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Nonequilibrium spatiotemporal dynamics of the Wigner distributions
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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@8)06503-3

PACS numbgs): 42.55.Px, 42.65.Sf, 78.20.Bh

[. INTRODUCTION a characteristic feature of a semiconductor as the active me-
dium of a laser is the fact that, besides the interaction with
Ever since its conception over 30 years ago, the semicorthe light field, other types of interactions play an important
ductor laser has been both in the interest of technology and &@le. These are, in particular, the Coulomb interaction among
the forefront of fundamental research. Due to their small sizéhe carriers giving rise to many-body renormalizations,
and unrivalled high efficiency in transforming electrical en- Screening, and a thermalization of the nonequilibrium carrier
ergy into coherent light, semiconductor lasers are today'§listribution, as well as the interaction with phonons leading

most widely used laser systems. However, when one seeks {8 @n energy exchange between the carriers and the crystal

increase the optical output power of a semiconductor laser bgttice. To include these effects in a theoretical description of

enlarging its active zone or by an integration of several laser nga&;;res;:vgﬁlj Csr?rglco;{%unct(;g:ase;?a\ﬁe _r:]?]‘gemrgcgr:'gg de-
into an array, severe nonlinearities and instabilities emerggv XWell- quations for spatially | 9 us

[1,2]. These effects continue to have detrimental influence oﬁemmonductor lasers which include both space (_jepe.nd(_ance
. o nd momentum dependence of the charge carrier distribu-

beam quality and spectral characteristics when compared O ns and the polarizatiopd]

single-stripe semiconductor lasers with moderate outpu The nonequilibrium dynamics of semiconductor lasers

power. Recently, it has been theoretically predicfde5]

i ot have been the focus of a number of recent publications.
and subsequently experimentally obseryéfithat it is the  rhay however, have been performed mostly either on the

combination of microscopic and macroscopic temporal anghasis of spatially homogeneous moddl] or, in the case of
spatial dynamics which characterizes this behavior. A theoanalyzing nonequilibrium dynamics due to pulse propagation
retical inVeStigation Consequently has to include both maCl‘O'm semiconductor amp”fiersl by disregarding effects of coun-
scopic external constraints imposed by a specific type of laterpropagation and the transverse dependence of the optical
ser structure and a spatially resolved microscopic descriptiofields[11,12. Another shortcoming in the modeling of opti-
of the interaction between the optical field and the activecal excitation of semiconductor laser structures is related to
semiconductor medium. the specific form of the initial conditions entering into the
In most theoretical descriptions, however, the characterisaumerical simulation scheme. Furthermore, in the simula-

tic semiconductor properties associated with the wave numtions one frequently assumes nonequilibrium initial condi-
ber dependence of the gain function, the induced refractivéions for the distribution functions and, e.g., subsequently
index distribution, etc. are described on the basis of phenomanalyzes their relaxatiofl3,14. Clearly, a more realistic
enological two-level approximations’—9]. Thereby, both way would be to treat in the simulation both the way non-
spatial variations and the spectral dependence represented bdyuilibrium carrier distributions and high values of electron-
the semiconductor band structure are disregarded. Moreovehpole density are being creatdds a result, e.g., of optical

excitation by a pump laser or electrical current injectiand

the subsequent probe by an appropriate optical ultrashort
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In this paper we self-consistently analyze on the basis ofvell's wave equation and the microscopic dynamics of the
numerical simulations the microscopic nonequilibrium spa-carrier distribution functions and interband polarization is
tiotemporal dynamics of the interaction of transversely strucgoverned by the semiconductor Bloch equations as derived
tured counterpropagating optical fields with the active semiin [4]. The microscopic system of equations is based on a
conductor medium. Specifically, we discuss the excitation ofVigner function representation of the single particle density
a broad-area semiconductor laser by resonant and nonresoatrices[4] and thus generally holds for arbitrary spatially
nant continuous-wavécw) Gaussian-shaped optical beams.inhomogeneous geometries, such as multistripe laser, broad-
In the simulation, the characteristicountey propagation of area, and tapered edge emitting semiconductor lasers or
the optical fields within the active semiconductor layer iscoupled arrays of vertical cavity surface emitting lasers. In
taken into account together with the transverse dynamicparticular, spatial transport and momentum space dynamics
governed by diffraction as well as spatiotemporal carrier andhave been self-consistently described using momentum and
temperature induced refractive index variations. This is donéensity dependent relaxation rates for the carrier distribu-
in combination with an appropriate representation of the spations as well as for the polarization. The relaxation rate dis-
tially confined carrier injection, including the pump-blocking tributions include carrier-carrier scattering and carrier-
and injection heating effec{45], dynamic local carrier gen- phonon interactions. On the basis of this model we include in
eration, carrier recombination by stimulated emission, a®ur present model on the microscopic and macroscopic lev-
well as spatiotemporal changes in the energy distributionsels the influence of spatiotemporally varying temperature
As we will show, the complex interaction of these effectsdistributions.
leads to dynamic variations in the local temperatures of the In the active zone of the semiconductor laser, the dynam-
electron-hole plasma, the lattice, and, in particular, to charics of the distribution of electronsej and holes K)
acteristic nonequilibrium spatiospectral carrier and polarizaf®"(k,r,t) and the interband polarizatioms, (k,r,t) is gov-
tion Wigner distributions. erned by the equations of moti¢a]

We will proceed along the following line. In Sec. Il we
extend our previous theof2,4] on broad-area semiconduc-
tor lasers by including in the theory the combined optical and
thermal spatiotemporal properties of the active laser me-
dium. To model the spatiotemporal temperature dynamics — e (k. r, )]+ Ak, r,t)
we build on a moment expansion of the Boltzmann equation e h
[16] and recent spatiallyphomogeneous models of '?hermal Tk Tk Ok,
effects in semiconductor laseis7,18. Specifically, the tem- — vk, 1), (13
perature elevation and relaxation is described on the basis of
a balance-equation approdd®], where characteristic distri-
butions of the phonon relaxation rates are taken into account—pnl(k,r,t) —liw(k,T)+ 75 (k,N) Tpgi(K, 1)

