters given byv1
55.40531024 eV/K andv25204 K for GaAs, respectively
The microscopic pump term
o-
x

e

of

ty.
d
n.

ty

y

Le,h~k,r ,t !5L~r ,t !
f eq

e,h~k,r ,t !@12 f e,h~k,r ,t !#

V21(
k

f eq
e,h~k,r ,t !@12 f e,h~k,r ,t !#

~8!

represents the pump-blocking effect. The macroscopic pu
term

L~r ,t !5
heff

ed
J~r ,t ! ~9!

includes the generally space dependent and time depen
injection current densityJ(r ,t), whereheff is the quantum
efficiency andd is the thickness of the active layer.

B. Ambipolar transport and temperature dynamics

The microscopic semiconductor dynamics is generally
scribed by the distribution functions of electrons and holes
well as by the interband polarization@cf. Eq. ~1!#. Being
Wigner distributions, they are functions of space and m
mentum. As has been discussed in@4#, compared to the
k-space relaxation of the microscopic variables towards th
local quasiequilibrium values on a femtosecond time sc
the spatial transport of charge carriers occurs on a m
slower time scale in the picosecond up to the nanosec
regime ~10 ps, . . . ,10 ns!. This typical separation of time
scales between thek-space and ther -space dynamics allows
us to treat both regimes separately, with the influence
spatial gradients on thek-space dynamics often being neg
gible.

Retaining the first order spatial derivatives of the distrib
tion functions and neglecting any spatial transport of pol
ization, the equations of motion for electron and hole dis
bution functions are given by two Boltzmann equations

]

]t
f e,h~k,r ,t !1

\k

me,h
•

] f e,h~k,r ,t !

]r
2

1

\S ]dE~r ,t !

]r

7e
]f~r !

]r D •

] f e,h~k,r ,t !

]k

5
] f e,h~k,r ,t !

]t U
col

1g~6k,r ,t !1Le,h~k,r ,t !

2Gsp~k! f e~6k,r ,t ! f h~7k,r ,t !2gnrf
e,h~k,r ,t !,

~10!

where the upper~lower! sign refers to electrons~holes!. The
scattering term] f e,h/]tucol generally may include carrier
carrier and carrier-phonon scattering processes, which
analogy to Eq.~1! we will later express in terms of suitabl
relaxation rates. Due to the charge of the carriers,
electron-hole plasma is additionally characterized by a P
son equation

2¹•F~r !5¹2f~r !52
1

«0
r~r !

5
e

«0
V21(

k
@ f e~k,r !2 f h~k,r !# ~11!
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for the electric fieldF(r ), with the electrostatic potentia
f(r ). The space-charge densityr(r ) is determined by the
carrier-distribution functions.

Integration of the Boltzmann equations for the charge c
rier distributions allows determination of a series of m
ments and corresponding equations of motion. In lowest
der those are the charge carrier densities

Ne,h~r ,t !5V21(
k

f e,h~k,r ,t !, ~12!

the current densities~moments of first order!

je,h~r ,t !5V21(
k

\k

me,h
f e,h~k,r ,t !, ~13!

and the energy densities~moments of second order!

ue,h~r ,t !5V21(
k

\2k2

2me,h
f e,h~k,r ,t !

5V21(
k

ee,h~k! f e,h~k,r ,t ! ~14!

of electrons (e) and holes (h). Notationally suppressing th
space and time dependence, the resulting~hydrodynamic!
equations of motion read

]

]t
Ne,h1¹• je,h5Le,h1G2gnrN

e,h2W

1V21(
k

]

]t
f e,h~k!ucol , ~15a!

]

]t
je,h1

1

Ne,h
~¹• je,h!je,h1

1

Ne,h
~ je,h

•¹!je,h

1¹•~Ne,hkBT e,h!2
Ne,h

\
~¹dE7e¹f!

5L j
e,h1Gj2gnr j

e,h2Wj

1V21(
k

\k

me,h

]

]t
f e,h~k!ucol , ~15b!

]

]t
ue,h1¹•~ je,hue,h!1¹•~kBT e,h

• je,h!1¹•Qe,h

2
je,h

\
•~¹dE7e¹f!

51Lu
e,h1Gu

e,h2gnru
e,h2Wu

e,h

1V21(
k

\2k2

2me,h

]

]t
f e,h~k!ucol . ~15c!

The heat fluxQe,h and the temperature tensorTmn
e,h are rep-

resented by

Qe,h52k¹Te,h, ~16!
r-
-
r-

Tmn
e,h5Te,hdmn , ~17!

where k is a phenomenological heat conductivity anddmn

the Kronecker-delta symbol. Adopting the relaxation-rate
proximation of the scattering terms as described in@4#, the
current density is expressed as

je,h52De,h¹Ne,h6se,h
1

e
¹f, ~18!

with the diffusivities

De,h52
1

3
V21(

k
te,h~k,N!

\2k2

me,h
2

] f eq
e,h~k!

]ee,h~k!

]~m̃e,h1dE!
]Ne,h

~19!

and the conductivities

se,h5Ne,hem̃e,h52
e2

3
V21(

k
te,h~k,N!

\2k2

me,h
2

] f eq
e,h~k!

