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Abstract:
The electronicexcitationsin direct gap semiconductorsinteractstrongly with the photon field. We discussboth the experimentalandthe

theoreticalaspectsof theopticalpropertiesof thesematerialsunderstrongoptical excitation.We distinguishbetweenintermediateexcitationlevels
at which theelectronicexcitationsform a densesystemof excitonsand excitonic moleculesand veryhigh excitation levelsat whicha degenerate
electron—holeplasmaoccurs.Theoptical spectraof denseexcitonicsystems,whicharemainly observedin copperhalidesand il—VI compounds,are
shownto bedeterminedmainlyby the interactionprocessesbetweenexcitonicmolecules,polaritonsandfreecarriers.Theopticalpropertiesof the
electron—holeplasma,which hasbeen observedin Il—VI andespeciallyin Ill—V compounds,can be understoodonly by taking into account
many-bodyeffects,suchasdynamicalscreeningof the Coulombinteractions,plasmon-assistedtransitionsandexcitonicenhancement.
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1. Infroduction

Since more than ten years,the investigationof highly excitedsemiconductors(HES) becamean
increasinglyimportantpartof solid statephysics, as can be deducede.g. from the topics of the last
internationalsemiconductor-andluminescenceconferences.

Thoughour understandingof the physics of HES is not yet completein severalrespects(and
probably will never be), the fundamentalideas are now rather well established.Therefore, it is
reasonableto review our presentknowledgeof this field from both the experimentalandtheoretical
point of view.

In this section,we try to describewhat we meanby HES andwe presenta short review of their
history. In section2, the electronicquasiparticlesare introduced,which are most importantin HES.
Section3 gives somegeneralconsiderationsabouttheexperimentalneedsfor the investigationof HES
and the descriptionof someparticularsetups.In sections4 and 5 wereporttheoreticaltreatmentsand
experimentalresultsconcerningtheoptical propertiesof direct gap HES with denseexcitonicsystems
or electron—holeplasmas.A detailedcomparisonbetweenexperimentand theoryis given.

1.1. Whatare “highly excitedsemiconductors”?

We try to deducea “definition” of HES from an example.Fig. 1 shows spectraof the nearedge
luminescenceof CdS[1.1]at low temperatureand for different excitationintensities‘exc~* Spectruma
hasbeentakenundersteadystateband-to-bandexcitationby a conventional,high pressuremercury
lamp, Iexc being2 mWcm2.The two narrowpeaksobservedat2.537eV (Ii) and2.546eV (12) aredue

= 2570 eV
CdS ~exc!~5K

‘2 A 240 kW/cm2

~ser)

~

~6OkW/~m

(eV) 2.550 2.540 2.530
photon energy

Fig. 1. Near-edgeluminescencespectraof CdSat low temperaturefor different excitationintensities~ The normalizationfactorsaregivenon the
left. Thedashedlines indicatetheso-calledM-band(from Schrey andKlingshirn [1.1]).

* For theprecisemeaningof this quantityseesubsection3.1.
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to the recombinationof excitons (i.e. bound electron—holepair states)which are bound to neutral
acceptorsanddonors,respectively[1.2].The emissionaround2.553eV is dueto theweakcontribution
of the free exciton.It is possibleto increaseor to decreaseIexcby severalordersof magnitude,without
significantchangesof the shapeof theemissionbands.For Iexc~ 1O~W cm2,however,a characteristic
changeis observed:On thelow-energyside of 12, a newemission-bandappears.With increasingIexc, the
emissionbroadensandshifts to longerwavelengths.Its luminescenceintensity IIum* grows superlinearly
with Iexc (fig. lb.-.d). This emission-bandis generallycalledM-bandandwill be discussedin moredetail
in subsection4.5. At thehighestexcitation,which is shownin fig. le, the luminescencehardlyresembles
the low-excitation spectrum.Instead of rather sharp lines, a broad and weakly structuredband
dominatesthe luminescence.

Dependingon thepeculiaritiesof theexperimentandof thesample,othernewemission-bandsmay
show up together with or instead of the M-band with increasing Iexc. The features,which are
demonstratedin fig. 1 for CdS, aregeneralin that sense,that in all semiconductorsunderinvestigation
so far, new emission-bandsappearwhen Iexc is increased to sufficiently high values. Since this
luminescenceoccurs in the near-edgeregion, i.e., at energieswhich correspondto recombination
processesof free excitonsor of excitonsweakly boundto impuritiesor of free electron—holepairs, the
presumptionsuggestsitself, that thesenewemissionbandsaredueto interactionprocessesof excitons
or free carrierseither amongthemselvesor with other quasiparticles.This leadsus to the following
“definition”: HESaresemiconductorsin which thedensityof electronicexcitationshasbeenincreased
by an external excitation source to such high values, that interaction processesbetweei~these
quasiparticles,which are absentat low densities,becomeeffective and give rise to new radiativeor
radiationlessrecombinationprocesses.The thermal energyhasto be reducedto a value, which is
comparableto or smallerthantypical interactionenergiesbetweentheelectronicexcitations.

In an intermediateregime of excitation intensities Iexc, the excitonsstill appearas individual
quasiparticles.The recombinationprocessesin which bound electron-holepairsparticipate,arecalled
excitonic processes.They are treatedin section4. At still higher electronic densities,the bound
pair-statesare no longer stable, and a collective stateof electron-holepairs is created,a so-called
electron-holeplasma.Its opticalpropertiesarediscussedin section5.

1.2. Scopeofthispaper

In the last decade,the investigationof HES yielded a vast numberof results,both theoreticaland
experimental.Therefore, in a review of this subject,a restrictionto a limited numberof topics is
necessary.

We limit ourselveshere to theoretical and experimental aspectsof high excitation effects in
semiconductorswith a direct, dipole-allowedgap, i.e. mainly copperhalides,Il—VI and direct 111—V
compounds.The readerinterestedin the resultsof indirectsemiconductorsis referredto a numberof
excellent review articles: for Ge and Si e.g. [1.3—1.7]and for the indirect Ill—V compoundse.g.
[1.8—1.111and the literature cited therein.Furthermore,we restrictoutselvesto theopticalpropertiesof
HES, i.e., luminescence,absorption,opticalgain andreflection.Oneof themost importantradiationless
recombinationprocessesin dense systemsof electronic excitationsis the Auger-process.Dejailed
informationabout this mechanismis given e.g. in [1.12].

Concerningthe literature,wetry to cite contributionsof all groups,that havebroughtsomeprogress

* For theprecisemeaningof this quantity seesubsection3.1.
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to the subject.Dueto the overwhelmingnumberof publications(andbecauseof lack of space)it is
impossible,to mentionall contributions,andwe apologizefor this.

Otherreviewsof variousaspectsof HESarefounde.g. in [1.13-1.25]and in the proceedingsof the
internationalluminescenceandsemiconductorconferences[1.26—1.28].

1.3. History of highly excitedsemiconductors

The historyof HESstartedabouttwentyyearsago.The first suggestions,that newphenomenacould
occur in high-densityelectronic systemsappearedat the end of the fifties and the beginningof the
sixties,at a time, whenthe excitonsthemselveswhere justunderstoodin somedetail [e.g.1.29, 1.30].

In 1958 Lampert[1.31]andMoskalenko [1.32]suggested,that besidesthe excitonsmore complex
electronicquasiparticlesmight exist,madeup of threeor four carriers.The latterone,consistingof two
electronsand two holes is nowwell known asbiexcitonor excitonicmolecule(seesection4). In 1962
ThomasandHopfield [1.33]reflected,underwhich conditions thebound excitonrecombinationcould
show stimulatedemission,andin fact it turnedout, that stimulation effects— thoughgenerallynot of
bound excitons— play animportantrole in the investigationof HES.Someearlyworks in this field are
e.g. [1.13—1.15;1.34—1.44].The impetus to do researchin the field of HES cameat that time mainly
from the investigationsof p-n junction lasers,seee.g. [1.16,1.43, 1.44].

The idea, that excitonsmay undergoat highdensitiesa transitionfrom an excitonicgasphaseto a
metallic electron—holeliquid (EHL), wasintroducedby Keldysh 1968 [1.45]andbecamea powerful tool
for the understandingof many high-density phenomena,especially in Si and Ge. First experimental
resultsappearedin the secondhalf of the sixties, seee.g. [1.34—1.37].Haynes[1.46]describede.g. in
1966the appearanceof anemissionline in Si at low temperatureandunderincreasingexcitation,which
wasalso observedby Benoit a Ia Guillaume[1.47].

Haynesattributedit to thedecayof a biexciton.Now we know, that this newemission-bandis dueto
the recombinationin an EHL, whereasthe radiativedecayof biexcitonswas observedfirst by the
Strasbourg-groupin 1968 [1.48].Someearlyandvery importantexperimentsconcerningtheEHL in Ge
camefrom scientistsmainly in theUSSR[e.g.1.49—1.54].

At theendof thesixtiesand thebeginningof theseventies,a rapid increaseof the researchon HES
took place, to which many groups all over the world contributed. One realized soon, that all
semiconductorsshow new emission-bands,if theyare exposedto a sufficiently strongexcitation. One
tried to understandthe origin of thesenew luminescencestructures.The interpretationsat that time
were mainly based on the spectral positions of the bands, especiallyof their maxima, and the
superlinearincreaseof the luminescenceintensity ~ with theexcitation:

1Ium~1~xc. (1.1)

Valuesof theexponent/3 between1 and2 wereobservedin the caseof spontaneousemissionandup to
7 or evenmorefor stimulatedrecombination.Attemptsweremade,to explainthesevaluesof /3 in the
frameof somemodelsfor thereactionkinetics.Typical examplesof thesemodelsarefounde.g. in [1.55
and 1.56].

Eventuallyonerealized,however,that asuperlinearincreaseof I~,,with Iexc, sometimesfollowed by
a saturation[1.18;1.57], is not characteristicfor a certainrecombinationprocess,but it is a general
propertyof almost all high-excitationphenomena.Concerningthe spectralpositionsof the emission
maxima,the imaginationof thephysicistswassufficiently well developed,to invent not only onebut
severalpossiblemechanismsfor the observedemission peaks.For the M-band in wurtzite Il—VI
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compounds,shownfor CdSin fig. 1, thereexist in themomentaboutsix differentmodels,which all are
able to explaintheappearanceof an emission-bandat just this position(seesubsection4.5).