In Sec. lll we discuss the spatiotemporal dynamics of the at

J -1 h
ﬁfe'h(k,r,t)=g(k,r,t)—Te’h(k,N)[fe' (k,r,t)

optical intensity distribution, the charge carrier density, re-

1
fractive index, as well as the temperature of the lattice and + ?dCU(k)Et(r,t)[fe(k,r,t)+fh(k,r,t)],
the electron-hole plasma within the active zone of the broad- :
area laser. Section IV then presents our analysis of the non- (1b)

equilibrium spatiospectral dynamics of the carrier Wigner
distributions, where resonant as well as nonresonant excitavith k denoting the carrier-momentum wave number and

tion is discussed. Section V concludes the article. =(x,z), wherex andz represent the lateral and longitudinal
direction. f¢, h(k,r,t) are the carrier distributions in thermal
Il. THEORETICAL DESCRIPTION equilibrium W|th the lattice each given by the corresponding

Fermi distribution. The counterpropagating optical fields

In the following, a theory for the description of the non- E*(r,t) are governed by Maxwell's wave equations

equilibrium spatiotemporal dynamics of spatially inhomoge-
neous semiconductor lasers is developed in which micro-

scopic and macroscopic processes within the semiconductor +~__ g=y t)+ - —E (r,t)
layer are considered in combination with relevant thermal Iz

interactions. We emphasize that the general formulation of

our theory allows, with consideration of the relevant micro- i 1 g2 a(T))
. . . .. + | .
scopic material properties, description of many types of :EK__ZE(r’t)_<T+”7 E=(r,t)
semiconductor lasers. For specificity, we will later concen-
trate on typical IlI-V semiconductor material systems, and .
use the relevant parameters for the GaAs-AlGaAs system +'_ P(rt 2
2 2 n|(ri )l ( )
[20]. Ny gl
A. Semiconductor laser Maxwell-Bloch equations where the polarization of the active semiconductor medium

Our theoretical description of nonequilibrium spatiotem-
poral dynamics of semiconductor lasers is based on a semi- P(r t):V—lE do, (K)pE(K,r,t) @)
classical approach. The optical fields are described by Max- nitt CoR TR
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is the source of the optical fields. HeN,denotes the nor- feN (K, r H[1—feh(k,r,t)]
malization volume of the crystal andy,(k) is the optical APk, ) =A(r ) — !

dipole matrix element. The interband polarizatiggk,r,t) V_lz fgth(k,r’t)[l_ fen(k,r,t)]
represent microscopically determined nonlinear spatiotempo- k

ral variations of the gain and the induced refractive index ®)

changes. In Eq(2), K, denotes the wave number of the
propagating fieldsn, is the refractive index of the active
layer, andL is the length of the structure. Via the band gap
energy, the linear absorption coefficiemtdepends on the et

lattice temperatur@, . TransverseX) and vertical ¢) varia- A(r,t)= —dj(r,t) 9
tions of the refractive index due to the waveguide structure €

are included in the parameter and the waveguiding prop-
erties are described by the confinement fagtohe micro-
scopic scattering rates ;(k,N) in Eq.(1a) and rgl(k,N) in
Eqg. (1b) are microscopically determinef4] and include
carrier-carrier scattering mechanisms and the interaction of
carriers with optical phonond.O phonons. Both are calcu-
lated in dependence on wave number and carrier density. The microscopic semiconductor dynamics is generally de-
I's(k,T)) is the spontaneous recombination coefficient andscribed by the distribution functions of electrons and holes as
¥or Tepresents the rate due to nonradiative recombinationell as by the interband polarizatidief. Eq. (1)]. Being

The frequency detuningT(k,T,) between the cavity fre- Wigner distributions, they are functions of space and mo-

represents the pump-blocking effect. The macroscopic pump
term

includes the generally space dependent and time dependent
injection current density7(r,t), where 7.4 is the quantum
efficiency andd is the thickness of the active layer.

B. Ambipolar transport and temperature dynamics

i < A mentum. As has been discussed [#l, compared to the
quencyw and the transition frequenayr is given by k-space relaxation of the microscopic variables towards their
_ #2k? local quasiequilibrium values on a femtosecond time scale
ho(kT)=E(T)+ 5 —+ &Nt T)~w the spatial transport of charge carriers occurs on a much
' slower time scale in the picosecond up to the nanosecond

=wr— . (4)  regime (10 ps,...,10 ns This typical separation of time

N ) ] scales between the-space and the-space dynamics allows
The transition frequencyy in turn depends via the band gap ys to treat both regimes separately, with the influence of

energy of the semiconductor medium on the carrier densitgpatial gradients on the-space dynamics often being negli-
and the lattice temperatuiig . Note that all variables which gible.

depend o implicitly include a dependence on space. The = Retaining the first order spatial derivatives of the distribu-

microscopic generation rate reads tion functions and neglecting any spatial transport of polar-
1 ization, the equations of motion for electron and hole distri-
g(k,r,t)=— mch(k)[E+(f,t)pr§*(k,ht) bution functions are given by two Boltzmann equations
~ ., J oo ik afeh(krt) 1/ aSE(r Y
+E (rlt)pnl (klryt)] Ef ' (karat)+m h. L?r _% ar
€,
1 h
T g* + + ap(r)\ af*"(k,r,t)
+ a7 G5 (OIE ™ (r)pg(k.r.b) rel2t ) &k
+ETX (P (k0] (5) st kr 1)
- . . L =—— "2 +g(=k,r,t)+A®(k,r,t)
The variation of the band gap with carrier density is given by at col
21
2 —T R fe(=k,r, 0" (Fk,r,t) = yofe (k1 1),
—a[N(r,t)a3e2 V4
SE(r 4, T)=& o 6) (10

302 2 211/4°
+ .
[N(r.Hags+b7(kp )7 where the uppeflower) sign refers to electrondoles. The
with the exciton binding energﬁozmre“/(ZeSﬁZ), the ex- scat_tering term(?fe'h/at|00| generally_ may include carri_er- _
citon Bohr radiusa,=42e/(e?m,), the lattice temperature carrier and carrler-ph(_)non scattering processes, Whlch in
T,, Boltzmann's constarkt, , the effective massn, , and the analogy to Eq(1) we will later express in terms of suitable

numerical factors=4.64 andb=0.107. The dependence on relaxation rates. Due to the charge of the carriers, the
the lattice temperatur.e can be eipres;seﬁza}: electron-hole plasma is additionally characterized by a Pois-

son equation
Eg(T=E(0) —vsTH/(Ty+0v2), (7) 1
— . = 2 = — —
where £5(0) (=1.519 eV for GaAsis the band gap aT, V- B(N)=V7e(r) SOp(r)
=0 K, andv, v, are two material parameters given by
=5.405< 10 * eV/K andv,=204 K for GaAs, respectively. _ Evflz [fe(k,r)—f (K,r)] (11)
The microscopic pump term € K ’ ’
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for the electric field®(r), with the electrostatic potential Teh T® h5 (17)
¢(r). The space-charge densipfr) is determined by the
carrier-distribution functions. where « is a phenomenological heat conductivity afgl,