]ee,h~k!
,

~20!

wherem̃e,h denote electron and hole mobilities.
The spatial transport of electrons and holes is coupled

electrostatic forces expressed by the electrostatic potentif
which, in turn, is obtained from the carrier densities by so
ing Poisson’s equation~11!. The coupling strongly increase
with increasing carrier densities. This eventually results
ambipolar transport of electrons and holes@4#. Then, no
space charges exist and the densities of electrons and h
are equal,Ne5Nh5N . In order to keep this neutrality, als
the current densities are equal,je5 jh5 j . Eliminating the
drift term in Eq.~18! results in the ambipolar diffusion cur
rent density

j52D f¹N, ~21!

with the ambipolar diffusion coefficient

D f5
shDe1seDh

se1sh
. ~22!

Under nondegenerate conditions, where due to the Eins
relationse/sh5De/Dh holds, Eq.~22! reduces to the well-

known formD f
215 1

2 (De211Dh21) @23,16,24#. Combining
Eqs. ~15a! and ~21!, and approximating the space depe
dence of the energy densities with a parametric represe
tion, the macroscopic transport equation for the carrier d
sity N(r ,t) and the relaxation equation for the ener
densitiesue,h(r ,t) are given by

]

]t
N~r ,t !5¹•@D f¹N~r ,t !#1L~r ,t !1G~r ,t !2gnrN~r ,t !

2W~r ,t !, ~23a!

]

]t
ue,h~r ,t !5Lu

e,h~r ,t !1Gu
e,h~r ,t !2gnru

e,h~r ,t !2Wu
e,h~r ,t !

2Re,h~r ,t !. ~23b!
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In Eq. ~23! we have considered spatially structured carr
injection (L andLu

e,h), carrier recombination by stimulate
emission (G and Gu

e,h), nonradiative recombination (gnrN
andgnru

e,h), and spontaneous emission (W andWu
e,h). Note

that due to the parametric representation of the energy tr
port processes adopted here, the phonon relaxation termRe,h

~detailed below! appears directly in Eq.~23b! for the energy
densities, whereas the microscopic carrier-phonon
carrier-carrier interactions enter indirectly into the ambipo
diffusion equation~23a! via D f . The macroscopic gain

G~r ,t !5
x9e0

2\
@ uE1~r ,t !u21uE2~r ,t !u2# ~24!

2
1

4\
Im @E1~r ,t !Pnl

1* ~r ,t !

1E2~r ,t !Pnl
2* ~r ,t !#

with Im@z# denoting the imaginary part ofz, describes the
spatiotemporal variation of both the induced emission a
the absorption of light. It depends via the polarizations~3! on
the microscopic charge carrier distribution functions, whi
in turn, both depend on the plasma temperaturesTpl

e,h of elec-

trons and holes, respectively. The frequencyv̄ depends via
the band gap energy~4! on the lattice temperature. The spo
taneous emission is related to the microscopic carrier Wig
distributionsf e,h by

W~r ,t !5
1

V(
k

Gsp~k,Tl ! f e~k,r ,t ! f h~k,r ,t !, ~25!

with the phenomenological rate of spontaneous emiss
@25#

Gsp~k,Tl !5
nl

e0\p
udcv~k!u2S Eg~Tl !1

\2k2

2mr
D 3

. ~26!

It generally depends on the temperatures of the electron
hole plasmaTe,h as well as on the lattice temperatureTl . In
the relaxation equation~23b! for the energy densities th
corresponding rates are given by

Lu
e,h~r ,t !5

1

V(
k

ee,h~k!Le,h~k,r ,t !, ~27a!

Gu
e,h~r ,t !52

1

2\2V
@ uE1~r ,t !u21uE2~r ,t !u2#

3
1

V(
k

ee,h~k!
tp

21~k,N!

v̄2~k,Tl !1tp
22~k,N!

3udcv~k!u2@ f e~k,r ,t !1 f h~k,r ,t !21#,

~27b!

Wu
e,h~r ,t !5

1

V(
k

ee,h~k!Gsp~k,Tl ! f e~k,r ,t ! f h~k,r ,t !.

~27c!

The relaxation term
r

s-

d
r

d

,

er

n

nd

Re,h~r ,t !5(
ph

1

tph
e,h @ue,h~r ,t !2ueq

e,h~r ,t !#

1
1

V(
k

\2k2

2me,h

1

tPO
e,h~k,N!

@ f e,h~k,r ,t !

2 f eq
e,h~k,r ,t !# ~28!

describes the change in energy due to carrier-phonon in
actions. The phonons involved include polar optical phono
~LO phonons!, deformation potential optical phonons~only
holes!, deformation potential acoustic phonons, and carr
piezoelectric acoustic phonons. The polar optical phon
are again calculated according to the carrier density for e
value of the wave number whereas the other contributi
are considered as averaged values which we adopt from
detailed phonon rate calculations in@18#. The first term in
Eq. ~28! represents via their respective relaxation rates
breviated by 1/tph

e,h the sum over all the phonon contribution
except for the polar optical phonon scattering rates. For c
sistency, the latter are considered via the microscopic m
mentum and density dependent scattering rates 1/tpo

e,h(k,N)
~for their dependence ofN andk, see@4#, Fig. 1!. An exten-
sion to a carrier and wave number dependent considera
of all phonon rates will be straightforward. We note that d
to the Poisson equation directly acting only on the cha
carrier density and the momentum density, differentiat
between the different energy densities of electrons and h
has to be made due to their difference in relaxation times
effective masses.