Thesedisillusions were evenincreasedby the fact, that is waspossibleto getoptically or electron
beampumpedlaseremissionfrom the nearUV to the nearIR using varioussemiconductors,but that
cheap,reliable p-n junction lasers could be fabricated only for the longer wavelengthpart of this
spectrum.Semiconductorswith a largergap (Eg~ 2.3 eV) cangenerallybe grown only as eithern- or
p-typematerial.

Having realized,that the investigationof the luminescencespectraasa functionof Iexc and the lattice
temperatureTL using band-to-bandexcitation with lasers* or electronbeamsdid not yield sufficient
informationto identify the different recombinationprocesses,the scientistsstartedto use— apartfrom
the “classical” luminescencespectroscopy— more sophisticatedtechniques.Presently, one- or two-
photonabsorptionandexcitationspectroscopyaswell astwo-photonRamantechniquesareapplied.In
addition the reflection-andtransmissionspectraof the samplesareinvestigatedasfunctionof Iexc, TL

andotherparametersusing separateprobeandpumpbeams.Furthermore,thetime resolutionhasbeen
extendedto the picosecondregion[seee.g. 1.58].

These new techniqueshave becomepossible only by a correspondingdevelopmentof the laser
technology.Especially, the availability of tunable, high-power, narrow bandwidthdye-lasersand of
mode-lockedpicosecondlasersbroughta significantprogressto the investigationof HES.

Parallel to thedevelopmentof experimentaltechniquesand the increasingwealthof experimental
data,large efforts havebeenmadeto describeHES by appropriatetheoreticalmodels.The step from
qualitativemodelsto a quantitativeunderstandinghasalreadybeenperformedin manyfields of HES.

2. Electronicquasiparticles

In this section,wepresentthosequasiparticles,which areof major importancein the investigationof
HES.We startwith a shortoutlineof thesingleparticleconceptin semiconductorswhich is givenby the
bandstructures.In subsection2.2 theconceptof excitonsandexcitonicpolaritonsis introducedfor the
simplified caseof a two-bandmodel. In subsection2.3 we shortly discusssome of the implications
broughtaboutby the real band structure.The last parts of this sectioncontainsomeremarksabout
biexcitonsandplasmons.

2.1. Free carriers and their band structure

The relationbetweenthemomentumk andtheenergyE of singlefree carriersis given by theband
structure,which is the solution of the N ±1 particle problem in the following sense: An ideal
semiconductorat T = 0 K hasa valenceband,which is completelyfilled with N electrons.All those
statesin which an additionalelectroncan be put, form the conductionbandsandall thosestatesfrom
which oneelectroncanbe removed,form thevalencebands.

The propertiesof the band structuresof direct materials discussedhere, can qualitatively be
understood,if we assumethat the lattice periodicparts of the Bloch functionsare still relatedto the
parentatomicorbitals.This approachis justified in compoundswith a ratherstrongionic contribution
to the binding suchas the Cu-halidesor the Il—VI compounds.This requirementis fulfilled only to a

* At that time mainly thefundamentalandharmonicwavesof 0-switchedruby andneodymium-lasershavebeenused.
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Table 1
Correlationbetweenatomics- andp-levelsandtheconduction-andvalenceband-symmetnes,respectively,for thepointgroup‘I’d

Quantum-number Quantum-number
Atomic of the orbital Irreducible of thetotal Irreducible
level angularmomentum 1 representation Degeneracy Spin angularmomentumj representation Degeneracy

0 1 1/2 1/2 16 2

3/2 4
1 15 3 1/2 1/2 17 2

minordegreefor the Ill—V compounds,which havea morehomeopolarbinding [2.1].Nevertheless,this
approachyields the correct symmetriesof the lowest conductionandthe uppervalencebandsin all
three classesof compounds.In this picture, the conductionbandsare mainly formed by the first
unoccupieds-levelsof generallythe cations(e.g. the 4s levels of Cu and Cl in CuCl [2.2], the 4s- or
5s-levelsof Zn or Cd in ZnO and CdS, CdSe, respectively,[e.g.2.3, 2.4], or the 4s-levels of Ga in
GaAs*). The valencebandsare correspondinglymadeup from the highestoccupiedlevels,generally
p-levelsof theanions(e.g.3p-levelsof Cl [2.2],2p, 3p or4p-levelsof 0, 5 or Se, respectively[2.3,2.4],
and the 4p-levelsof As). Often, thereis an admixtureof lower lying d-levels to the valencebands,
especiallyin the Cu-halides[2.2].

From this type of electronconfiguration,one concludesimmediately, that the band-to-bandtran-
sition is optically dipole-allowed.Since the band extremaare situatedat k=0 in all compounds
consideredhere,one can deducethe symmetriesof the bandsat the F-point from the compatibility
relations betweenthe irreducible representationsof the full rotation group and those of the cor-
respondingpoint groups. The results are given in the following tablesfor Td and C6~symmetry,
neglectingfor themomentall mixing of thestatesdueto symmetry-breakingeffects.Typical examples
for the point groupTd areGaAs, GaSb,InP, ZnSe,ZnTe, CuC1, CuBr, CuJ; and for C6~:CdS, CdSe,
ZnO,ZnS.

In thecubicsymmetry(seetable1) onehasattheF-pointa twofold degenerateconductionbandand
two degeneratevalencebands,split by the spin-orbitcoupling. In most casesthe fourfold 18 level is
higherin energy.In CuC1, however,the 17 level formsthe uppervalencebai~ids,becauseof a negative

Td~/ ~E}

/8 ______ ______

Fig. 2. A schematicdrawing of thebandstructureat theI-point, (a) Td-symmetry,(b) Cs~-symmetry.

* Seehowever[2.5].



322 C. Klingshirn andH Haug. Optical propertiesof highly exciteddirectgapsemiconductors

Table 2
Correlation betweenatomics- andp-levelsandtheconduction-andvalence-bandsymmetries,respectively,for thepointgroupC

6~

z-component z-component
of orbital of thetotal

Atomic angular h-reducible z-component angular Irreducible
level momentum4 representation Degeneracy of thespin s~momentumj~ representation Degeneracy

s 0 I, 1 ±1/2 ±1/2 I~ 2

±1 .f’~ 2 ±1/2 ±3/2 19 2
±1/2 1’7 2

0 1, 1 ±1/2 ±1/2 17 2

spin—orbitcoupling causedby the admixtureof the 3d-levelsof Cu [2.6].Away from the 1-point, the
fourfold 18 level splitsinto a light anda heavyhole band,asschematicallyshownin fig. 2a. A detailed
descriptionof thevalencebands,including k-linear andwarpingterms,is given e.g. in [2.7,2.13,2.14].

The correspondingtable for the uniaxial wurtzite type compoundsis given above. Sinceonly the
componentsof the angularmomentumparallelto thecrystallographicc-axis are (at leastpartly)good
quantumnumbers,we give only these(seetable2).

The sixfold anionlevel is split by theuniaxial crystal-fieldandby the spin—orbit couplinginto three
degeneratevalence bands, sometimeslabeled A, B and C from higher to lower energieswith
symmetries19, 17 and 17~respectively.Note the two different 17 levels. Only in ZnO theupper two
valencebandsarereversed,againbecauseof a negativespin-orbitcoupling.Thebandcurvaturemaybe
different for kIIc andkic. In fact it turnsout, that the conductionband is generallyratherisotropic,
whereasthevalencebandsfrequentlyshow stronganisotropies(e.g. in CdSandCdSe[2.3],butnot in
ZnO [2.8]).

2.2. Excitonsand excitonicpolaritons

The excitonscanbeconsideredastheexcitedstatesof theN-particlesystem:An electronfrom the
valencebandis excitedinto theconductionband.TheattractiveCoulombpotentialbetweenthemissing
electronin thevalenceband,which canberegardedasa positively chargedhole and theelectronin the
conductionbandgives rise to a hydrogenlikespectrum(fig. 3) with an infinite numberof boundstates

conti-

I __
Fig. 3. A schematicsketchof thedispersioncurvesof Wannierexcitonsin directgapmaterials.Theboundstatesform thediscretebandswith main
quantumnumbersn = 1, 2 while the ionized statesform a continuum(shadedregion). E5 is the gap energyandE~the excitonic Rydberg
energy.Thecurvatureof thedispersioncurvesgivestheeffectivemassof theexciton.
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andan ionizationcontinuum.In this paperwe call theboundstatesof electron—hole(e—h) pairsexciton
states(x), while we refer to ionized e—hpairs asfree carriers.However,theexpression“free carriers”
doesnot imply that the effectof thestrongCoulombforcesbetweentheelectronicexcitationscould be
neglected.Thus, an x-statecanbe build by an appropriatesuperpositionof e—h pair states,which in a
simple two-bandmodelfor cubic crystalsymmetryis given by:

a~,3b~’,5.I0) (2.1)

wherea~,. is thecreationoperatorfor anelectronin theconductionbandwith wavevectork andspins,
while b~ is the creationoperatorof a hole in thevalenceband.This operatoris obtainedfrom the
annihilationoperatorof an electronin thevalencebandby

br,, = ~ (2.2)

whereo~= (_1)~/2_~is a sign-function,which hasits origin in thetime-reversaltransformationof aspin
state[2.9,2.10]. Both the electronand hole operatorsobeyFermi commutationrelations.Thevacuum
stateis thecrystal groundstate.In cubicstructuresthepair statesare classified accordingto the total
spin

(2.3)

The triplet statesaregiven by S= 1, S~= 0, ±1

1,i~_ +
Pk,k’l — ak+1,2uk’÷1,2

= (a~+112b~,_112+ a~_112b~~,+112)I0) (2.5)

— + j~+ fl~

Pk,k’ / — aa,_i,2ua._i,2 ~J,,

while thesinglet statewith S=0, 5 0 is given by

lp~’)= (a~÷112b~~,_112— a~_112bk’,+i/2)I0). (2.7)

Thegeneralpair stateis then obtainedas

Ip) = ~ C~Ip~). (2.8)

From the e—h-Hamiltonian(seee.g. ref. [1.22])we canderivean equationfor thepairamplitudeC~:

(Ee(k)+ Eh(k’) — E)C~’— ~ (V~’~._~_~— 28s,oV’~_k)C~i~= 0. (2.9)

Here, Ee(k) and Eh(k’) are the energiesof the noninteractingelectronsand holes, respectively.The
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Coulombmatrix elementsare

V~’~kSk.= (k1i, k,jJ Ir ~-r’~1k3!, k4m), (2.10)

wherethebandindicesi, j, 1, m canbeeitherc orv. Eq. (2.9)showsthat theexchangeinteractionshifts
the singlet stateswith respectto the triplet states.The resulting energy shift is different for the
longitudinaland transversalsinglet excitons.In the limit of a largeexciton,the exchangeinteractionis
small comparedwith thedirect e—h Coulombinteraction.If we expressfurtherEe(k) andEh(k’) by the
effectivemassapproximation,we obtain theWannierequation

~ 4(r~,rh)=0. (2.11)

4 (re, rh) is theFourier transformof thepair wavefunction ~

4(r~,rh) = k~” ~ exp{i(k’r~+ k”rh)}, (2.12)

wherewe haveincludedthescreeningof theCoulombpotentialby thestaticdielectricconstante~.me
and mh are the effective massesof the electronsand holes respectively.The spectrumof the bound
statesis given by

— e
2 1 h2k2

ExEg 2.13
2e

0a0n 2m~

where

a0 = Il
2soI~a~e2is theexcitonBohr radius,

= m~mhlmX is the reducedexcitonmass,

= me+ mh is the total excitonmass,

and

e2/2soao= E~is theexcitonRydberg.