Integration of the Boltzmann equations for the charge carthe Kronecker-delta symbol. Adopting the relaxation-rate ap-
rier distributions allows determination of a series of mo-proximation of the scattering terms as described4 the
ments and corresponding equations of motion. In lowest oreurrent density is expressed as
der those are the charge carrier densities

je’h=—De’hVNe'htoe'hlV¢, (18)
N®P(r )=V f*N(krt), (12 ©
k

with the diffusivities

the current densitie@noments of first order
12k2 9t g, (K) a(u®N+ 88)

D* =——v 12 Ten(kN)
jen(r 1) = 12 feh(k,r,t) (13) ® m2p, 9e>N(k)  aNe"
(19
and the energy densiti€émnoments of second order and the conductivities
2k2 21,2 e,h
Eh(r t) A\ 12 fEh(k,r,t) eh_Neh eh___V lz Teh(k )ﬂ f q(k),
3 mgp, 9€%"(k)
(20)
=V N feN(k,rt) (14
k

wherez®" denote electron and hole mobilities.

The spatial transport of electrons and holes is coupled by
electrostatic forces expressed by the electrostatic potefitial
which, in turn, is obtained from the carrier densities by solv-
ing Poisson’s equatiofiLl). The coupling strongly increases
P with increasing carrier densities. This eventually results in
—NeM+y.jeh=ACNL G-y NE"—W ambipolar transport of electrons and holgd. Then, no
Jt space charges exist and the densities of electrons and holes

are equalN®=N"=N . In order to keep this neutrality, also
+V~ 12 feh(k)|co|, (158  the current densities are equgf=j"=j. Eliminating the
drift term in Eq.(18) results in the ambipolar diffusion cur-
rent density

of electrons €é) and holes ). Notationally suppressing the
space and time dependence, the resuliimgdrodynamig
equations of motion read

d ieh 1 eh eh 1 e,h ieh
g +ﬁ( )i +Neh( Vi j=—DsVN, (21)
eh with the ambipolar diffusion coefficient
+ V- (N®MkgT®M) — —(VocTeVe)
b o"De+ D" -
ARG = d® W, . “
+v 1y ﬁife,h(kﬂcoh (15  Under nondegenerate conditions, where due to the Einstein

relation o® o"=D®D" holds, Eq.(22) reduces to the well-
known formD; *= $(D® '+ D" ?) [23,16,24. Combining

ﬁue ht V. (jePueh) + V. (kgZ®".j&N) + V. Qeh Egs. (159 and (21), and approximating the space depen-

ot dence of the energy densities with a parametric representa-
‘eh tion, the macroscopic transport equation for the carrier den-

— %-(Vag: eVe) sity N(r,t) and the relaxation equation for the energy

densitiesu®"(r,t) are given by

— +Aﬁ’h+Ge’h— ynrue'h—\/\/ﬁ’h 9
EN(r,t)=V-[DfVN(r,t)]+A(r,t)+G(r,t)—ynrN(r,t)

2 2 (9
+ 1
VX ot Mo (150 —W(r ), (233
The heat fluxQ®" and the temperature tens’dif'yh arerep-  J eh eh N
resented by U =AGN(r, O+ Gy (1) = Y (r, ) = WE(r, 1)

Qe,h: —kVTeh (16) —Re’h(r,t). (23b
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In Eqg. (23) we have considered spatially structured carrier 1
injection (A andAﬁ'h), carrier recombination by stimulated Re'h(r,t)zz ﬂ[ue'h(r,t)—ug;]h(r,t)]
emission G and G®"), nonradiative recombinationy, N P Tph

andy,,,u®"), and spontaneous emissidn/(and\/\/ﬁ'h). Note 1 52K2

that due to the parametric representation of the energy trans- > — —[f*"(k,r,1)
port processes adopted here, the phonon relaxationR&fm VK 2men 786(k,N)
(detailed below appears directly in Eq23b) for the energy e
densities, whereas the microscopic carrier-phonon and feq (kir,t)]

carrier-carrier interactions enter indirectly into the ambipolar d ibes the ch . due t : h int
diffusion equation(23a via D;. The macroscopic gain escribes the change in enérgy due fo carrier-phonon inter-
actions. The phonons involved include polar optical phonons

(LO phonong, deformation potential optical phonoienly
holeg, deformation potential acoustic phonons, and carrier-
piezoelectric acoustic phonons. The polar optical phonons
are again calculated according to the carrier density for each
value of the wave number whereas the other contributions
are considered as averaged values which we adopt from the
detailed phonon rate calculations [ib8]. The first term in

Eq. (28) represents via their respective relaxation rates ab-
breviated by ]a‘g'hh the sum over all the phonon contributions
%xcept for the polar optical phonon scattering rates. For con-
sistency, the latter are considered via the microscopic mo-
'mentum and density dependent scattering rategbhlk,N)

(28)

G(r= S IE P+ E (ol (24

1
—le[E*(r,t)P,ﬁ*(r,t)

+E(r,t)P,*(r,1)]

with Im[z] denoting the imaginary part of, describes the
spatiotemporal variation of both the induced emission an
the absorption of light. It depends via the polarizati@@son
the microscopic charge carrier distribution functions, which

in turn, both depend on the plasma tempenittrr&a'%of elec- (for their dependence df andk, see[4], Fig. 1). An exten-
trons and holes, respectively. The frequenrgylepends via sjon to a carrier and wave number dependent consideration
the band gap energy) on the lattice temperature. The spon- of all phonon rates will be straightforward. We note that due
taneous emission is related to the miCI’OSCOpiC carrier ngnql’o the Poisson equation direct|y acting On|y on the Charge

distributionsf®" by

W(r,t)= %; Tk, THfe(k,r,t)f"(k,r,t), (25

carrier density and the momentum density, differentiation
between the different energy densities of electrons and holes
has to be made due to their difference in relaxation times and
effective masses.

On the basis of a grand canonical ensemble interpretation

with the phenomenological rate of spontaneous emissiohaving both energy and particle contact and exchange with

[25]
n, 2k2 3
Fsp(k-Tl):%|d(:v(k)|2(5g(-rl)+m) . (28

It generally depends on the temperatures of the electron and

hole plasmar®" as well as on the lattice temperatdre. In

the relaxation equatiori23b) for the energy densities the

corresponding rates are given by

AN (r )= %g eSNKk)ASN(K,r 1), (279

GEN(r,tH)=— [IE*(r.t)[>+|E(r,1)|?]