On the basis of a grand canonical ensemble interpreta
having both energy and particle contact and exchange w
the environment, we consider the carrier density and the
rier energies as functions of the independent variables of
chemical potentialsme,h and the plasma temperaturesTpl

e,h .
Solving the resulting set of equations for the plasma te
peraturesTpl

e,h leads to

Ṫpl
e,h~r ,t !5Ju

e,h~r ,t !
]ue,h~r ,t !

]t
2JN

e,h~r ,t !
]N~r ,t !

]t
,

~29!

whereJu andJN are given by

Ju
e,h~r ,t !5

]Ne,h

]me,hS ]ue,h~r ,t !

]Tpl
e,h~r ,t !

]Ne,h~r ,t !

]me,h~r ,t !

2
]ue,h~r ,t !

]me,h~r ,t !

]Ne,h~r ,t !

]Tpl
e,h~r ,t !
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2
]ue,h~r ,t !
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e,h~r ,t !

D 21

. ~31!

The multitude of processes determining the lattice tempe
ture are the relaxation to the ambient temperatureTa ~relax-
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TABLE I. Fundamental material and device parameters of the broad-area~GaAs/AlGaAs! semiconductor
lasers.

L ~cavity length! 750 mm
d ~thickness of active layer! 0.15mm
nc @refractive index of the cladding layers~GaAlAs!# 3.35
nl @refractive index of active layer~GaAs!# 3.59
l ~laser wavelength! 815 nm
R1 ~front facet mirror reflectivity! 1024

R2 ~back facet mirror reflectivity! 1024

tnr ~nonradiative recombination time! 5 ns
a0 ~exciton Bohr radius! 1.24331026 cm
m0 ~mass of the electron! 9.1093879310231 kg
me ~effective electron mass! 0.067m0

mh ~effective hole mass! 0.246m0

Eg(0) ~semiconductor energy gap atT50 K! 1.519 eV
Dp ~diffraction coefficient! 1831026m
h i ~injection efficiency! 0.5
G ~confinement factor! 0.55/0.54
aw ~absorption! 30 cm21

vsr ~surface recombination velocity! 106 m/s
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ation constant2ga), the transfer of heat from the plasma
the lattice due to carrier-phonon scattering~again considered
microscopically for the case of the LO phonons!, nonradia-
tive recombination~wherecq is the specific heat! and Joule
heating~with total resistanceR, cross sectionA, and volume
of the active zone of the broad-area laserVBAL) leading to
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h
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J 2~r ,t !RA2
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.

~32!

For the numerical integration of the system of partial diffe
ential equations~2! and ~23a! the Hopscotchmethod@26# is
used as a general scheme. At every spatial location it is s
consistently coupled and solved with the microscopic eq
tions for the carrier and polarization Wigner distributions~1!
and the temperature equations of the lattice~32! and the
plasma ~29!. The operators are discretized by theLax-
Wendroff @27# method. The material and structural para
eters are summarized in Table I.

III. SPATIOTEMPORAL DYNAMICS

The coupled system of microscopic and macrosco
equations for the semiconductor laser are the basis for
-

lf-
-

-

ic
he

numerical simulations presented and discussed below. S
cifically, we consider the broad-area semiconductor laser
ometry, schematically depicted in Fig. 1. An active semico
ductor layer ~here: GaAs! into which current is injected
through a characteristically wide current stripe is sandwich
between cladding layers~here AlxGa12xAs!. Broad-area la-
sers are usually realized as gain-guided structures, i.e.,
optical waveguiding properties necessary for channeling
optical fields along the longitudinal direction are se
generated by differences in local gain. We model the s
tiotemporal dynamics of a typical broad-area laser. T
transverse widthw5100 mm and its longitudinal lengthL
5750 mm are typical values of commercially available d
vices. In the simulations, the laser is electrically pumped a
few times its threshold current. A continuous-wa
Gaussian-shaped optical beam is injected from the left an
amplified while propagating to the right. Its spatially int

FIG. 1. Schematic of the geometry of a broad-area semicond
tor laser. Charge carriers injected through the contact stripe a
top of the device~hatched! recombine in the active zone. The activ
GaAs layer~shaded dark! is located between two cladding layers
Al xGa12xAs ~white!. Light generated by stimulated emission an
amplification propagates in longitudinal (z) direction.
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grated power is 10 mW at the input facet.
As a result of its characteristic geometry, the broad-a