Normally, transversalsingletexcitonsarestronglycoupledto the light field. Hopfield [2.11]showedthat
the Hamiltonian of the interacting exciton—photonsystem can be diagonalizedby a linear trans-
formation.By this transformationone finds newquasiparticles,which aremixed exciton—photonstates,
called(excitonic)polaritons.

The exciton operator

= ~ ~ — k’ — k”) (2.14)
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can be shown to obey Bose commutationrelations in the limit of low exciton densitiesn,~.k is the
excitonmomentum,n is themain quantumnumberof the internal motion.

The Hamiltonianfor the transversalexcitonsin thegroundstaten = is andof thephotonsis

H = Et(k)t~t~+ ~ + ir/E~(k)(c + c_k)(ci~k+ ca)

+i ~ (~.g)1/2.E~Q~)
3/2(tk + ~ + c), (2.15)

where ~ = ck/Vs,,, and /3 = /3~/e,~.e,~is the high-frequencylimit of the dielectric constant,/.~is the
polarizabilityof theexciton, Ck andc are thephotoncreationandannihilationoperators,respectively.

This Hamiltoniancan bediagonalizedby a linear transformationto polaritonoperatorsa,~

ak uck + Vtk + wc...a+ ztT~i~. (2.16)

The resultingeigenfrequenciesof thepolaritonsobeythe following dispersionrelation

(hoi,,JE)2= 1 + 4ir/3 (1 — (E/E~)2). (2.17)

The four solutionsaregiven by

E
1(k)= {(hw,~+ E~(1+ 4irf.~)—

E2(k) = {(ha~)
2+ E~(1+ 41T/~)+ R}1”2,

E
3(k)= —E1(k) and E4(k)= —E2(k)

with

R = [((hwk)
2 + E~(1+ 4iq~))2— 4(hw~E~)2]1~’2. (2.18)

E
1 andE2 give the energiesof the lower and upperpolariton branch(fig. 4). The knee in the lower

polaritonbranchis calledthebottle-neckregion. Here,the ratesfor scatteringof polaritonsby phonon
emissionto lower energiesbecomerathersmall [seee.g. 2.29]. Via the Lydane—Sachs—Tellerrelation
thesplit betweenthe longitudinalandtransverseexcitonsis givenby

E1(0)IE~(0)= Vi+ 4w/3. (2.19)

The polariton operatorsof the lower and upper branchesare ak,1 and ak,2, respectively.The full

transformationfrom theexciton-photonoperatorsto thepolaritonoperatorscan beexpressedby
Pk.i = ~ C,1(xj3)k.J, (2.20)



326 C. Klingshirn andH Haug, Optical propertiesof highly exciteddirectgap semiconductors

/

E upper polariton/’
branch E2L),’,’

, /

~‘ ,/ Longitudinal
-. — — , exciton

E -:
lower poLariton
branch E1(k)
triplet— exciton

Fig. 4. A schematicdrawing of the dispersioncurvesof the lower and upper polariton branches(E1(k) and E2(k)), respectively,and of the
longitudinalandthetriplet excitons.Only thestatesfor themain quantumnumbern = 1 areshown.

where the four componentsof the polariton operatorsare 1
3k1 = ak,1, Pk,2 = ak,2, Pk.3 = a_k,3 and

Pk,4 = a -k.4, while the four exciton-photonoperatorsare

(xP)k,1 = ck, (xP)k,2 = tk, (x3)k,3= c_k, (x3)k,4= t_k.

Thereversetransformationis given by thematrix

/ I.-,* ,-.* /~.* ~-‘*

f ~ ‘—21 ‘—31 ‘—~41
~ ç~* ~-~* ç.* ,—.*

— I I_..12 I.~22 1....32 ~—42
— I p. * p. * p. * p. *

I ~-13 U23 L...3
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The elementsof theHopfield transformationaregiven by

(1—(El/Et)
2XhwfrJEt~ E~/E~)

= + (2.22)
(13) (—) 2\/hwIE

1I/E~A

andby

i\/~(1 E1/E9)

C12 = — \“E~7~A (2.23)

where

A = ~ (2.24)

TheothercoefficientsC1, canbe obtainedfrom C11 by

= (—1)~
2C

11(E1—*E1), (2.25)



C. KlingshirnandH .H’aug, Opticalpropertiesofhighly exciteddirect gapsemiconductors 327

whereonehasto replaceE1 by E1 in theexpressionfor C11 [seee.g. (2.12)].Theexponentss~ares~=0,
52 1, s3—2,s4—1.

The polariton Hamiltonianis now givenby

H ~ E,(k)a~a~,. (2.26)
k,~=i,2

In the treatmentof the optical propertiesof HES the use of the polariton picture simplifies the
calculationof thespectraessentially.

2.3. Excitonicpolaritons in real crystals

The twofold degenerateconductionbandand the six valencebandsgiveriseto a rich structureof the
exciton or polariton levels in real crystals.The possiblesymmetriesat (or close to) the 1-point are
found from the reductionof the direct productof the irreduciblerepresentationsof the conduction
band,of thevalencebandsandof theenvelopefunction

pcond ®(~Ihole) ® ~ = ~ a,fl”~°~ a =0, 1, 2,... (2.27)

We restrictourselvesto the excitonstates,with main quantumnumbern = 1, i.e., with a1~envelope
function. Therefore,we obtain twelve exciton levels i.e. ~ ag, = 12, where g, gives thedegeneracyof
the irreduciblerepresentationI. Seetable 3.

In Td symmetry the 15 levelsareoptically dipole-allowedaswell asthe1~and1~levelsfor EIc and
Eli c, respectively,in C6~.symmetry. The dipole-allowedlevels are generallycoupled strongly to the
electromagneticfield, giving rise to a polariton effect (see subsections2.2 and 4.4). Some of the
dipole-allowedlevelsinvolve a spin ifip, however,(e.g. theA~or theC~triplet excitonsin ZnO)which
drasticallyreducestheir oscillatorstrengths.

The degeneracyof the valencebandsnot only gives rise to a large numberof exciton levels, but
implies, togetherwith the symmetrybreakingeffectsat k� 0 which havebeenneglecteduntil now,
additionalcomplications:it is, e.g.,generallyno longerpossibleto separatethe relativemotion of the
electronandthehole from the motion of the centerof mass.Furthermore,different statesare mixed

Table 3
Possiblesymmetriesof theexcitongroundstates(n = 1) in TdandC6,~symmetries

SymmetryTd SymmetryC6~
ir’ ®1iaI ®flW = 13+ 14+ I’~, 11°~®J’~® fi~~= 1~+ 16

Fr’ ®1!~® Tic’ = J” + 15 Ir’ ® ~® fl = f + “2 + I~
rr’®n~®ii~’~=Fi + 12+11

Excitonsymmetry degeneracyg, excitonsymmetry degeneracyg,
13 2 . 11~ 2
14 A-excltonstr 2
15 3 fT’1 1
12 1 B-excitonsj 12 1
15 3 1115 2

1~ I
C-excitons fl 1

1~ 2
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Fig. 5. Dispersioncurvesof the excitonsand theexcitonic polaritons Fig. 6. Dispersion curvesfor ordinary and mixed-mode polaritons.
calculatedfor GaAs at T = OK (from Rössler[2.13]). The latter appear in uniaxial crystals if the polarization is in the

principal section (the plane definedby the wavevectork and the

crystallographicc-axis) and if the angle0 = ~(k,c) is neither00 nor
900 (from Hummer[2.15]).

which leadsto a weakeningof the selectionrules given above. Originally dipole-forbiddenstatesmay
receive a generallymomentum-dependentadmixtureof stateswith dipole-allowedsymmetry and are
thus giving rise to a moreor lesspronouncedpolaritoneffect.

A detaileddiscussionof theseproblemsis beyondthescopeof this articleandwe restrictourselves
to two examples.For detailedinformationthe readeris referredto the recentreview articlesof Rössler
andof Cho [2.13,2.14] andthe literaturecited therein.

Fig. 5 shows the dispersioncurves of excitonsand polaritons in GaAs accordingto [2.13].The
occurence of a light and a heavy hole-bandis reflectedin a light and a heavy exciton branch.The
participationof the originally dipole-forbidden13 and14 levelsin thepolaritoneffect canalsobe seen

clearly.The k-linear termsarenegligible in GaAs [3.13]andthereforethe 13 and14 levelsdo not split
awayfrom the 1-point, in contraste.g.to CuBr (seesection4.4).

In addition to the peculiaritiesindicated above, there is anotherspeciality in the wurtzite type
compounds,causedby their uniaxial crystal structure: In the cubic Td compounds,the excitonic
polarizationcanalwaysbe decomposedin partsperpendicularandparallelto thewavevektork, i.e. in
transverseand longitudinal contributions,respectively,at leastas long as k-inducedmixing is neglected.
In uniaxial crystals,thequantizationaxis is givenby thec-axis.If anexcitonis polarizedin theprinciple
section(i.e. in the planedefinedby c andk) and if c andk are neitherparallelnor perpendicular,then
so-calledmixed modepolaritonsareformed [2.15]which exhibit a dispersioncurvesituated between
the purelongitudinal andthepuretransversecase,dependingon theangle0 = 4(c,k). Theycorrespond
to the extraordinarybeamin classicalcrystaloptics.A schematicdrawing takenfrom [2.15]is shownin
fig. 6.