2h2V
75 1 (k,N)

(K, T))+ 7, %(k,N)

X |dg, (K| 2[Fo(k,r,t)+ f(Kk,r,t)— 1],

(27h

1
xv; €2"(K)

\Nﬁ’h(r,t)=12 e N(K)T ok, T Fe(k,r, 1) F (K, T ).
V4
(279

The relaxation term

the environment, we consider the carrier density and the car-
rier energies as functions of the independent variables of the
chemical potentialg.®" and the plasma temperatur‘ﬁgh.

Solving the resulting set of equations for the plasma tem-

peraturesT§" leads to

aueh(r,t)
at

ON(r,t)
o’

T =3"(r0 USR]
(29)

whereJ, andJy are given by

&Ne’h{ auen(r,t) aNeN(r 1)

aMe,h\ &Tgih(r,t) &Me,h(r,t)

Igh(r,t)=

ausN(r,t) aN®"(r,1)
Iueh(r,t) gTE"(r 1)

-1
) : (30)

ue" [ guen(r t) N®N(r 1)
o™\ aTER(r,t) Jus(r 1)

K=

eh eh -1
aueh(r.t) oN (r,t)) D

outh(r,t) 9T, 1)

The multitude of processes determining the lattice tempera-
ture are the relaxation to the ambient temperafiysérelax-
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TABLE I. Fundamental material and device parameters of the broad‘@eefss/AlGaAs semiconductor

lasers.
L (cavity length 750 um
d (thickness of active laygr 0.15um
n. [refractive index of the cladding layef&aAlAs)] 3.35
n, [refractive index of active layeiGaAs] 3.59
\ (laser wavelength 815 nm
R; (front facet mirror reflectivity 1074
R, (back facet mirror reflectivity 1074
7 (nonradiative recombination time 5ns
a, (exciton Bohr radius 1.243%x10 % cm
my (mass of the electrgn 9.1093879x 10 3! kg
m, (effective electron mags 0.067m,
my, (effective hole mags 0.246m,
£4(0) (semiconductor energy gap a0 K) 1519 eV
D, (diffraction coefficient 18x 10 ®m
7; (injection efficiency 0.5
I' (confinement factor 0.55/0.54
a,, (absorption 30cm?
v (surface recombination velocijty 10° m/s

ation constant- y,), the transfer of heat from the plasma to numerical simulations presented and discussed below. Spe-
the lattice due to carrier-phonon scatteriagain considered cifically, we consider the broad-area semiconductor laser ge-
microscopically for the case of the LO phongnsonradia- ometry, schematically depicted in Fig. 1. An active semicon-
tive recombinationwherec, is the specific heatand Joule ductor layer (here: GaAg into which current is injected
heating(with total resistanc®, cross sectiol\, and volume through a characteristically wide current stripe is sandwiched
of the active zone of the broad-area lasgp, ) leading to between cladding layer$ere Al,Ga,_,As). Broad-area la-
sers are usually realized as gain-guided structures, i.e., the

. 1 optical waveguiding properties necessary for channeling the
— _ . € —
Ti(r)==7[Ti(r,H) Ta]”L% £ [Ta(r,)=Ti(r,0)] optical fields along the longitudinal direction are self-
ph generated by differences in local gain. We model the spa-
1 E2k2 1 tiotemporal dynamics of a typical broad-area laser. The
+Jﬁ(r,t)—2v om T[fe(k,r,t) transverse widttw=100 um and its longitudinal length
Tk ¢ Tpo =750 um are typical values of commercially available de-
vices. In the simulations, the laser is electrically pumped at a
1 . ; 4
_fgd(k,r't)HE —[ThrH-T(r,)] few times its threshold current. A continuous-wave
ph TBh P Gaussian-shaped optical beam is injected from the left and is
amplified while propagating to the right. Its spatially inte-
11 A%2% 1
h > —— k1,0
+J,(r,t) V% 2m; TEO[ ) contact
J2(r,t)RA? e -
R G N v y /7 Z
qVBAL A y Z
e
(32 // /)— ———————————— — L
For the numerical integration of the system of partial differ- I 7 W |
ential equationg2) and (233 the Hopscotchmethod[26] is d 1 active layer ;
used as a general scheme. At every spatial location it is self- T_A\ ’_
consistently coupled and solved with the microscopic equa- | |
tions for the carrier and polarization Wigner distributidt} = w =
and the temperature equations of the latt{82) and the - W 0 X
plasma (29). The operators are discretized by thex- -2 0 2
Wendroff[27] method. The material and structural param-
eters are summarized in Table I. FIG. 1. Schematic of the geometry of a broad-area semiconduc-
tor laser. Charge carriers injected through the contact stripe at the
IIl. SPATIOTEMPORAL DYNAMICS top of the devicdhatchedl recombine in the active zone. The active

GaAs layer(shaded darkis located between two cladding layers of
The coupled system of microscopic and macroscopi®l,Ga, _,As (white). Light generated by stimulated emission and
equations for the semiconductor laser are the basis for thamplification propagates in longitudinat)(direction.
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(@) 100 () With the longitudinal length. =750 um of our laser being

considerably larger thar, longitudinal self-structuring sets
in and, in combination with the transverse self-focusing ef-
fects, about ten intensity peaks with irregular periodicity are
formed.

0 Once the incoming beam has reached the outcoupling

d)
0

10

0
° facet at the righ{reflectivity R,=10"*%) part of the field is

] 75! 0 750
100 () 100 ( reflected[Fig. 2(b)]. As a consequence, the self-structuring
‘ effects appear even stronger due to the additional interaction
of the continuously incoming and forward propagating beam
with the reflected backward propagating field. In spite of the
: ‘ extremely low reflectivities~ 10" * used in the calculation,
9] 75 750

X [pm]