structure constitutes a model system of a one-transve
dimensional system showing spontaneous formation and
namics of nonlinear optical patterns and gratings@5#. But it is
not only in the transversex dimension where spontaneou
self-structuring occurs. Once its longitudinal resonator len
exceeds a characteristic internal~coherence! length, the op-
tical field may additionally display dynamic structuring
longitudinal direction during propagation. Figure 2 displa
a number of snapshots of the intensity distribution in
quasi-two-dimensional active zone of the broad-area la
The time difference between successive plots is 10 ps. Fig
2~a! shows the intensityI (x,z);uE1(x,z)u21uE2(x,z)u2 at
10 ps after starting injection of the optical beam. At th
time, the incoming beam has not yet reached the ou
facet. During propagation, the optical field continuously
teracts with the active semiconductor medium. As a con
quence combined self-focusing and diffraction effects lead
the observed longitudinal modulation and transverse st
turing in the intensity distribution. This self-structuring
characteristic for the high-gain semiconductor laser str
tures and occurs although the pump profile due to car
injection and shape of the input beam are assumed to
uniform. The origin of these phenomena is related to
internal microscopic carrier-carrier and carrier-phonon sc
tering processes and charge carrier transport. Both lead
characteristic fast momentum relaxation of the carriers
dephasing of the polarization on a time scale on the orde
'50–100 fs@4#. Together with typical propagation time
;10 ps this corresponds to an internal longitudinal coh
ence lengthl of about 50 to 100mm. The typical diffusion
length of the charge carriers is in the order of 5 to 10mm.

FIG. 2. Amplification and longitudinal self-structuring of an in
jected optical cw signal within the active layer of a broad-a
semiconductor laser. The individual plots display snapshots of
intracavity intensity I (x,z,t0);@ uE1(x,z,t0)u21uE2(x,z,t0)u2#,
taken at intervals of 10 ps with the area in each individual p
corresponding to the full active zone of the laser. The power of
injected optical cw signal isPinj510 mW. Dark shading corre
sponds to low intensity and bright colors to areas of high intens
The optical signal is injected from the left and the outcoupling fa
is located at the right side of the laser. Its transverse stripe wid
w5100 mm. The longitudinal extension corresponds to 750mm.
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With the longitudinal lengthL5750 mm of our laser being
considerably larger thanl , longitudinal self-structuring sets
in and, in combination with the transverse self-focusing
fects, about ten intensity peaks with irregular periodicity a
formed.

Once the incoming beam has reached the outcoup
facet at the right~reflectivity R251024) part of the field is
reflected@Fig. 2~b!#. As a consequence, the self-structuri
effects appear even stronger due to the additional interac
of the continuously incoming and forward propagating be
with the reflected backward propagating field. In spite of t
extremely low reflectivities;1024 used in the calculation
the high gain within the active semiconductor layer effe
tively creates a much higher facet reflectivity. Indeed,
counterpropagation effects are always present in semic
ductor lasers and amplifiers with large active areas—e
when assuming ‘‘perfect’’ antireflecting coatings withR1
5R250. This can be understood by the formation of a d
namic diffraction grating in the carrier density. As a cons
quence of the difference in time scales of optical diffracti
and carrier diffusion, the intensity in the laser continuou
varies in time and space—even after the injected signal
reached the output facet. The intensity at the output fa
thus fluctuates in its amplitude and a fraction of the light
the laser is traveling backward and forward in the resona
This can be observed in the time series of Fig. 2. Note t
due to diffraction of the optical fields, part of the reflecte
light also propagates at an off angle with respect to the m
propagation direction towards the absorbing layers.
longer times with more round-trips, the spatiotemporal var
tions in the intensity distribution continue to become incre
ingly complex within the whole active zone of the laser@5#.
In the following, however, we will continue to concentra
our analysis on the early stages of the buildup of the s
tiotemporal instabilities. Specifically we will consider a cha
acteristic scenario where an optical beam is injected into
broad-area semiconductor laser. From the spatiotempora
namics we will pick characteristic instants in time~about 20
ps after the beginning of the optical injection! and discuss
the various distributions of optical and material properties
the active semiconductor medium.

The perpetual interaction of the optical field with the a
tive semiconductor medium is most clearly highlighted in t
characteristic distributions of the charge carrier density,
gain, and the refractive index. The snapshots in Fig. 3 sh
the characteristic structural differences in the spatial va
tion of the intensity, the density, the macroscopic gain, a
the refractive index at one instant in time. As expected,
amplification of the injected radiation leads to a local redu
tion in the density distribution and thus to depletion of t
gain. Note that in Eq.~24! G is defined as generation rat
~i.e., ‘‘negative gain’’!; consequently Fig. 3 shows its in
verse. Due to the differences in the characteristic time sc
of the polarization and density~intercavity lifetime of a pho-
ton: 1–10 ps; momentum relaxation of the carriers:'50 fs!,
the inversion is not instantaneously transformed into lig
Consequently, the density has a spatial and temporal offs
the inverse of the intensity distribution. The snapshot of
gain shown in Fig. 3~c! thus reflects the spatial structure
both the carrier density and the intensity@see Eq.~24!#. It
simultaneously exhibits the small modulations of the inte
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sity distribution and the spatial distribution of the densi
From Fig. 3~d! we see that the refractive index is increas
with respect to the basic linear refractive index at positio
of high intensity and low density. This leads to self-focusi
which again affects the optical properties of the light field
the instant thereafter. Generally, all distributions displayed
Fig. 3 are affected by the nonvanishing reflectivities of t
facets. They have as a consequence not only the charac
tic transverse filamentlike optical patterns in the intens
distribution, but also spatial structuring in the other va
ables. The influence is particularly strong in those areas
the active layer which are not as strongly influenced by
incoming beam such as the center of the laser. An analys
the distribution of the refractive index provides a good p
sibility for visualizing the filament formation: For high injec
tion currents and poorly coated structures, the distribution
the device are much more influenced by the internal s
tiotemporal dynamics and the geometry of the semicondu
laser itself than by the characteristics of the input beam
this case irregular patterns are formed in the refractive in
over the whole transverse width. These transverse variat
then are the origin for the characteristic formation of opti
filaments in wide-gain amplifiers and lasers.