2.4. Biexcitons

Since excitons in semiconductorscan be understoodin analogyto the hydrogenatom, one can
expect,thatexcitonicmoleculesor biexcitons(m) mayexist in the sameway as H

2 molecules.Because
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Fig.7. The ratio of biexcitonbinding energyE~andtheexcitonRydbergE~asa function of o = mJm
5(from Akimoto andHanamura[2.16]).

in a semiconductorthe massesof thepositive andnegativecarriersareof thesameorderof magnitude
and sincethey are imbeddedin a polarizablemedium, it is not obviousfrom first principles, that the
biexcitoncanexist as a boundstatein all semiconductors.Boundstatemeans,that the energyof the
biexciton Em at k =0 lies a finite binding energyE~below two times the energyof the lowestfree
exciton(generallya triplet exciton)E.

Variationalcalculationsfor E~(measuredin units of theexcitonRydbergE~)havebeenperformed
asafunctionof themassratio o = me/mh[2.16,2.17]. Theygive a lower limit of E~/E~andindicate,
that the biexciton is bound in all semiconductors(see fig. 7). A calculationusing the Feynmanpath
integralmethodgavequalitatively thesameresult,but yieldedsignificant largervaluesof E~,especially
around ~ = 1 [2.18].An investigation of the symmetry of the simple four particle effective mass
Hamiltonian indicated, that E~(o’)= E~(1/o)and that E~(o)/E~is a monotonouslydecreasing,
concavefunction in the interval0<° <1 with slopezerofor o = 1 [2.19].

Somecalculationsmadefor selectedsubstancesyield binding energieswhich partly deviatecon-
siderablyfrom thevaluesdeducedfrom themore generalbut simpler calculations.Nevertheless,they
alsoindicatethat the biexcitonis a boundstate.The carrier—phononinteractionseemsto stabilizethe
biexcitonfurther [2.20—2.22].

2.5. P!asmons

At very high excitationintensitiesboundpair statesare no longerstable.In thehighertemperature
rangeexcitonsionize dueto thescreeningof the e—h Coulombinterationatthe Mott density,while at
low temperaturesa phasetransition into a degeneratemetallic Fermi liquid occurs.Therefore,at very
high excitationintensitiesonegeneratesa plasma.The two basicphenomenaoccunngin aplasmaare
thescreeningof the Coulombinteractionbetweenchargedcarriersandtheappearanceof thecollective
mode in the form of plasmaoscillations.Both effectscan be obtained from the intrabanddielectric
function,which in therandomphaseapproximation(RPA) is given by the Lindhard-formula[seee.g.
2.23]
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(n.~’,,—nk’,j) , (2.28)
i,k’ ~ k’—k,i k’,i

nk,i aretheFermi distributionfunctionsin theband i. This intrabanddielectricfunctiondeterminesthe
screenedCoulombpotential V~(k,w) = V(k)/e(k, ie) and alsothe frequencyof the plasmons,which can
be obtainedfrom E(k, w)=0. Fig. 8 showsthe dispersionof the plasmonfrequencytogetherwith the
continuumof the pair excitations(shadedregion)in a simpleone-bandmodel.When the plasmonmode
entersinto the continuumof pair excitations,the plasmonscan decayinto individual pair excitations.
Therefore,the plasmonsarestrongly dampedin this region. In a real semiconductorthe rangeof pair
excitationsis more extendeddue to the existenceof severalvalencebands.The intervalenceband
transitionscausea dampingof the plasmonsin real semiconductors[2.24].

The RPAdielectricfunctioncan be simplified by theplasmon-poleapproximation,which yields the
correct long-wavelengthand static limit of eq. (2.28), respectively,and gives a useful extrapolation
elsewhere.According to Lundquist [2.25],Zimmermann [2.26]and Rice [2.27],the plasmon-pole
approximationfor thedielectricfunctionof an e—h plasmais given by:

I ~ -s(k, w)= 8o (~~2_w2 +

where

k2 h2 k2 2
= ~, (i + ~)+-~-(~_-) (2.29)

2 /4irne2
t0p1 I\ S

0/.Lx

k~-F= 41r(e2/Eo) ~ (i~)

i=e,h a/LI T

with fle = flh n.

k/kF

Fig. 8. Dispersioncurve of the plasmamode andof pair excitationsin a one-bandmodel. Wavevectorsk aregiven in units of theFermi vector,
energiesaregiven in units of theFermi energy.Theshadedareaindicatestheregionwhereindividual pairexcitationsarepossible.The plasmons
arestrongly dampedin this region.
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Here, j~ is the reducede—h mass,k-~is the inverseThomas—Fermiscreeninglength and j.~,the
chemicalpotentialof theelectronsor theholes.In this descriptionthe latticepolarizability is takeninto
accountby thestaticdielectricconstants,.

However,in stronglyionic semiconductorsthelattice polarizabilityhasto betreateddynamically(see
section5.1). The useof the plasmon-poleapproximationsimplifies the calculationsof many-particle
effects in the plasmaconsiderably.Sometimes,e.g., in line-shapecalculations,it is also important to
take thedamping of the effective plasmaoscillation into account.This modificationis describedand
usedin subsection5.1.3.

3. Experimentalmethods

The first part of this sectiongives some general argumentson the conditions under which an
excitationsourceis suitablefor the investigationof HES. In the secondpart somespecialsetupsare
discussed.

3.1. Generalconsiderations

In orderto observeHES effects,it is necessarythat theelectronicexcitationsinteractwith eachother
at a sufficiently high rate.The short lifetime anddiffusion path in direct gap materialsnecessitatea
ratherhigh densityn of bound(excitons)orunboundelectronicexcitations.A valueof n = 1017cm~is
a reasonableaverage,though the onsetof HES effectsdependsstrongly on the compoundsunder
investigation,on the “quality” of the individualsampleandon thespecialconditionsof theexperiment.

Thelifetime of excitonsr in direct gapmaterialsis about 1 ns atlow densities[e.g.3.1]. It is reduced
at high densities by quadraticrecombinationprocessesand stimulated emission to values around
0.1 nsa.

The generationrateG, which is neededto obtain a stationaryconcentrationof n = 1017cm~e—h
pairswith a lifetime of iObo s is at leastG iO~~f3

G hasnowto beconnectedwith theexcitationintensityIexc, where‘exe is theenergyperunitsof area
and time impinging on thesample.t

In the caseof nouresonanttwo-photonband-to-bandexcitation of semiconductorsfor which the
absorptionedgeh(Oed fulfills the inequality2 htOexc> hfüed> ~ the relationbetweenG and Iexcreads

— (G_._2h~üexc\”2
excI~ K

2 j (3.1)

where K2 is the two-photonabsorptioncoefficient. Since K2 is of theorderof 10~W
1 cm for many

direct gapmaterials(seetable4) Iexc hasto be about2 x i07 W cnf2 in orderto observeHESeffects.In
real experimentsI~,is variedfrom 10~W cm2to 108Wcm2 where the upperlimit is given by the
thresholdfor destroyingthesamplesurface.

The excitationby two-photonabsorption(TPA) is especiallyusefulif a homogeneousbulk excitation

* Strictly, it is not allowed to speakaboutlifetime in thecaseof anonexponentialdecay.The0.1 usgivenherecorrespondsto someaverageor

effectivelifetime.
t Someauthorsprefer to give thephotonflux densityI,.,, insteadofI~in thecaseof opticalexcitation.They areconnectedby I,,,,, = In. ~

Thus, ~ = 106Wcm2with a N
2-laser(h6J,.0,~= 3.78cv) correspondsto Ip~~= 1.7 X i0~~~—2~-I
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Table 4
Two photon absorptioncoefficients K

2
of some direct gap materials for ruby
laser light (heiex,= 1.785 eV). The values
givenherearemeasuredat 300K. They
are almost temperatureindependent.c
gives the optical axis, E and k are the
electricfield and the wavevectorof the
photon field, respectively(from Kobbe

andKlingshim [3.2])

Substance K2 (W
1 cm)

CuCl 0.45)<iO~
CuBr 0.2 x 10-6
CuJ 0.9 x iO~

ZnO 0.322<1(~7(ElIc 1k)
O.20X107(EJ.clk)

CdS 0.12X10~(EIIc1k)

0.55X107(EIcIk)

of ratherthick samplesis desired.With a standard0-switchedrubylaservolumesof severalmm3canbe
pumped.

In the caseof resonantTPA e.g. in somebiexcitonlevel, thevaluesof K
2 may be someordersof

magnitudehigherthanthosefor nonresonantexcitation(seesubsection4.3.2).
In thecaseof one-photonexcitationin theexcitonor band-to-bandregion,an equationlike

‘cxc = GhO.)exJKi (3.2)

doesnot hold. The valuesof the one-photonabsorptioncoefficientK1 are of the orderof i0~cm’ or
evenhigher.However,the createde—h pairsdo not remainconfinedin a surfacelayerof a thicknessof

� 0.1 ~m but rapidly spreadout into the volume of the crystal, driven by the gradient of the
chemical potential. The effective penetrationdepth deft is generally assumedto be one or a few
micrometers.A valueof this orderof magnitudehasbeenfoundin CdS, wherea thin platelet(about
4 ~mthick) wasexcitedby a N2-laserfrom one sideand the changeof theexcitonicreflection spectra
with Iexc was investigatedon bothsides of thesample[3.3].Therefore,equation(3.2) shouldratherbe
replacedby*

Ie~c= G~~ dee. (3.3)

The valuesalreadyusedfor TPA yield now Ix~ 5 x 108Wcm
2. In the experiments‘cxc is typically

variedfrom 10~W cm2up to 5 x 106Wcm2,theupperlimit is againgivenby thedamagethresholdof
the samplesurface. With one-photonexcitation it is generallypossible to reachhigher G values.
Becauseof thehigh diffraction lossesof the thin excitedlayers[3.4],it is partly possibleto suppressthe
opticalstimulationof recombinationprocesses,especiallyif small diametersD of theexcitationspot are
used(D < 100 pam).