0

the high gain within the active semiconductor layer effec-
tively creates a much higher facet reflectivity. Indeed, the
Z [pm] counterpropagation effects are always present in semicon-
ductor lasers and amplifiers with large active areas—even
FIG. 2. Amplification and longitudinal self-structuring of an in- when assuming “perfect” antireflecting coatings witRy
jected optical cw signal within the active layer of a broad-area=R,=0. This can be understood by the formation of a dy-
semiconductor laser. The individual plots display snapshots of theyamic diffraction grating in the carrier density. As a conse-
intracavity intensity 1(x,z,to) ~[|E*(X,2,t0)|?+|E™ (X,2,to)|?], guence of the difference in time scales of optical diffraction
taken at intervals of 10 ps with the area in each individual plotyng carrier diffusion, the intensity in the laser continuously
pqrrespondipg to the full acFive zone of the laser. The.power of th&,aries in time and space—even after the injected signal has
injected optical cw signal i®,=10 mW. Dark shading corre- re5ched the output facet. The intensity at the output facet
sponds to low intensity and bright colors to areas of high intensity, s |, ctyates in its amplitude and a fraction of the light in
.Thle Optt'(;al f't?]nal.'Sh'tm?;tedfftrr?énl;22r'erttsatrr'gnt?fe?:;c;?ip“en\?vif;f]eitthe laser is traveling backward and forward in the resonator.
'S_Olcgoe & The ”lg .St' c? Ol tensior ds t b This can be observed in the time series of Fig. 2. Note that
W= pm. The longitudinal extension corresponds to £6@. due to diffraction of the optical fields, part of the reflected
light also propagates at an off angle with respect to the main
grated power is 10 mW at the input facet. propagation direction towards the absorbing layers. For
As a result of its characteristic geometry, the broad-aredonger times with more round-trips, the spatiotemporal varia-
structure constitutes a model system of a one-transverséons in the intensity distribution continue to become increas-
dimensional system showing spontaneous formation and dyngly complex within the whole active zone of the lagbt.
namics of nonlinear optical patterns and gratifgisButitis  In the following, however, we will continue to concentrate
not only in the transversg dimension where spontaneous our analysis on the early stages of the buildup of the spa-
self-structuring occurs. Once its longitudinal resonator lengthiotemporal instabilities. Specifically we will consider a char-
exceeds a characteristic interrfabherencglength, the op- acteristic scenario where an optical beam is injected into the
tical field may additionally display dynamic structuring in broad-area semiconductor laser. From the spatiotemporal dy-
longitudinal direction during propagation. Figure 2 displaysnamics we will pick characteristic instants in tinfebout 20
a number of snapshots of the intensity distribution in theps after the beginning of the optical injectjoand discuss
quasi-two-dimensional active zone of the broad-area lasethe various distributions of optical and material properties of
The time difference between successive plots is 10 ps. Figurhe active semiconductor medium.
2(a) shows the intensity(x,z)~|E* (x,2)|?+|E~(x,2)|? at The perpetual interaction of the optical field with the ac-
10 ps after starting injection of the optical beam. At thistive semiconductor medium is most clearly highlighted in the
time, the incoming beam has not yet reached the outputharacteristic distributions of the charge carrier density, the
facet. During propagation, the optical field continuously in-gain, and the refractive index. The snapshots in Fig. 3 show
teracts with the active semiconductor medium. As a consethe characteristic structural differences in the spatial varia-
guence combined self-focusing and diffraction effects lead tdion of the intensity, the density, the macroscopic gain, and
the observed longitudinal modulation and transverse struche refractive index at one instant in time. As expected, the
turing in the intensity distribution. This self-structuring is amplification of the injected radiation leads to a local reduc-
characteristic for the high-gain semiconductor laser struction in the density distribution and thus to depletion of the
tures and occurs although the pump profile due to carriegain. Note that in Eq(24) G is defined as generation rate
injection and shape of the input beam are assumed to bge., “negative gain’); consequently Fig. 3 shows its in-
uniform. The origin of these phenomena is related to theverse. Due to the differences in the characteristic time scales
internal microscopic carrier-carrier and carrier-phonon scatef the polarization and densityntercavity lifetime of a pho-
tering processes and charge carrier transport. Both lead totan: 1-10 ps; momentum relaxation of the carries&0 fs),
characteristic fast momentum relaxation of the carriers anthe inversion is not instantaneously transformed into light.
dephasing of the polarization on a time scale on the order o€onsequently, the density has a spatial and temporal offset to
~50-100 fs[4]. Together with typical propagation times the inverse of the intensity distribution. The snapshot of the
~10 ps this corresponds to an internal longitudinal cohergain shown in Fig. &) thus reflects the spatial structure of
ence lengthy” of about 50 to 10Qum. The typical diffusion  both the carrier density and the intensjgee Eq.(24)]. It
length of the charge carriers is in the order of 5 to /4. simultaneously exhibits the small modulations of the inten-
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Z [pm] FIG. 4. Same time instant as in Fig. 3. Images of the spatial
temperature distribution of the lattice temperature, the electron and
FIG. 3. Snapshot images of the intendif,z,ty), charge car- hole temperature in comparison with the corresponding intensity
rier densityN(x,z,tg), gain G(x,z,ty), and nonlineakinduced re- distribution show the spatial differences between the distributions.
fractive index distributiordn(x,z,t)/n(x,z,ty) = x'/2 in the active
layer of the broad-area laser. The power of the injected cw signal ision). We note that due to the differences in their effective
Pinj=10 mW. mass and phonon relaxation rates, the spatial distribution of

sity distribution and the spatial distribution of the density. the electron plasma deviates from the hole plasma.

From Fig. 3d) we see that the refractive index is increased
with respect to the basic linear refractive index at positions V. NONEQUILIBRIUM WIGNER DISTRIBUTIONS
of high intensity and low density. This leads to self-focusing
which again affects the optical properties of the light field in

the instant thereafter. Generally. all distributions displaved i roperties—which determine the macroscopic variables dis-
F'e 33 a ﬁe eta deb' tﬁ erally, afl hfs uﬂo i’ _t;,p ayfeth ussed so far—are self-consistently determined at every spa-
. 5 are atiected by the nonvanishing reflectiviies ot the - \,cation. Before we discuss the Wigner distribution,