Next to direct dependence of the refractive index on
local distribution of carriers, the optical generation of he
and its relaxation via phonons to the temperature of the
tice significantly determine the optical properties and
spatiotemporal dynamics of the broad-area laser. Figur
shows in direct comparison to the intensity snapshot ima
of the temperature distributions of the lattice@Fig. 4~b!#, the
electrons@Fig. 4~c!#, and the holes@Fig. 4~d!#. Generally,
high local intensity values cause a strong interchange
tween carriers and phonons. At this position, this leads to
increase in the temperature of the lattice. The stimulated
combination of the carriers, however, occurs at energy va
below the average energy; the carrier ensemble thus ob
an increased average energy. As a result, the temperatu
the electron-hole plasma is locally increased in the areas
high optical intensity and a strong negative gain~i.e., absorp-

FIG. 3. Snapshot images of the intensityI (x,z,t0), charge car-
rier densityN(x,z,t0), gainG(x,z,t0), and nonlinear~induced! re-
fractive index distributiondn(x,z,t0)/n(x,z,t0)5x8/2 in the active
layer of the broad-area laser. The power of the injected cw sign
Pinj510 mW.
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tion!. We note that due to the differences in their effecti
mass and phonon relaxation rates, the spatial distributio
the electron plasma deviates from the hole plasma.

IV. NONEQUILIBRIUM WIGNER DISTRIBUTIONS

In the simulation, the dynamics of the microscop
properties—which determine the macroscopic variables
cussed so far—are self-consistently determined at every
tial location. Before we discuss the Wigner distributio
which includes both the spatial and spectral dependenc
the carrier distributions and the interband polarization fu
tions, we will briefly illustrate characteristic spectral prope
ties of semiconductor lasers—dependence of the genera
rate and the nonlinear induced refractive index on the wa
length of light.

A. Equilibrium gain spectrum and refractive index dispersion

The spectral characteristics of the active semicondu
medium during propagation and amplification of an optic
input beam are contained in the microscopic carrier distri
tions, polarizations, and generation rates. As an exam
Fig. 5 shows the spectral dependence of the spatially a
aged generation rateg(k,t) @cf. Eq. ~1a!# for various values
of the electron-hole density. Viav̄, the generation rateg is
determined indirectly by the lattice and plasma temperatu
and directly via the carrier distributions. Figure 5 shows th
with increasing injection current and increased carrier d
sity the generation rate changes from absorption to amp
cation and increases in magnitude. The microscopic comp
optical susceptibility

x~v!5x8~v!1 ix9~v! ~33a!

52
1

\V(
k

udcv~k!u2
@ f e~k,r ,t !1 f h~k,r ,t !21#

v̄~k,Tl !2 i tp
21~k,N!

~33b!

locally depends on the frequencyv, the lattice temperature
Tl via v̄, the plasma temperaturesTpl

e,h via f e,h, and the

is

FIG. 4. Same time instant as in Fig. 3. Images of the spa
temperature distribution of the lattice temperature, the electron
hole temperature in comparison with the corresponding inten
distribution show the spatial differences between the distributio
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charge carrier densityN. It gives information on both the
generation rate via Eq.~1a! and through@28#

dn

nl
5

x8

2
~34!

on the induced refractive indexdn/nl . For fixed lattice tem-
peratureTl5300 K its wavelength dependence is display
in Fig. 6 for various values of the carrier density. In partic
lar, when raisingN above the transparency densityNt , the
wavelength dependence ofdn/nl displays the characteristi
change in sign and shows the expected dispersion. Note
in Eq. ~34! the whole nonlinearity is included and not on
the first or second order term of an expansion inE.

B. Nonequilibrium spatiospectral distributions

As shown in Fig. 5, with increasing carrier density a tra
sition from absorption to stimulated emission occurs. In
case of our model semiconductor laser, due to its consi
able resonator length (L5750 mm!, many longitudinal opti-
cal modes potentially lie within the spectral width of th

FIG. 5. From absorption to stimulated recombination. T
wavelength dependence of the generation rateg for various values
of the charge carrier density in the broad-area laser shows fo
creasing carrier density the transition from net absorptionN
,Nt) to net gain (N.Nt), with Nt being the transparency densit

FIG. 6. Influence of increasing electron-hole densityN ~in units
of the transparency densityNt) on the dispersion of the induce
nonlinear refractive indexdn/nl .
-

at

-
e
r-

curve of the generation rate shown in Fig. 5. With sufficie
injection current applied to the laser, the injection of an o
tical beam leads to recombination of electron-hole pairs
stimulated emission of radiation. The closer the momenta
an electron-hole pair are to the peak of the generation-r
curve, the stronger the recombination will be. As the optic
field shows strong spatiotemporal variations, a both spatia
and spectrally confined hole is burnt into the dynamic carr
distributions.