* If fast surfacerecombinationhasto betakenintoaccounteq.(3.3)hasto be replacedby amorecomplicatedexpression.(Seealsodiscussionin

subsection5.2.1.)
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Some years ago, also pulsed electron beamswere in common use as excitation sources.The
accelerationvoltagesrangedfrom 2 X 10~V to 2 X iO~V andthecurrentdensitieson thesamplereached
valuesup to 40 A/cm2. They were replaced,however, by optical excitation sources(i.e. lasers) for
different reasons:The excitation with an electron beamis non-selective.The lattice is considerably
heated,sinceanenergyof aboutthreetimes theband-gapenergyis dissipatedfor thegenerationof one
e—h pair [3.5].Furthermore,the productionof lattice defectscannot be excluded at the higher
accelerationvoltages.It is obvious,that theabovementionedexcitationintensitiescanbe appliedto the
samplesin shortpulsesonly. The pulsedurationsTexcof different excitationsourcesare rangingfrom
50 ns down to theps region. The repetitionrateshaveto be muchsmallerthan r~ to avoid heating
effects. If a temporalresolution of the recombinationprocessesis required,then r~, and the time
constantof the detectionsystemmust be in the ps region. For Texc> 1 ns steadystateconditionsare
approximatelyrealized.

It shouldbepointedout here,that theexcitationconditionsfor indirectgapsemiconductorsarequite
different from thosedescribedabove.In thesematerialsthe lifetime is severalordersof magnitude
larger thanin direct gap materials.Therefore,excitation sourceswith muchlower valuesof Iexc and
evenconventionalincandescentlamps may be used,either pulsedor in a continouslyworking mode.

3.2. Somespecialexperimentalarrangements

Fig. 9 showsa setup,which allows to applydifferentexperimentaltechniquesfor the investigation,of
HES.In fig. 9a, thecrystal,mountedeitherin anevaporation-ora bathcryostatis imagedon a slit and
the slit in turn is imaged on the entranceof a spectrometer.The luminescencelight is then either
detectedby an opticalmultichannelanalyzeror by aphotomultiplier,thesignal of which is fed into a
boxcarintegrator.With theaid of the mirrors M

1, M2 and the microscope,it is po.ssibleto determine
preciselythe positionof the excitation spot on the sampleand to localize the place from which the
luminescenceis collected. This place can be the excitation spot itself or the crystal edge, where
generallystimulatedemissiondominates.

First of all, sucha setupallows to investigatethe luminescenceof a sampleas a function of the
excitationintensity ‘cxc and thebathor latticetemperatureTb or T1, respectively.Onecanobservee.g.
the superlinearincreaseof a luminescencebandwith ‘cxc or temperature-dependentpropertiessuchas
broadeningor decreaseor increaseof theemissionintensity.Suchobservationscanhelp to identify the

Iexc V

_ ~

Laser M2 ______

scope
~ F ~ OMA x-yrec.

L~ Il ~~~vidicon_detector

1____4spectro-a S ~ j~III~’ ~e meter
L2 P ‘JM1 L3 F

cryostat SLA
Umicroscope

Fig. 9. An experimentalsetupsuitede.g. for luminescence-andexcitation spectroscopy(a), for gain spectroscopy(b) andfor Ramanspectroscopy
(c). (L = lens,M = mirror, S = sample,P = polarizer,F = neutraldensity filter, 5L = slit.)
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quasiparticleswhich areinvolved in a certainscatteringprocess.At low temperaturesonepreferentially
observesscatteringprocessesof weakly boundparticles(e.g.biexcitons).At highertemperatures,where
excitonsandimpurity centersarealreadypartlyionized,scatteringbetweenfreecarriersand/orstrongly
boundparticlestakesplace.

Examplesfor theexperimentalfeaturessketchedhereandbelow aregiven in sections4 and5.
For excitationspectroscopy,theintensityof a luminescencestructure‘turn is measuredasa functionof

h~excatconstantl’exc. I~,,is generallygivenin arbitraryunits and is proportionalto theareaof a certain
emissionpeakin thespectrum.Resonantexcitationof certainquasiparticles,e.g. biexcitons,frequently
givesrise to a distinct peakin theexcitationspectrum.Sincemanyof theHES emissionshift orbroaden
asa functionof hWexc,or sincethey maybe superimposedon a h~üexcdependentbackgroundemission,
it is in mostcasesabsolutelynecessaryto evaluatethewhole luminescencespectra.Thefrequentlyused
methodin which thespectrometeris fixed to certainh11~~,1and thephotomultipliersignal is recordedas
a functionof hWexc, may easilyleadto incorrectresults.

If theexciting beamis focussedto a strip of variablelengthL on thesample(see insetB in fig. 9), it
is possibleto deducethespectraldependenceof opticalabsorptionorgain g(hw)in theexcitedvolume
from a variation of L [e.g.3.6, 3.7], provided that both the excitation source and the sampleare
homogeneous.TherelationbetweenL, Ii~(hw,L) andg(hw)canbe foundby asimple integration:

I1~,(L,hw) — exp{gQlw)L}— 1 (3 4)
I1~(L+ ~L, hw) — exp{g(hwXL+ AL)} —1

An especiallyconvenientmethodresultsfrom modulatingthe excitationstrip lengthfrom L to 2L [3.7].
Then g(hw)is given by

g(hw)= ~ln(‘7 L,1 _i). (3.5)

Sincein real experimentstheproductg(hw)L is limited to valuesbelow approximately5 [3.7,3.8], care
hasto betaken,that thedeterminationof thegainspectrais not falsified by saturationeffects,especially
if L is doubled.Sincevaluesof L below 50~m aredifficult to realizeexperimentally,the strip length
methodis limited to gain processeswith g< 10~cm~.Theseareespeciallytheexcitonicrecombination
processesdiscussedin section4.

The setupin fig. 9 is also well suited for Ramanspectroscopy.Since the spectralposition of the
Ramanlines oftendependsstronglyon thescatteringconfiguration(seesubsection4.4), thepossibility
to vary thescatteringangles‘y and y’ hasto be provided(seeinsetc in fig. 9).

A setupwhich allows to investigatethereflectionand transmissionspectra(absorptionandgain)of a
sampleasa functionof IexC is shownin fig. 10. Oneusesthebeamof a N2-laserasexcitationsourceand
of a broadbanddye-laseras a probebeam.Equal opticalpath-lengthanda prefocussingof the two
beamson a pinhole assurespatialandtemporalcoincidenceon thesample,which is evenimprovedby
the fact, that thedye-laserpulseis generallyshorterthan that of the exciting N2-laser(e.g. Tdye= 6 ns,
TN2 = 10ns). It is now possible to observee.g. that the excitonic reflectionor absorptionstructures
disappearwith increasingexcitation(subsection5.2) or that opticalamplification(gain) setsin. If only a
thin surfacelayer of the sampleis excited, the setup of fig. 10 is useful for the observationof
recombinationprocessesyielding anopticalgainabove10~cm~asexpectedfor therecombinationin an
EHP. If thicker samplesare pumpedhomogeneouslythe considerationsfor the strip length method
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Fig. 10. An experimentalsetupsuitede.g. for reflection-andtransmissionspectroscopy(BS= beamsplitter, othersymbolssamemeaningasin fig.
9). (From BohnertCt al. [3.8].)

apply. If the N2-laser does not serve directly to excite the sample,but pumpsboth a broad band
dye-laseranda narrowbandtunabledye-laser,this setupcanbe used,e.g.,for two-photon-absorption
spectroscopyor for gain excitationspectroscopy.

For time-resolvedmeasurementsit is necessarythat Texc and the time constantsof the detection
systemare below io0ps. A setupthat fulfills this condition is shown in fig. 11. A single ps pulseof a
Nd-laser (Texc 30pS, hWexc = 1.653eV) is twice frequencydoubledby secondharmonic generation
(SHG).The266 nm (hWexc= 4.661eV)outputof thesecondSHGcrystalservesto excitethesampleand
is monitoredby a fast vacuumphoto diode. Thepart of the fundamentalwavepassingthe first SHG
crystal is fed into an optical delay line of variable length and then opensa fast Kerr-cell shutter
consistingof the Kerr-cell andtwo crossedpolarizers.The luminescencelight transmittedthroughthis
cell is dispersedby a monochromatorand detectedby an opticalmultichannelanalyzersystem.An
interfacecorrelatesthe functionsof the different moduls of this setup [3.10].More information on
picosecondspectroscopyis containedin a recentreview article [1.58]and the literature cited therein.
Othersetupsare describede.g. in [3.11—3.15].

From such time-resolvedmeasurementspredominantlyinformations aboutthe decayof different
emissionstructuresare obtained.Analysing the temporalevolutionof emission-,absorption-or gain
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4 s.-- _,ijS

M~~~Lp

/?spectro—
~ ~vuriabLeoptical meter— ~pofhlength vidicon
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106pm
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I DMA
SI-ID SF10 Nd-

laser

Fig. 11. An experimentalsetupsuited for time-resolvedspectroscopy(SHG = second harmonicgenerator,PC= photocell,PA = preamplifier,
SCA = single channelanalyzer,I = interface,K = Kerr-cell,othersymbolssamemeaningasin fig. 9). (From Ostertagand Grun [3.9].)
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lineshapesit is possibleto get e.g. the temperaturerelaxationtime constantsof somequasiparticles.At
theendof apicosecondexcitationpulse thequasiparticletemperatureis generallyratherfar abovethe
lattice temperature,relaxingtowards the latter. However,during the short lifetime of the electronic
excitationsoften the lattice temperatureis not reached.

4. Optical propertiesof denseexcitonicsystems

In this section,we aredealingwith HES-effects,in which bound e—h pair statesparticipate,i.e. we
aredescribingthe regimeof moderatelyhigh excitationintensity.This regimeis especiallypronounced
in semiconductors,which havea ratherlarge excitonbindingenergyE~anda correspondinglysmall
Bohr-radius,which is howevergenerallystill largerthanthe lattice constant.Only in CuC1 (Bohr-radius
7 A, lattice constant5.4A) onereachesthe lower limit for the validity of the Wannier formalismfor
excitons.Large exciton binding energiesare found in the II—VI compoundsand especiallyin the
copper-halides,while theexcitonsin thedirect gap Ill—V compoundsarebound ratherweakly.