; . . . . : €M¥hich includes both the spatial and spectral dependence of
t'.c tr_ans_verse f|IamentI|ke. optical pa.“e”!s in the IntenSIWthe carrier distributions and the interband polarization func-
d|str|but|on,. but also _spat|a_l structuring n the other vari- ions, we will briefly illustrate characteristic spectral proper-
ables. The influence is particularly strong in those areas Oﬁes of semiconductor lasers—dependence of the generation
the active layer which are not as sirongly influenced by th te and the nonlinear induced refractive index on the wave-
incoming beam such as the center of the laser. An analysis } ngth of light

the distribution of the refractive index provides a good pos- '

sibility for visualizing the filament formation: For high injec- o _ o _ )

tion currents and poorly coated structures, the distributions irf*- EQuilibrium gain spectrum and refractive index dispersion

the device are much more influenced by the internal spa- The spectral characteristics of the active semiconductor
tiotemporal dynamics and the geometry of the semiconductamedium during propagation and amplification of an optical
laser itself than by the characteristics of the input beam. Innput beam are contained in the microscopic carrier distribu-
this case irregular patterns are formed in the refractive indeﬁons, polarizations, and generation rates. As an example,
over the whole transverse width. These transverse variatiorfsig. 5 shows the spectral dependence of the spatially aver-
then are the origin for the characteristic formation of opticalaged generation ramg(k,t) [cf. Eq.(1a)] for various values

filaments in _wide-gain amplifiers and Iasers_. . of the electron-hole density. Via, the generation ratg is
Next to direct dependence of the refractive index on theyeiermined indirectly by the lattice and plasma temperatures
local distribution of carriers, the optical generation of heaty girectly via the carrier distributions. Figure 5 shows that

and its relaxation via phonons to the temperature of the lafy;it, increasing injection current and increased carrier den-

tice significantly determine the optical properties and thesjry the generation rate changes from absorption to amplifi-

spatiotemporal dynamics of the broad-area laser. Figure daiinn and increases in magnitude. The microscopic complex
shows in direct comparison to the intensity snapshot 'mageéptical susceptibility

of the temperature distributions of the lattiideig. 4(b)], the
electrons[Fig. 4(c)], and the holegFig. 4d)]. Generally, y(w)=yx'(w)+ix"(w) (333
high local intensity values cause a strong interchange be-

In the simulation, the dynamics of the microscopic

tween carriers and phonons. At this position, this leads to an 1 [fe(k,r,t)+ fh(k,m)_l]
increase in the temperature of the lattice. The stimulated re- =-— WE |dey (K)|P—= —

combination of the carriers, however, occurs at energy values k w(k,T))—ir,"(k,N)

below the average energy; the carrier ensemble thus obtains (33b)

an increased average energy. As a result, the temperature of ]
the electron-hole plasma is locally increased in the areas witlpcally depends on the frequenay, the lattice temperature
high optical intensity and a strong negative gaia., absorp- T, via o, the plasma temperaturél%h via f®", and the
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FIG. 5. From absorption to stimulated recombination. The

wavelength dependence of the generation gater various values 750
of the charge carrier density in the broad-area laser shows for ir
creasing carrier density the transition from net absorptibh ( T 600
<Njy) to net gain N>N,), with N; being the transparency density. 3
charge carrier densitil. It gives information on both the % 450
generation rate via Edla) and througH 28] 8
5
€ 300
on x' 5
—=— 34 2
N2 (34) 2
2 150
on the induced refractive inde¥n/n, . For fixed lattice tem-
peratureT, =300 K its wavelength dependence is displayed o
in Fig. 6 for various values of the carrier density. In particu- o 1 2 3 4 5 & 7 8 9 10

lar, when raisingN above the transparency denshly, the (b) kag

wavelength dependence éh/n; displays the characteristic

change in sign and shows the expected dispersion. Note that FiG. 7. Snapshots of the nonequilibrium carrier Wigner distri-
in Eq. (34) the whole nonlinearity is included and not only putions. In the gray-scale plots of the longitudinal space and mo-

the first or second order term of an expansiorkEin mentum dependence ofa) the electron Wigner distribution
8f5(k,z,tp) and (b) the hole Wigner distributiorﬁf;‘(k,z,to) me-
B. Nonequilibrium spatiospectral distributions dium gray areas represeatS(k,z,t,) = 5f1(k,z,t5)=0. Dark and

As sh in Eig. 5. with i . ier d itv at black shades indicate the spatiospectral kinetic trench burnt by the
S shown In F1g. 5, with Increasing carrier density a ran'optical field via stimulated emission. The light gray and white areas

sition from absorption to stimulated emission occurs. '”_thecentered arounk~6.5," and k=7.5a,* for the electron and
case of our model semiconductor laser, due_ to _ItS Con_s'de'h'oles, respectively, represent the spatiospectral distribution of the
able resonator lengtfL(= 750 wm), many longitudinal opti-  heated nonequilibrium carriers at the instégt

cal modes potentially lie within the spectral width of the

curve of the generation rate shown in Fig. 5. With sufficient

injection current applied to the laser, the injection of an op-

tical beam leads to recombination of electron-hole pairs by
stimulated emission of radiation. The closer the momenta of
an electron-hole pair are to the peak of the generation-rate
curve, the stronger the recombination will be. As the optical

field shows strong spatiotemporal variations, a both spatially
and spectrally confined hole is burnt into the dynamic carrier

distributions.

0,0004
0,0002
0,0000

-0,0002

1. Effects of counterpropagation

induced refractive index
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Figure 7a) shows a snapshot of the dependence of the

1 1

00 760 780 800 820 840 860 Wigner distributionsf§(k,z,t) = f(k,0zt) — fg(k,0zt) on

the wave numbek and the longitudinal positioz in the

centerx=0 of the broad-area laser. Gray shades correspond
FIG. 6. Influence of increasing electron-hole densityin units 10 6f®=0. The nonequilibrium distribution of holes

of the transparency densify,) on the dispersion of the induced 5f2(k,z,t)=fh(k,0,z,t)—qu(k.Oz,t) is displayed in Fig.

nonlinear refractive indexn/n; . 7(b). The darker the gray shades, the deeper the depletion of

wavelength [nm]
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the carrier distribution. In correspondence to the typical in-
tensity distribution showing the amplification of the injected
optical beam(e.g., Fig. 2, the depth of the kinetic trench
burnt by the optical field increases longitudinally from
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|

75

=0 toz=L. Its width is related to the linewidth of the op-
tical transition and is determined by the microscopic carrier-
carrier and carrier-phonon scattering processes represent
by the time and space dependent relaxation rate distributio
75 H(KNL ).

But it is not only a spectral depletion of the carrier distri-
bution functions betweerkag~3.5 andkayg~5 which is
caused by stimulated recombination: At the same time th
optical field locally heats the electron and the hole plasma 0
Next to the black valley in Fig. 7 the spectrally and spatially o 1 2z 3 4 5 6 7 8 9
confined accumulation of carrietBghtly shaded and white
area$ indicates that electrons and holes are excited to non
equilibrium spatiotemporal states of high momentum. The
carriers in these states locally have a higher momentum the
the ones at quasiequilibrium. We recall that additionally, the
spectral as well as the spatial position of the “holes” con-
stantly varies in time.

