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Semiconductooptoelectronicdevices involve complicatedinterplay of optical, electronic,and thermal
processesTheseprocessespanover time scalesfrom microseconddgor the thermalprocessto tensof
femtosecondsgor optical dephasingand carrier scatteringsin spatialextension,nanometeiscalecarrier
confinementand transportin vertical direction, as well as beamfilamentationand carrier diffusion on
micrometerscalein thelateraldirectionareto betreatedln termsof disciplinesinvolved, classicaloptical
propagtion and diffraction, thermaldiffusion aswell asthe very frontiersin quantumtheory of mary-
body systemsare intertwinedin a single event of semiconductotaseroperation.Clearly, modelingand
simulation of optoelectronicdevices deal with a multiple-processsystemon multiple spaceand time
scales, and pose serious challenge both in terms of maddbdment and numerical computation.

In practicalmodelingand simulations,however, simplified modelsbasedon variousapproximationsor
deducedrom experimentsarevery often used.While the advantage®f beingconceptuallyandcomputa-
tionally simple are olvious, we needto be aware of the approximationsnvolved andthe limit of them.
Very oftenit is helpfulto go backto our startingpoint andto rethinkthe approximationsunderwhich our
simplified equationsare derived. Fortunately the physical processesre understoodand describedo a
large dgree at a more fundamentardd within the microscopic theory[1,2].

In this presentationywe will shav how onecanstartfrom physicsandthe relatedequationsat the micro-
scopiclevel andderive a setof macroscopiequationghat arevalid in a wider rangeof parametershan

typical simplified models.Our starting point is the bulk semiconductoiparametersncluding the bulk
bandstructurenformation. Our emphasiswill be placedon the treatmentof interactionbetweenoptical

field and electron-hole plasma in a semiconductor host medium, while treating the semiconductor lattice,
such as lattice heating andlk lattice parameters, at the phenomenologicalle

The startingequationsare basedon the Maxwell-Bloch Equations[1,2]describingthe motionsof laser
field and electron-holeplasmaandtheir interactions but with the following extensions:First the spatial
inhomogeneitieareincludedin thedistribution functions[3](diagonalelementsf the densitymatrix), so
that Boltzmanntransportequationgor the Wigner type of electronandhole distribution functionsresult.
Seconddetailedscatteringermsareincludedto properlyaccountfor thelineshapdgunctions.In general,
this setof equationshave to be accompaniedby the Poissonequation.The resultinggeneralsetof equa-
tionsis moreappropriatelytermed‘Maxwell-Bloch-Boltzmann-PoissonéquationsObviously this setof
eguationsn atypical two dimensionateal spaceandits conjugatemomentunspacefor the caseof quan-
tumwell baseddevicesrepresentsuchaformidablecomputationataskthatit becomegpracticallyimpos-
sible to sole them directly ¥en with todays high performance computers.

Ratherthanattemptingto solve theseequationgirectly, we try to derive a setof momentequationswith
respecto momentunspaceTheresultingmomentequationsrom the Boltzmannequationsarethe carrier
density carriermomentumandcarrierenegy equationsThesemomentequationsiow coupleto the Max-
well and Poissonequationsand close the hierarcly. The k-resohed optical polarizationequationsare



approximatedy the effective polarizationsconstructedisingthe microscopicallycalculatedoptical sus-
ceptibility [4]. This reducedsetof equationsgventhoughmuchsimplerthanthe original equationscon-
sistsof partialdifferentialequationswith still afew differenttime scalesin our simulation,we solve these
equations directly in space and time using finiteed#hce methods.

Theadwantage®f our approachdescribedaborve areits bottom-upnature We startfrom afew measurable
parameterandthe microscopicphysicswith the numberof freely adjustablgparametersninimized.Our
modelcontainssucheffectsasgain nonlinearity gain dispersionplasmaheating,mary-body effects,non-
lineardiffusion,andnonlinearheatconduction.To strike a balancebetweerphysicalaccurag andcompu-
tational manageability we rely heaily on parameterizationof quantities that are computed
microscopicallysuchasoptical gain andrefractive index of the plasmayariousdiffusion coeficientsand
the scatteringrates.Many of theseratesand coeficients are very often treatedas constantdn the more
phenomenologicaapproachesThe effectsof variationof these“constants”on laserperformancewill be
discussedThe most notableexamplesare the gain, index, diffusion coeficients’ variationswith carrier
densities and temperature.

As example of applying our modelsto semiconductotasersimulation,the setof equationsmentioned
aboveis solvedin spaceandtime domainsusingfinite-differencemethodgor VCSELSs[5]. We will shav
how complicateddynamicmodecompetitioncanbedescribedvithoutassumingiumberandtype of trans-
versemodesa priori. Our simulationtool is ideally suitedto studythe spatial-temporadlynamicsunderAC
modulationandto studythe influenceof the transyersemodeon modulationbandwidth.Furthermorewe
will shov how the multi-trans\ersemodedynamicscould be exploredfor ultrafastmodulationandswitch-

ing.

Anotherinterestingexampleis coupledVCSELsor VCSEL array We will shav that, by coupling two
VCSEL together high frequeng (over 40 GHz), narrov-bandself-pulsatingoperationcan occurat DC
bias.Suchhigh frequeng oscillationis accompaniedby directionalbeamswitchingbetweentwo widely
separated directions and can be used for aitddeams switching in optical neitk applications.

In summarywe attemptedo bridgethe gap betweerthewell-developedmicroscopiadheoryin the physics
communityandthe phenomenologicahodelsvery oftenusedin thelaserdesigncommunityby establish-

ing a model that is morexended than the phenomenological approach and contains less free parameters.
Parametrizatiorof the microscopicallycomputedquantitiesallows us to take into accountsof physicsat
themicroscopidevel, yetrenderghecomputatiormanageableéSuchanapproachthoughcomputationally

more expensve thanthe simplified approachesallows more accuratedescriptionof device physicsand
shouldleadto betterbottom-uptype of designtools for optoelectroniadevices, especiallywith the ever
increasing computation per.
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