4.1. Calculationof the spontaneousand stimulatedexcitonicemission

In this subsection,we givea theoreticaltreatmentof the recombinationprocessesin denseexcitonic
systems.In theseprocessesonly partsof the energyof the recombiningexciton leave thecrystalas a
photon,while the remainingenergyis transferedto otherexcitations,suchasfree carriers,excitonsor
phonons.

Theseprocesseshave first been introduced in 1968 by Benoit a la Guillaume et al. [4.1].For
theoreticaltreatmentsof theseprocessessee[1.14,4.1—4.9].

We discussthe following opticalprocesses:

x—e recombination
x—h recombination
x—x recombination
x—MLO recombination
m1 recombination
m~ recombination.

Theseprocessesareschematicallydescribedin figs. 12a—d in the polaritonpicture:
In the x—e process,a polariton is scatteredfrom the exciton-like partof its dispersioncurve to the

photon-like part,whereasa free carrier (in fig. 12a an electron)is scatteredinto a statewith higher
energy,so that in the total processenergyandmomentumareconserved.Thephoton-likepolaritoncan
leave the crystal as a luminescencephoton.The approximatelythermaldistribution of electronsand
polaritonsin their bandsgivesrise to acertainwidth of theemissionband*.

In the x—x recombination,thesecondquasi-particleis an excitonicpolariton, too, which is transfered
into a statewith higherenergy(fig. 12b).

We include in thediscussionalso the x—MLO process,i.e. the recombinationof an exciton under
simultaneousemissionof M LO-phonons(M = 1,2. . .), (fig. 12c), thoughthis is not a HES-effectin the
senseof our definition, since the correspondingemission-bandsmay be observedevenat the lowest

* In contrastto theseinelasticscatteringprocesses,elasticscatteringis investigatede.g. in [4.2141.
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Fig. 12. A schematicrepresentationof variousexcitonicrecombinationprocesseswhich yield optical gain. In thefirst row (a),theexciton—electron
scatteringis sketchedin somedetail. An electronis scatteredinto a stateof higherkinetic energy(SE,~k) andan excitonic polaritonis scattered
from theexciton-like branchunderenergyandmomentumconservationon thephoton-likeone,leaving thecrystal asaluminescencephoton.The
thermaldistributionof electronsandpolaritonsin theirbandsgiverise to abroadluminescenceband.In thesecondrow, threeotherrecombination
processesaredepictedschematically:the inelasticscatteringbetweentwo exciton-like polaritons(b), therecombinationof an exciton-likepolariton
by theemissionof a LO-phonon(c) andthedecayof a biexcitonin a exciton-like-anda photon-likepolariton,respectively(d). The transitionsto
thetransvers-andlongitudinalexcitonstategive rise to themt andm

1 luminescencebands,respectively.

excitationintensities.On the otherhand,also the x—MLO processgives rise to opticalgain,especially
if large crystal volumes are pumpedhomogeneouslyby two-photon excitation (TPE). Under this
condition,the x—MLO recombinationcandominatethe luminescencespectraup to thehighestIexc.

In the m1 or m5 processesa moleculedecaysinto a photon-like polariton and into a longitudinal
exciton or into an exciton-likepolaritonon the lower branch,respectively(fig. 12d).

The gain spectraand thespectraof the spontaneousrecombinationfor all theseprocessescan be
obtainedmostdirectly from a lasertheory[4.9,4.10]which makesuseof thepolaritonconcept.In the
frameworkof this theoryone formulatesrateequationsfor thepolaritonsandall the otherexcitations
which are involved in the consideredrecombinationprocess.The quantum-mechanicalderivationof
these rate equationshas been describedin detail in refs. [4.9,4.10].The derivation containsthe
following steps:

(a) Constructan effectiveHamiltonianfor thesystemof interactingfree carriers,excitons,excitonic
moleculesandphotonsfrom thebasictwo-bandHamiltonian.

(b) Eliminate from this Hamiltoniantransverseexcitonsandphotonsby a Hopfield-transformation
andtherebyintroducethepolaritons.

(c) Calculate the equationsof motion for the creationand annihilationoperatorsof free carriers,
longitudinalexcitons,polaritonsandbiexcitons.

(d) Includedampingtermsdueto excitation, spontaneousemissionandotherlosses,and introduce
the correspondingquantum noise operators.By thesemeans,oneobtains the quantummechanical
Langevinequations.

(e) Derive rateequationsfrom theLangevinequationsby an adiabaticeliminationof the transition
operators.



338 C Klingshirn andH Haug, Optical propertiesof highly exciteddirect gapsemiconductors

(f) The resulting rate equationsfor the polaritons are decoupledinto a rate equationfor the
photon-likepolaritonsandonefor theexciton-like polaritons.Quasi-equilibriumassumptionsaremade
for all excitationsin thecrystal.Furthermore,we takeinto accountthat only thephotoncomponentof
thepolaritonsbelow thebottle-neckcan leavethe crystal.

Themeanrate equationof the laserphotonsis of the form

= —2iN + ~ Ô(~E)IWI2Q. (4.1)

N is thenumberof photonsin theactivelasermodeand2K is thedampingcoefficient of this mode. W
is the effective transition matrix elementfor the consideredscatteringprocess,5(~E)symbolizesthe
energyconservationin thescatteringprocessand0 standsfor the statisticalfactor,which describesthe
populationof the initial and final states.The summationis carried out over the momentsof the
scatteredparticlesby taking into accountthemomentumconservation.

For theexcitonrecombinationprocessesI W~2is given by [4.10]

WI2 = h2IuI2C~
1IC12—C141

2, (4.2)

whereU is thescatteringmatrix elementfor the x—e, x—h, x—x andx—LO scattering,respectively.The
Hopfield coefficients C

12— C14~
2stemfrom the transformationfrom interactingexcitonsto polaritons,

while the factor C~
1originatesfrom atransformationof thepolaritons(below thebottle-neck)backto

photons.This last transformationis necessarybecauseonly the photon-like part of the polariton can
leavethecrystal.

For the biexcitonrecombinationprocessesI W~
2is derivedfrom the interactionmatrix elementU,

which describesthedecayof a biexcitonin aphotonandan exciton.Forthem
1 processW~

2is givenby
[4.22]

I w
1~

2= h21C
11I

21C
11 — C131

21UI2 (4.3)

and for the m~processby

I w~I2= h2IC
11I

2I(C
11— C~CU— C14)U+ {k ~± 0}12. (4.4)

Herethe expression{k ~ 0} hasthe form of theprecedingterm, but the two final polaritonstateswith
momentumk and0, respectively,areinterchanged.

We list the conservedenergies£~Eand the populationfactors 0 for all excitonic recombination
processes:

x—iwithi=e,h:

= ~ + E,k’ — ~ — hil
(4.5)

0 = n~n~(1— nk÷k’Xl+N)—Nn~÷k’(1— n~’)(1+ n~,1),

where11 is the laserfrequency,E~,k,1is the energyof theexciton in the is state,n~,1and nk+k’ arethe
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thermalpopulationfunctionsof theexcitonsandthe freecarriersin thedifferentstatesandN finally is
thenumberof photonsin thelasermode.

x—x. Hereweonly considerscatteringsinto the n = 2 exciton level. This is the so-calledP2-line;

~ + EX,k’,l — ~ — hi’?
(4.6)

O = n~1n~’.i(i+ n~+~’.2)(1+N)—Nn~+k’,2(1+ nL1X1 + n~,1).

x-LO:

(4.7)

0 = n~(1+ NX1 + n~°)—n~°N(1+ n~,1).

m1 withj=lorj=t:

= Emk - E51-k - hi’?
(4.8)

O = n~(1+n~kX1+N)—Nn~k(i+n~’).

The term ~(2ir/h)8(AE)I W~
2Qin the photon rate equation(4.1)is now splitinto two parts:onewhich is

proportional to the numberN of alreadyavailablephotons and a secondone which is the rate of
spontaneousemission into the lasermode. This last term is obtainedby setting N =0. These two
expressionsgive usthegainperunit time andtherateof spontaneousemission,respectively.Thegainis
the probability per unit time for an inducedemission minus the correspondingprobability for
absorptionof a photon.This quantityis directly relatedto theexperimentallydeterminedgain per unit
length.The two functionsonly differ by afactorequalto thevelocity of the light in thecrystal.For all
consideredrecombinationprocessesthemethodof obtaininga positive gain is the same:Onehasto
suppressthe absorptionprobability by lowering the temperatureso that the thermalpopulationof the
final statesof theemissionprocess(which arethe initial statesfor theabsorptionprocess)is sufficiently
small.

In thecaseof the x—x andthe x—i recombination,the temperaturesof theelectronicexcitationshave
to be low enough,so that thereare no excitonsin theband n = 2, i.e. nk±k’.2 0 or no free carriersat
higher energies,i.e. n~ 0, respectively.Due to the smaller effective electronmass,the condition

0 but n~� 0 canbe realizedmucheasierthanthecorrespondingconditionsfor thepopulation
of the hole states.Therefore, the x—e recombinationnormally dominates in an intermediatetem-
peratureregion,wherewe havebothexcitonsand free carriers.Only in p-typesemiconductorsthe x—h
processcan have a higher gain due to the excessconcentrationof holes. In the caseof the x—LO
recombination,the lattice temperaturehas to be low enoughso that thereare no thermaloptical
phonons,i.e. n~°=0.

The decay processesof the biexcitons,have positive gain, if the molecularbinding energyE~is
largecomparedto the thermalenergy.This condition caneasilybefulfilled in theCu-halidesCuCl and
CuBr, where thebiexcitonsare stronglybound (seesubsection4.3.4).For a theoreticaldescriptionof
the gain- andabsorptionspectradue to biexciton decayat higher temperaturessee also e.g. [4.11—
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4.20,4.22]. The question, how the gain changes if the molecular distribution becomesquantum
statisticallydegenerate,i.e. if a nonequiibriumBose—Einsteincondensationoccurs,will notbe treated
in thepresentreview; for a detaileddiscussionseeref. [1.22].

In orderto calculatethegain spectrafor thevariousrecombinationprocessesonehasto evaluatethe
momentumintegrationsnumerically.The resultof numericalevaluations[4.2,4.9,4.10,4.22]of thegain
spectraof the x—e, x—x andx—LO recombinationareshownin figs. 13—15 for theexampleof CdS.The
x—e gainspectrumhasa characteristicasymmetrydue to thesteeptransitionfrom gainto absorptionon
thehigh energyside (fig. 13). With increasingtemperatureits maximumshifts strongerto lower energies
thanthebandedge.