Figure 7 clearly demonstrates that the maximum and th
width of this absorption area are different for electrons anc
holes. This is due to a combination of a number of effects
First, the difference in band structure between the valenc
band and the conduction band is included via the effective
masses of the electrons and the holes. Second, the con
sponding differences in carrier mobilities appear in different 0
amplitudes of the variationsf$(k,z,t) and 5f';(k,z,t) for (b)
the carrier depletion and the carrier excitation. Third, the
transfe_r of the carners into states of higher moment_um OC FIG. 8. Snapshots of the transverse structure of the nonequilib-
curs via various carrier-phonon and phonon-phonon interaGiym carrier Wigner distributions () 8fe(k,x,ty) and (b)
tions [Eqs. (10) and (28)] with different relaxation rates for st"(k x,t,) at the outcoupling facet of the broad-area laser visual-
electrons and holes. izing the spatiospectral nature of filamentation. Shading and the
time t, correspond to the snapshots displayed in Fig. 7. Note again
the difference in the spatiospectral location of the kinetic trench and
the nonequilibrium heated states.

From the snapshots of the intracavity intensity distribu-

tion (cf. Fig. 2 we have seen that the distribution of the
optical intensity within the active zone is both longitudinally
and transversely structured. In particular, the transversg, ¢

§tructure exhipits a chargcteristic irregulgr modulation show;[he injected laser beamy,; corresponding to the wavelength
ing the formation of multiple transverse filaments. Due to the)\ of the main laser mode. Starting from an equilibrium con-
increased peak intensity values at the outcoupling facet, tition, the nonequilibrium carrier Wigner distributions  di-
modulation in the carrier den_sity distribution and the spatialrecﬂy reflect the internal length scales and dynamics of the
structure of the temperature is more pronoun@dFig. 3.  active semiconductor medium. Any nonresonant excitation
Both effects promote the formation of optical filaments. But()\inﬁe)\) should therefore change this situation. The non-
it is not only in the spatial domain where the filamentationequilibrium Wigner distributions do indeed reflect the depen-
process is apparent. Figure 8, displaying a snapshot of thgence of the carrier depletion and heatingXqy). Figures
dependence ofa) the electron andb) the hole Wigner dis-  9-11 show for three characteristic values\gf snapshots of
tribution 5f§'h(k,x,t)=fe'h(k,L,X,t)—fg'qh(k,L,x,t) on the (3 the electron Wigner distributiof5(k,z,ty) in direct
wave numbeik and the transverse positiog respectively, comparison with the corresponding spatiospectral Wigner
illustrates the simultaneously occurring spectrally and spadistributions of(b) the real andc) the imaginary parts of the
tially selective depletionblack and nonequilibrium band interband polarizationp,(k,z,tg) and pj(k,ztg), respec-
filling processes. Again, the characteristic shape of the eledively.

tron distributiong Fig. 7(a) and Fig. &a)] differ in both spec- In Fig. 9 the wavelength of the injected beam has been set
tral position and magnitude of depletion and nonequilibriumto 815 nm, the maximum of the gain bandwidth of the laser.
filling from the corresponding hole distributiof&ig. 7(b)  As expected, the spectral depletion of the carrier distribution
and Fig. 8b)]. is very high and the kinetic trench is mostly confined to the
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100
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2. Transverse filamentation

C. Nonresonant excitation

Up to now, the excitation of the active semiconductor
er medium has been at resonance with the wavelength of
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pear on length scales which span a regime fromul0 to

100 um. These nonlinear structures reflect the density de-
pendent microscopic relaxation of the polarizatjdhwhich

due to the propagation of the optical beam is directly trans-
formed to a characteristic length scale. Consequently, the
microscopic spatiospectral dynamics of the interband polar-
ization being governed by the fast carrier-carrier and, in par-
ticular, by the carrier-optical phonon scattering processes de-
termine both spectral and spatial scales of the light-matter
interaction within the active area: It is these modulations in
the polarization which are the seeds of the longitudinal vari-
ance of the intensity distributiofsee Fig. 2 and which lead

in combination with the spatiotemporal variation of the car-
rier density to the nonstationary spatiotemporal dynamics of
the broad-area laser.

The combined spatial and spectral variation of the inter-
band polarization displayed in Figs(® and 9c) demon-
strates the influence of the microscopic spatiospectral dy-
namics on the nonlinear gaiof. Fig. 5 and refractive index
(cf. Fig. 6 variations. The real part of the nonlinear polar-
ization shown in Fig. &) visualizes the spectral dependence
and longitudinal variation of the generation rate and thus the
spatiospectral distribution of the optical gain. Note that in
Fig. 9b) negative values op,(k,z,ty) represent positive
local gain. The corresponding spatial variation of the disper-
sion of the nonlinear induced refractive indém can on the
other hand directly be deduced from tkedependence of
p,(k,z,ty) [Fig. Ac)]. Noting that generally- sn~p’, the
longitudinal shape op}(k,z,t,) [Fig. 9c)] reveals the den-
sity dependence of the induced nonlinear refractive index.
The optical beam which is injected constantly gains in am-
plitude and thus leads to a rising depletion of the density of
charge carriers. This, in turn, causes an increase of the re-
fractive index within the cavity fronz=0 to z=L.

The dependence axy,; becomes apparent when compar-
ing Fig. 9 with Fig. 10 and Fig. 11, whepg,; is 815 nm, 795
nm, and 765 nm, respectively. Figure 10 thus demonstrates
the change in the behavior of the broad-area laser when using
a nonresonant input beam of shorter wavelength: As the in-
put beam determines the progression and the position of the