1. Effects of counterpropagation

Figure 7~a! shows a snapshot of the dependence of t
Wigner distributiond f z

e(k,z,t)5 f e(k,0,z,t)2 f eq
e (k,0,z,t) on

the wave numberk and the longitudinal positionz in the
centerx50 of the broad-area laser. Gray shades correspo
to d f e50. The nonequilibrium distribution of holes
d f z

h(k,z,t)5 f h(k,0,z,t)2 f eq
h (k,0,z,t) is displayed in Fig.

7~b!. The darker the gray shades, the deeper the depletion

n-

FIG. 7. Snapshots of the nonequilibrium carrier Wigner distr
butions. In the gray-scale plots of the longitudinal space and m
mentum dependence of~a! the electron Wigner distribution
d f z

e(k,z,t0) and ~b! the hole Wigner distributiond f z
h(k,z,t0) me-

dium gray areas representd f z
e(k,z,t0)5d f z

h(k,z,t0)50. Dark and
black shades indicate the spatiospectral kinetic trench burnt by
optical field via stimulated emission. The light gray and white are
centered aroundk'6.5a0

21 and k'7.5a0
21 for the electron and

holes, respectively, represent the spatiospectral distribution of
heated nonequilibrium carriers at the instantt0.
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the carrier distribution. In correspondence to the typical
tensity distribution showing the amplification of the inject
optical beam~e.g., Fig. 2!, the depth of the kinetic trench
burnt by the optical field increases longitudinally fromz
50 to z5L. Its width is related to the linewidth of the op
tical transition and is determined by the microscopic carr
carrier and carrier-phonon scattering processes represe
by the time and space dependent relaxation rate distribu
tp

21(k,N,r ,t).
But it is not only a spectral depletion of the carrier dist

bution functions betweenka0'3.5 and ka0'5 which is
caused by stimulated recombination: At the same time
optical field locally heats the electron and the hole plasm
Next to the black valley in Fig. 7 the spectrally and spatia
confined accumulation of carriers~lightly shaded and white
areas! indicates that electrons and holes are excited to n
equilibrium spatiotemporal states of high momentum. T
carriers in these states locally have a higher momentum
the ones at quasiequilibrium. We recall that additionally,
spectral as well as the spatial position of the ‘‘holes’’ co
stantly varies in time.

Figure 7 clearly demonstrates that the maximum and
width of this absorption area are different for electrons a
holes. This is due to a combination of a number of effec
First, the difference in band structure between the vale
band and the conduction band is included via the effec
masses of the electrons and the holes. Second, the c
sponding differences in carrier mobilities appear in differe
amplitudes of the variationsd f z

e(k,z,t) and d f z
h(k,z,t) for

the carrier depletion and the carrier excitation. Third,
transfer of the carriers into states of higher momentum
curs via various carrier-phonon and phonon-phonon inte
tions @Eqs. ~10! and ~28!# with different relaxation rates fo
electrons and holes.

2. Transverse filamentation

From the snapshots of the intracavity intensity distrib
tion ~cf. Fig. 2! we have seen that the distribution of th
optical intensity within the active zone is both longitudina
and transversely structured. In particular, the transve
structure exhibits a characteristic irregular modulation sho
ing the formation of multiple transverse filaments. Due to
increased peak intensity values at the outcoupling facet,
modulation in the carrier density distribution and the spa
structure of the temperature is more pronounced~cf. Fig. 3!.
Both effects promote the formation of optical filaments. B
it is not only in the spatial domain where the filamentati
process is apparent. Figure 8, displaying a snapshot of
dependence of~a! the electron and~b! the hole Wigner dis-
tribution d f x

e,h(k,x,t)5 f e,h(k,L,x,t)2 f eq
e,h(k,L,x,t) on the

wave numberk and the transverse positionx, respectively,
illustrates the simultaneously occurring spectrally and s
tially selective depletion~black! and nonequilibrium band
filling processes. Again, the characteristic shape of the e
tron distributions@Fig. 7~a! and Fig. 8~a!# differ in both spec-
tral position and magnitude of depletion and nonequilibriu
filling from the corresponding hole distributions@Fig. 7~b!
and Fig. 8~b!#.
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C. Nonresonant excitation

Up to now, the excitation of the active semiconducto
laser medium has been at resonance with the wavelength
the injected laser beaml inj corresponding to the wavelength
l of the main laser mode. Starting from an equilibrium con
dition, the nonequilibrium carrier Wigner distributions di
rectly reflect the internal length scales and dynamics of t
active semiconductor medium. Any nonresonant excitati
(l injÞl) should therefore change this situation. The no
equilibrium Wigner distributions do indeed reflect the depe
dence of the carrier depletion and heating onl inj . Figures
9–11 show for three characteristic values ofl inj snapshots of
~a! the electron Wigner distributiond f z

e(k,z,t0) in direct
comparison with the corresponding spatiospectral Wign
distributions of~b! the real and~c! the imaginary parts of the
interband polarizationpz8(k,z,t0) and pz9(k,z,t0), respec-
tively.