The x—x processgives rise to a rathersymmetricgain spectrum(fig. 14) with a flat transitionfrom
gainto absorption.Again themaximumof thegainshifts to lowerenergieswith increasingtemperature.

9/g~ux CdS

~

2.3 2.35 24 2.45 2.5 2.55
photon energy 1eV)

Fig. 13. Calculatedgain spectrafor thex—e scatteringprocessin CdS(from Koch et al. [4.10—4.21]).
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Fig. 14. Calculated gain spectraof the x—x scatteringin CdS for Fig. 15. Calculatedgain spectraof the x—LO recombinationin CdS
different temperatures,including the transition to the n = 2 exciton for different temperatures(from Haag[4.2]).
statesonly (P2-emission).(From HaugandKoch [4.91.)
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Fig. 16. Calculatedgain spectrumfor themt andm

1 componentof thebiexcitonrecombinationin CuCl. The influenceof thepolariton effecton the
dispersioncurvehasbeen neglected(from Freienstein[4.22]).The crossesgive an experimentallyobservedluminescencespectrum,recordedat a
lattice temperatureTL of 4.2K (from Ostertag[2.12,4.15]).

The maximum of the gain spectrumof the x—LOprocess (fig. 15) shows a different temperature
dependence.It shifts relativeto thebandedgefirst (from 15—45K for CdS)to higherenergiesdue to the
spreading of the thermal excitondistribution. Above45 K (for CdS)theabsorptionprocessdueto the
presenceof thermalphononsshifts the gain maximumto lower energieswith increasingtemperature.

The gainspectrafor them1 andm5 recombinationareplotted in fig. 16 for theexampleof CuC1for a
temperatureof theexcitonicmoleculesTm of 20K [4.22].At thesetemperaturesthegain spectrumis
nearly identical with the spectrumof spontaneousemission. The crossesgive the experimentally
recordedspectrumfor which the lattice temperaturewas kept at 4.2 K. Similar results havebeen
reportedearlier,seee.g. [4;i5] and[4.23].

If the maximum of the gain equalsthe losses
2K in the crystal cavity, laseraction sets in. The

resulting exciton concentrationsat the laser thresholdare plotted in fig. 17 for the excitonic recom-
bination processesin CdS. The exciton thresholdconcentrationdependson the quality of the cavity.
For low losses,the lasing of the x—LO processwhich is linear in the concentrationof the electronic
excitations,is favouredwhile for a cavity with high lossesthe quadraticrecombinationprocessesx—x
andx—e havethe lower thresholdconcentrations[4.9,4.24,4.25].At temperaturesabove=60K the x—e

processhasthe lowest laser threshold.In fig. 18 the resultinglaser thresholdsare plottedfor p-doped

5 10 50 100 300 2 5 10 50 102 300 (K)
T(K) temperature

Fig. 17. Calculatedtemperaturedependenceof the excitondensityat Fig. 18. Calculatedtemperaturedependenceof the exciton concen-
laser thresholdn~’(T)for different recombinationprocessesin CdS tration required to reach the laser thresholdn~P(T)for different
(from Koch et al. [4.10]). recombinationprocessesin p-typeZnTe assumingan excessconcen-

trationof acceptorsof 5 x 1016cm3(from Koch et al. [4.10]).
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ZnTewith an acceptorconcentrationof 5 x 1016cm3. Fig. 18 predictstheexistenceof an intermediate
temperaturerangein which the x—h recombinationhasthehighestgain andthe lowest laserthreshold.

The theoreticalresultsof this subsectionwill be comparedwith the correspondingexperimental
resultsin thefollowing subsection.

4.2. Experimentalresultsfor the luminescencedueto the inelastic scatteringprocesses

We start thecomparisonbetweenexperimentandtheorywith a discussionof the x—MLO process.
At low temperaturesgainis easilyobtainedfrom this process.Sincethecorrespondinggainvaluesseem
to be ratherlow [4.1],however,it becomesthe dominantemissiononly, if largevolumes areexcited
homogeneously(e.g.by TPE) andespeciallyif in additionanexternalresonatoris used[e.g.4.24—4.26].
On theotherhand,if small spotsareexcitedin a thin layeronly, which exhibits high diffraction losses
[4.27],(e.g.by one photon-bandto bandexcitation), then thestimulation of the x—LO processcan at
leastpartlybe suppressed[4.10].Fig. 19 showsthe temperaturedependenceof thegenerationrate~
which is requiredto reachthe laserthresholdfor CdSundertwo-photonexcitation~TPE).

The experimentalpoints nicely follow the theoreticalcurve, which predictsat low temperaturea
constant laser threshold and at higher temperaturesan increaseof ~ due to the increasing
reabsorptioncausedby the thermalpopulationof the LO-phonons.At the highesttemperatures,the
exciton—electron-scatteringhasa lower thresholdthan the x—LO process.Similar resultsarealso known
for ZnO, with the main differencethat the laseremissionshifts around 115K from the x—LO to the
x—2 LO process[4.24—4.26].Somefurther resultsabout the x—LO laseremission in CdS havebeen
publishedin [4.281,whereespeciallythe influenceof thesizeandof thegeometryof the excitationspot
hasbeeninvestigated.

The fact, that the x—LO emissionis rathereasilystimulatedunderTPE, suggeststo build a tunable
semiconductorlaserworking with this process,by incorporatingthe active medium in a wavelength
selectiveresonator.In order to get a compactsetupandto avoid reflection lossesfrom many optical
surfaces,a configurationas shown in the inset of fig. 20 hasbeenused [4.26].The sample,which is

or
crystal

26 C dS \,~ ~ 6 . \~iI~13aser
310 — / *—~pumpbeam /

2) c4.
theory 1°I’ ~ 2~ o

~ 1O~~— o x - LO \ ~ .
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P 310°~ _____ ~ —~ 35K

F asymptotes i I I

~

102S — I 46.5 46.7 46.9
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tott~cetemperatureT~ Fig. 20. Schematicplot of a tunable semiconductorlaser. In a

wavelengthselectiveresonator(seeinset) thespectralpositionof the
Fig. 19. Calculatedand measuredgenerationrates at laser threshold laser emissionof a semiconductorcan be tuned.The experimental
G,h as a function of the temperaturefor CdS under two-photon curvegivesthedetuningof thespectralpositionof the laseremission
excitation (TPE). (From wunsteland Klingshirn [4.26], theory from from itspositionin a non-wavelengthselectiveresonatorasafunction
Haug [4.2JandKoch [4.21].) of thedetuninganglea (from Wiinstel and Klingshim [4.26]).
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pumpedtransverselyto theresonatorby a standardQ-switchedruby laser,hastheshapeof a prism and
actssimultaneouslyastheactiveand thewavelengthdispersiveelement.The prismangleis chosenin a
way that theangle/3 is closeto theBrewsterangleto avoid reflection.A 100% mirror or a total internal
reflection (‘FIR) prism is mountedon an axis and can be tilted for wavelengthselection.The lattice
temperatureof thecrystalis chosento get a low laserthresholdanda maximumwidth of the gain (see
fig. 15). Fig. 20 showsfor CdSthedetuning of the laseremissionfrom its position in a nondispersive
resonatorasa functionof theanglea at 35 K. An overall tuning rangeof ii A hasbeenobtained.For
ZnO similar resultshavebeenachieved[4.261.Thoughthe resultsindicatethat the ideaworks,it should
be pointedout here, that semiconductorlasers,tunedin thewayillustratedaboveor by othermethods
(e.g.by temperaturevariation[e.g.1.13, 4.25, 4.27, 4.29,4.30], by theuseof gradedmixed crystals[e.g.
4.31—4.34] or by parametricoscillators [e.g.4.35]), are inferior to presentlycommerciallyavailable
dye-lasersin severalrespects,e.g.,tuning range,efficiency, or spectralpurity.

After this short excursionin connectionwith the LO-phononreplicasof the free excitons,let us
return to the other recombination processes. The inelastic x—e scattering was extensively studied in CdS
and other Il—VI compounds [e.g.1.13, 4.1, 4.4, 4.10, 4.25, 4.29, 4.30, 4.36, 4.37].The most characteristic
feature is, that the maximum of the corresponding emission band shifts with increasing lattice
temperatureTL fasterto lower photonenergiesthanthe bandgapdoes(seefig. 21 andrefs. [1.13,4.3,
4.4, 4.8, 4.10, 4.25, 4.27, 4.29, 4.30, 4.36, 4.37]).

In fig. 22 measured and calculated spontaneous emission spectra are compared for ZnTe. The solid
lines give the experimentalresults under strong N2-laserband-to-bandexcitation for various tem-
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Fig. 21. The temperaturedependenceof the emissionmaxima of variousluminescencebands. The spectralpositionsof spontaneous(x) and
stimulated emission maxima (0) are given and also the shift of the latter with increasingexcitation intensity ‘eac. The processes.are: the
recombination of the bound excitons12 and I~with their LO-phononreplicas(1112—LO and I~,~—2LO, respectively),the recombinationof free
A-excitonsunder emissionof oneor more LO-phonons(x—LO, x—2 LO andx—3 LO, respectively),the inelastic scatteringbetweentwo excitons
(P2 P,~)with their LO-phononsatellite (P—LO)andtheinelasticexciton—electronscattering(x—e). while theformeremissionbandsroughlyfollow
thetemperaturevariation of thefree exciton (indicatedby a dashedline) thex—e processshifts strongerto lower photon-energieswith increasing
temperature.
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Fig. 22. Experimentally observedspontaneousluminescencespectraof ZnTe under high excitation for different temperatures,ascomparedto
spectracalculatedaccordingto (a) Hönerlage.(b) HaugandKoch. ~ correspondsto 2.365eV, 2.355 eV and2.340eV±3meVat 50K, 77K and
120K, respectively.

peratures.The dashedand dottedlines aretheoreticalresultsfor inelasticx—h scatteringby Haugand
Koch and by Hönerlage,respectively.Oneobservesgood agreementbetweenboth calculationsand
experiment,especiallyif onetakesinto account, that the high energytail of the luminescencestems
from the radiativerecombinationof the free excitonsthemselves,which is not incorporatedexplicitly
in the calculations.