FIG. 9. Snapshots of the nonequilibrium Wigner distributions of """ ™ . . .
(a) electronssfe(k,x,to), (b) the real part of the interband polariza- kinetic trench in the generation rate, a shift)qf; towards

tion p)(k,z,ty), and(c) the imaginary part of the interband polar- shorter yvavelepgths results ina (.:orrespo'nding spect'ral drift
ization p’/(k,z,to). The injection of the optical beam into the active Of all Wigner distributions. In particular, Fig. 10) pertains
layer of the broad-area laser occurs at resonance wjgh=) O the conditions where;(k,z,to) is about to change from
=815 nm. net gain to net absorption. In this case, a spectral shift of the
minimum of the generation ratéf$(k,z,t,) from k~4a5l
gain maximum. The snapshots dB) &fj(k,z,tp), (b)  at resonancdFig. Aa)] to k~5.5," at \j=795 nm is
p,(k,z,ty), and(c) p,(k,z,ty) displayed in Fig. 9 illustrate clearly visible. However, Figs. (8 and 9b) also demon-
the situation where the beam has, after a number of passessitate that a wavelength detuningA =X\ —\;;=20 nm
to~50 ps, significantly interacted with the active medium. Incauses a balance of net gain and net absorption but is not yet
particular, while “burning its trench” within the cavity the sufficiently large to create significantly heated nonequilib-
input signal does not propagate unaffectedly. It is constantlyium carrier distributions. Moreover, Figs(l9 and 9c) re-
modified and eventually its shape is spatially structured duseal that in propagation direction of the optical beam a fre-
to the interplay of absorption, carrier diffusion, diffraction, quency shift of the resonance frequency towards smaller
as well as relaxation of the light field and relaxation due tovalues of the wave numbds occurs together with a broad-
the carrier-phonon interaction. In Fig(e® the shape of the ening of the line shape. This is in contrast to the case of the
kinetic trench is considerably smoother than both the reastrong nonresonant excitation pertaining to Figclivhere
[Fig. 9b)] and imaginary[Fig. 9c)] part of the interband the frequency shifts in opposite direction towards larger
polarization. In the polarization, longitudinal structures ap-wave numbers.
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FIG. 11. Nonequilibrium Wigner distributions at strongly non-

resonant excitation\j, =765 nm. (a) Electron Wigner distribution

St3(k,x,tg). (b) and(c) show the rea[p,(k,z,ty)] and imaginary

[p5(k,z,tp)] parts of the Wigner distribution of the interband polar-
FIG. 10. Nonresonant excitation of the broad-area semiconducZation-

tor laser with \j;;=795 nm representing a wavelength detuning

oA=20 um. The individual plots represent snapshots of the non-g longitudinally increasing but spectrally well-confined den-

equilibrium Wigner distributions ofa) electronssfi(k,x,to), (b)) sjty of nonequilibrium states &~ 8ag . After this excita-
Fhe rgal part of the mterband polanz_atug;(k,z,to), and (c) the tion, the coupling to the longitudinal optical phonons leads to
imaginary part of the interband polarizatipfi(k,z,to).

the situation depicted in Fig. 1d) where a significant pro-

With increasing wavelength detuning, Fig. 10 and Fig. 1lportion of carriers hzisi acc.umulated in the heatgd nonequilib-
show that the carrier heating effects gain influence while af'ym states ak~§a0 - Stimulated recorr_lbmatlo-n a}t reso-
the same time the carrier depletion by stimulated emission i§ance, however, is prevented by the particular distribution of
reduced: Fewer and fewer electron-hole pairs are localljn® generation ratgFig. 11(b)] and refractive indexFig.
available at momentum statésavelengths suitable for re- 11(C)]. As a consequence, the laser adjusts its emission
combination. Thus, with decreasing wavelength, the real an@avelength accordingly and the depletion of carriers takes
the imaginary part of the interband polarizatigfigs. 1Gb)  place at wavelengths correspondingkts 7a5 *. Again, the
and 1Qc)] change their sign towards absorption. longitudinal modulations of,(k,z,ty) and p;(k,z,tg) pro-

In the case of strong detuning a number of characteristizide the explanation of the formation and persistence of the
nonequilibrium effects can be observed in the Wigner distridongitudinal structures of the optical field. Note in particular
butions shown in Fig. 11. First, the nonresonant excitatiorthe high degree of regularity in the modulations in Fig(cl1
generates during propagation of the optical beam with ~ which act as an induced macroscopic distributed feedback
=765 nm in the carrier Wigner distributiofif® [Fig. 11(a)]  grating. This is in contrast to the resonant case where the



2162 E. GEHRIG AND O. HESS 57

amplification of the beam leads to a significant and spatiallycharacteristically wide- and long-gain region such as the

structured reduction of the carrier density. broad-area laser, the combination of spectral and spatial ex-
citation, relaxation, and transport processes determines their
V. CONCLUSION spatiotemporal dynamics. It is vividly characterized by non-

We h di dth . i . d equilibrium spatiotemporal structures in the joint time-space-
e have discussed the spatiotemporal intensity and tems,,menym phase space represented by snapshots of the non-

ﬁg;até‘gf’ra%”iggi Sagfng;eeseur;f%‘?iu”rg"ce;rrri?r‘{}\t/? ggrtg&ﬁf’é‘qunibrium Wigner distributions. We have identified the
P y d 9 various microscopic processes which determine the spatial

butions of broad-area semiconductor lasers. The

spatiospectral excitation and relaxation dynamics representead1d spetctrald charactensuis OI. thle br§>ta(tj_—areao Ia.;?r u?r:jer
by the nonequilibrium carrier Wigner distributions are in- f¢sonant and nonresonant optical excitation. ©n the other

cluded in the microscopic numerical simulation. The simula-1@nd, it has been demonstrated that the macroscopic device

tions are based on an extension of the Maxwell-Bloch equa@rchitecture strongly influences the processes occurring on
tions for spatially inhomogeneous semiconductor lasefnicroscopic scales. Explicitly taking the device structure
structures by combining them in a self-consistent way withinto account in the simulations, the spatiospectral nonequi-
equations describing ambipolar carrier transport and relaxibrium dynamics of the Wigner distributions, indeed, repre-
ation of the energy densities of electrons and holes. sent an actual experimental situation. With proper adjust-
Characteristic and representative snapshots of the carrignent of the device parameteisavity length, width of active

Wigner distributiongFig. 7 and Fig. 8show in combination zone, etg. our theoretical simulations should therefore allow
with images of the spatiotemporal variation of the intensity,direct comparison with experiments. Thus knowledge about
carrier density, refractive index, and carrier plasma temperahe macroscopic appearance of the spontaneous formation of
tures(Fig. 2 and Fig. 3that in the broad-area laser the non- nonequilibrium structures in the Wigner distributions of the
equilibrium Wigner distributions of the charge carriers andcarriers and interband polarization may be at the same time

the polarization vary in time, space, and momentum in &f fundamental significance and relevant for the design of
complex fashion. Via the characteristic carrier-carrier andhovel devices.

carrier-phonon scattering processes on the one hand and car-
rier heating and phononic relaxation effects on the other
hand, the phenomena of dynamic spatiospectral hole burning
and nonequilibrium band filling are intrinsically coupled.  We would like to thank Professor R. Wallenstein for his
Consequently, in semiconductor lasers and amplifiers with &nterest and continuing support.
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