In Fig. 9 the wavelength of the injected beam has been
to 815 nm, the maximum of the gain bandwidth of the lase
As expected, the spectral depletion of the carrier distributi
is very high and the kinetic trench is mostly confined to th

FIG. 8. Snapshots of the transverse structure of the nonequi
rium carrier Wigner distributions ~a! d f x

e(k,x,t0) and ~b!
d f x

h(k,x,t0) at the outcoupling facet of the broad-area laser visua
izing the spatiospectral nature of filamentation. Shading and t
time t0 correspond to the snapshots displayed in Fig. 7. Note ag
the difference in the spatiospectral location of the kinetic trench a
the nonequilibrium heated states.
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gain maximum. The snapshots of~a! d f z
e(k,z,t0), ~b!

pz8(k,z,t0), and ~c! pz9(k,z,t0) displayed in Fig. 9 illustrate
the situation where the beam has, after a number of pass
t0;50 ps, significantly interacted with the active medium.
particular, while ‘‘burning its trench’’ within the cavity the
input signal does not propagate unaffectedly. It is consta
modified and eventually its shape is spatially structured
to the interplay of absorption, carrier diffusion, diffractio
as well as relaxation of the light field and relaxation due
the carrier-phonon interaction. In Fig. 9~a! the shape of the
kinetic trench is considerably smoother than both the r
@Fig. 9~b!# and imaginary@Fig. 9~c!# part of the interband
polarization. In the polarization, longitudinal structures a

FIG. 9. Snapshots of the nonequilibrium Wigner distributions
~a! electronsd f x

e(k,x,t0), ~b! the real part of the interband polariza
tion pz8(k,z,t0), and ~c! the imaginary part of the interband pola
ization pz9(k,z,t0). The injection of the optical beam into the activ
layer of the broad-area laser occurs at resonance withl inj5l
5815 nm.
at

ly
e

al

-

pear on length scales which span a regime from 10mm to
100 mm. These nonlinear structures reflect the density
pendent microscopic relaxation of the polarization@4# which
due to the propagation of the optical beam is directly tra
formed to a characteristic length scale. Consequently,
microscopic spatiospectral dynamics of the interband po
ization being governed by the fast carrier-carrier and, in p
ticular, by the carrier-optical phonon scattering processes
termine both spectral and spatial scales of the light-ma
interaction within the active area: It is these modulations
the polarization which are the seeds of the longitudinal va
ance of the intensity distribution~see Fig. 2! and which lead
in combination with the spatiotemporal variation of the ca
rier density to the nonstationary spatiotemporal dynamics
the broad-area laser.

The combined spatial and spectral variation of the int
band polarization displayed in Figs. 9~b! and 9~c! demon-
strates the influence of the microscopic spatiospectral
namics on the nonlinear gain~cf. Fig. 5! and refractive index
~cf. Fig. 6! variations. The real part of the nonlinear pola
ization shown in Fig. 9~b! visualizes the spectral dependen
and longitudinal variation of the generation rate and thus
spatiospectral distribution of the optical gain. Note that
Fig. 9~b! negative values ofpz8(k,z,t0) represent positive
local gain. The corresponding spatial variation of the disp
sion of the nonlinear induced refractive indexdn can on the
other hand directly be deduced from thek dependence of
pz9(k,z,t0) @Fig. 9~c!#. Noting that generally2dn;pz9 , the
longitudinal shape ofpz9(k,z,t0) @Fig. 9~c!# reveals the den-
sity dependence of the induced nonlinear refractive ind
The optical beam which is injected constantly gains in a
plitude and thus leads to a rising depletion of the density
charge carriers. This, in turn, causes an increase of the
fractive index within the cavity fromz50 to z5L.

The dependence onl inj becomes apparent when compa
ing Fig. 9 with Fig. 10 and Fig. 11, wherel inj is 815 nm, 795
nm, and 765 nm, respectively. Figure 10 thus demonstr
the change in the behavior of the broad-area laser when u
a nonresonant input beam of shorter wavelength: As the
put beam determines the progression and the position of
kinetic trench in the generation rate, a shift ofl inj towards
shorter wavelengths results in a corresponding spectral
of all Wigner distributions. In particular, Fig. 10~b! pertains
to the conditions wherepz8(k,z,t0) is about to change from
net gain to net absorption. In this case, a spectral shift of
minimum of the generation rated f z

e(k,z,t0) from k;4a0
21

at resonance@Fig. 9~a!# to k;5.5a0
21 at l inj5795 nm is

clearly visible. However, Figs. 9~a! and 9~b! also demon-
strate that a wavelength detuningDl5l2l inj520 nm
causes a balance of net gain and net absorption but is no
sufficiently large to create significantly heated nonequil
rium carrier distributions. Moreover, Figs. 9~b! and 9~c! re-
veal that in propagation direction of the optical beam a f
quency shift of the resonance frequency towards sma
values of the wave numberk occurs together with a broad
ening of the line shape. This is in contrast to the case of
strong nonresonant excitation pertaining to Fig. 11~c! where
the frequency shifts in opposite direction towards larg
wave numbers.

f
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With increasing wavelength detuning, Fig. 10 and Fig.
show that the carrier heating effects gain influence while
the same time the carrier depletion by stimulated emissio
reduced: Fewer and fewer electron-hole pairs are loc
available at momentum states~wavelengths! suitable for re-
combination. Thus, with decreasing wavelength, the real
the imaginary part of the interband polarization@Figs. 10~b!
and 10~c!# change their sign towards absorption.

In the case of strong detuning a number of characteri
nonequilibrium effects can be observed in the Wigner dis
butions shown in Fig. 11. First, the nonresonant excitat
generates during propagation of the optical beam withl inj
5765 nm in the carrier Wigner distributiond f e @Fig. 11~a!#

FIG. 10. Nonresonant excitation of the broad-area semicond
tor laser with l inj5795 nm representing a wavelength detuni
dl520 mm. The individual plots represent snapshots of the n
equilibrium Wigner distributions of~a! electronsd f x

e(k,x,t0), ~b!
the real part of the interband polarizationpz8(k,z,t0), and ~c! the
imaginary part of the interband polarizationpz9(k,z,t0).
1
t
is
ly

d

ic
i-
n

a longitudinally increasing but spectrally well-confined de
sity of nonequilibrium states atk;8a0

21. After this excita-
tion, the coupling to the longitudinal optical phonons leads
the situation depicted in Fig. 11~a! where a significant pro-
portion of carriers has accumulated in the heated nonequ
rium states atk;6a0

21. Stimulated recombination at reso
nance, however, is prevented by the particular distribution
the generation rate@Fig. 11~b!# and refractive index@Fig.
11~c!#. As a consequence, the laser adjusts its emiss
wavelength accordingly and the depletion of carriers ta
place at wavelengths corresponding tok;7a0

21. Again, the
longitudinal modulations ofpz8(k,z,t0) and pz9(k,z,t0) pro-
vide the explanation of the formation and persistence of
longitudinal structures of the optical field. Note in particul
the high degree of regularity in the modulations in Fig. 11~c!
which act as an induced macroscopic distributed feedb
grating. This is in contrast to the resonant case where

c-

-

FIG. 11. Nonequilibrium Wigner distributions at strongly no
resonant excitation (l inj5765 nm!. ~a! Electron Wigner distribution
d f x

e(k,x,t0). ~b! and ~c! show the real@pz8(k,z,t0)# and imaginary
@pz9(k,z,t0)# parts of the Wigner distribution of the interband pola
ization.
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amplification of the beam leads to a significant and spati
structured reduction of the carrier density.

V. CONCLUSION

We have discussed the spatiotemporal intensity and t
perature dynamics and presented novel results on the
tiospectral dynamics of nonequilibrium carrier Wigner dist
butions of broad-area semiconductor lasers. T
spatiospectral excitation and relaxation dynamics represe
by the nonequilibrium carrier Wigner distributions are i
cluded in the microscopic numerical simulation. The simu
tions are based on an extension of the Maxwell-Bloch eq
tions for spatially inhomogeneous semiconductor la
structures by combining them in a self-consistent way w
equations describing ambipolar carrier transport and re
ation of the energy densities of electrons and holes.

Characteristic and representative snapshots of the ca
Wigner distributions~Fig. 7 and Fig. 8! show in combination
with images of the spatiotemporal variation of the intens
carrier density, refractive index, and carrier plasma temp
tures~Fig. 2 and Fig. 3! that in the broad-area laser the no
equilibrium Wigner distributions of the charge carriers a
the polarization vary in time, space, and momentum in
complex fashion. Via the characteristic carrier-carrier a
carrier-phonon scattering processes on the one hand and
rier heating and phononic relaxation effects on the ot
hand, the phenomena of dynamic spatiospectral hole bur
and nonequilibrium band filling are intrinsically couple
Consequently, in semiconductor lasers and amplifiers wi
pt.

t.

r

y

-
a-

e
ed

-
a-
r

h
x-

ier

,
a-

a
d
ar-
r

ng

a

characteristically wide- and long-gain region such as
broad-area laser, the combination of spectral and spatial
citation, relaxation, and transport processes determines
spatiotemporal dynamics. It is vividly characterized by no
equilibrium spatiotemporal structures in the joint time-spa
momentum phase space represented by snapshots of the
equilibrium Wigner distributions. We have identified th
various microscopic processes which determine the sp
and spectral characteristics of the broad-area laser u
resonant and nonresonant optical excitation. On the o
hand, it has been demonstrated that the macroscopic de
architecture strongly influences the processes occurring
microscopic scales. Explicitly taking the device structu
into account in the simulations, the spatiospectral noneq
librium dynamics of the Wigner distributions, indeed, repr
sent an actual experimental situation. With proper adju
ment of the device parameters~cavity length, width of active
zone, etc.! our theoretical simulations should therefore allo
direct comparison with experiments. Thus knowledge ab
the macroscopic appearance of the spontaneous formatio
nonequilibrium structures in the Wigner distributions of t
carriers and interband polarization may be at the same t
of fundamental significance and relevant for the design
novel devices.
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