The reasonwhy one observesx—h scatteringin ZnTe at intermediatetemperaturesis that this
material can be grown as a p-type semiconductoronly, i.e. at not too high excitationsone hasmore
holesthanelectrons.In the typicaln-typematerialslike CdSandZnO,until nowonly x—e scatteringhas
beenreported[e.g.1.13, 4.10,4.25]. In ahigh-resistivityZnSesample,wheretheFermi level is deepin
the gap without excitation, a superpositionof x—e and x—h scattering has been proposedfrom a
lineshapeanalysis[4.361(seefig. 23).

Though the emissionmaximumdueto thescatteringof theexcitonwith the light carrier(generally
theelectron)shifts with increasinglattice temperaturefasterto lower photonenergiesthan in the case
of an inelasticscatteringwith theheavycarrier, it shouldbe pointedouthere, that the superpositionof
bothprocessesdoesnot leadto the appearanceof two separatemaxima,but to an emissionband,the
maximumof which is situatedbetweenthe purecases.For this point, seealso thediscussionaboutthe
origin at the high excitation luminescencebandsin red Hg12 in ref. [4.38]and the literaturetherein.
Gainspectrafor the x—e scatteringhavebeenreportedfor CdSin ref. [4.39].Theagreementwith theory
is reasonablygood.

The inelasticx—x scatteringis expectedto be seenpreferentiallyat lower temperatures,wherethe
excitonsarenot thermallydissociated.This processhasbeenobservedatintermediateexcitationlevelsin
all II—VI compoundsinvestigatedsofar, e.g. [1.13,1.17,4.10,4.18,4.24,4.28,4.36,4.37,4.40—4.451andin
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Fig. 23. Experimentallyobservedluminescencespectrumof Zn5eunderhigh excitation, ascomparedto a calculatedsuperpositionof x—e andx—h
scattering.hw,,.~correspondsto 2.75eV (from Maier andKlingshirn [4.36]).

GaAs[4.46—4.48],thoughthedistinctionbetweenx—e andx—x scatteringis noteasyin thelattermaterial,
becauseof thesmallexcitonbindingenergy.In theCu-halides,thereis notmuchreliableinformationabout
this process[4.49].In thesematerialsbiexcitonformation is morelikely thaninelasticx—x scatteringif two
excitonscollide.

The inelasticx—x scatteringmanifestsitself in the luminescencespectraof HES by an emissionband,
which is displacedfrom thepositionof the free excitonto lowerenergiesby approximatelyoneexciton
binding energy.Theseso called P-bandsoften exhibit a fine-structure.The spectralpositionsof the
peaksP. cangenerallybe describedin good approximationby

hWmax = Eg — E~(1— 1/n
2); n = 2, 3,. . (4.9)

This formulafollows immediatelyfrom fig. 12 if energyconservationanda hydrogen-likeexcitonseries
areassumedandif thekinetic energyis neglected.Fig. 24 showstheP-linesfor ZnO.

The fact, that theP-linesare often ratherbroad(upto 5—10meV) evenat low lattice temperature
TL, can be explainedby the kinetic energyof the excitons,which may be describedby an exciton
temperatureT~which is higher thanthe lattice temperatureTL * or possiblyby a dynamicvariationof
E~during theexcitationpulsein thehigh densityexciton-gas[4.37].For time-resolvedmeasurementsin
the P-bandssee [4.50—4.56].In principle, the P emissionband could extendto energiesfar below
Eg—2E~if one of the excitonsis scatteredhigh into the continuum. The scatteringmatrix element
seemsto decreasehoweverratherrapidly with increasingenergytransferandthus the intensityof the
P-bandsdecreasesbelow P,~[4.57].

Though a recombinationprocesswhich involves an inelasticx—x intraband-scattering— a P
1-line—

shouldalso be possible,therearenotmuchexperimentalindicationsfor sucha process[4.8,4.48].
The x—x recombinationprocessis not only observedin the luminescence,but also in thegainspectra

[e.g.4.9, 4.28, 4.58, 4.59]. Since the gajn values of this processare generally below 10
5 cm1, the

* For TL = 4K a valueof T
0 between20 and30Kis often realistic.
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Fig. 24. Luminescencespectraof ZnO underhigh electronbeam excitation, showing the x—x scatteringbandsP
2 and P, the bound exciton

recombinationline 19, as well asLO-phononreplicaof I~,of thefree excitonand theP-bands(from Hvam [4.40]).

strip length method is adequate.Fig. 25 gives an examplefor CdS in which the P2 and P3 bands
arenicely resolved.

All of thescatteringprocessesdepictedin fig. 12 arecapableto showlaseremission;the temperature
dependenceof the laserthresholdsof thevariousprocesseshasbeenstudiedin CdSunderone-photon
band-to-bandexcitation. Fig. 26 gives the excitation intensity at the laser thresholdI?~for different
processesas a function of temperaturein CdS. Below 80 K the x—x scatteringbandsP2 and P3 are
observed;they exhibit a thresholdwhich increaseswith temperature.Above100 K, the x—e scatteringis
observed.Its thresholdpassesthrougha minimum around150 K. The x—LO processshowsup only at
the highest Iexc under the present experimental condition. For comparisonthe calculated laser
thresholdsare given by the dashedlines underthe assumption,that the concentrationof excitonsat
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Fig. 25. Gain spectraof CdSunderhigh N
2-laserexcitation,obtained Fig. 26. Temperaturedependenceof the excitation intensity ~

by theexcitationstrip-lengthmethod.Thex—x scatteringbandsp2, p3 required to reach the laser threshold for different recombination
and P.~,the acousticphonon sidebandof the boundexciton I~(Pm~ processesin CdS. Error bars= experimentalresults,dashedlines =

band)andthe x—LO processare seen(from Bohnertet al. [3.81). theory. Theexperimentalpoint at 77 K is discussedin the text (from
Koch et xl. [4.10]).
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thresholdn ~‘ is proportionalto I~c. The proportionality holds only as long as no strongstimulated
emissiontakesplace. In fact, the predictionsof the theory comparefavourablewith the experiment:
The thresholdof the P2-lineincreaseswith Tbecauseof the increaseof the thermalpopulationof the
final stateexcitonsanda correspondingreabsorption.The thresholdfor thex—e processfirst decreases
with T, sincethenumberof free carriersincreasesdueto thermal ionizationof donorsor excitons,and
increasesagain becauseof the reabsorptionmechanism.The x—LO processshowsup in stimulated
emissiononly at thehighestIexCatlower temperatures.Thefact, that theexperimentalvaluesarehigher
thanthe theoreticalcurve,finds its explanationin asublinearincreaseof Fix with Iexc, dueto thepartial
saturationof theexcitondensity[4.10].

In view of thegoodoverall agreementbetweenexperimentandtheory,it seemsnoteworthythat the
theorycontainsapartfrom therelationbetweenIexc andn, only onepartly unknownparameter,namely
the effective lossconstantof the resonator.The valueusedhereis ratherhigh (K i0~cm

t) sinceit
incorporatedradiationlessprocessesnot consideredexplicitly in thecalculation.

The experimentalpoint at 77 K deservessomeattention,since it indicatesa lower laserthreshold
thanthepointsatadjacenttemperatures.At this temperature,thethreeprocessesx—x (P

2),x—e andx—LO
are spectrallyalmost degenerate,andit is assumed,that the cooperationof all threerecombination
processescausestheobservedlow threshold.

As a summaryof this subsectionit canbestated,that theexistenceof the intrinsic inelasticscattering
processis well established,andthat a quantitativeunderstandingof theseprocessesis reachedin many
respects.

Inelasticscatteringprocessesinvolving impurity statesare also discussedin the literature, e.g. the
radiativerecombinationof an exciton bound to an impurity with simultaneoustransferof energyto
either a free carrier, or a free exciton [4.25,4.60—4.63] or to anothercarrier bound to the impurity
[4.25,4.64]. Somecommentsabout theseprocessesas well as about the stimulatedrecombinationof
boundexcitonsunderemissionof acousticphonons[1.1,4.42,4.65,4.66] arecontainedin subsection4.5
of this paper.

4.3. Optical propertiesofbiexcitons

The fact,that thebiexciton is expectedto occurasaboundstatein semiconductors,hasbeenalready
discussedin subsection2.4. A first experimentalfinding concerningthe radiativedecayof biexcitonshas
beenpresentedin fig. 16 for CuCl. In this subsectionwe describefurther resultsconcerningtheoptical
propertiesof biexciton formationanddecay.First we discussthe resultsfor the Cu-halides,especially
for CuC1 which actsas a model-substancefor biexcitons.Then we describethe experimentalfindings
andtheir interpretationsin the Il—VI compounds.

4.3.1. Stationaryand timeresolvedluminescence
As alreadymentionedin section 1, the biexcitonshavebeenobservedfor the first time in 1968 in

CuCI by theappearanceof a luminescenceband,which increasessuperlinearlywith I~~candwhich was
interpretedasbeingdueto thedecayof a biexcitonin aphoton-likeandanexciton-likepolariton. Since
then, this emissionband hasbeeninvestigatedin much detail by various groupsin FranceandJapan
[e.g.1.18—1.26, 3.14, 4.15, 4.67—4.121].Theoreticalinvestigationsconcerningdifferent aspectsof the
biexciton problem are found e.g. in [1.18—1.28,2.16-2.21, 4.11—4.20, 4.122—4.162]. The significant
doubletstructureof thebiexciton emissionband which is due to thedecayof thebiexcitonsin photons
andeithertransversepolaritonsor longitudinalexcitonshasbeenalreadyshownin fig. 16. Theshapeof
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the spontaneousemissioncan qualitatively be understoodsolely from energyandmomentumcon-
servation. (For the quantitativelineshapecalculation see subsection4.1.) We assumefor simplicity
simple parabolicbandsfor thebiexcitonandtheexciton. Thenenergyandmomentumconservationin
thedecayprocessaregiven by

.L
2 2

b b liAj_ b ‘Slit2Eg T E~ Em+~Eg(T)Ex+~+ha)

with (4.10)

mm= 2m
5and

k = k~+ kr°
t0~and k~~0t00 0

it follows immediately,that hw is given by

llw Eg(T)E~~E~. (4.11)

If one assumesa Boltzmann distribution for the biexcitons,oneexpectsfrom (4.11) an emission
band,which resemblesan inverted Boltzmanndistribution andwhich extendsfrom E~— E~,to lower
photon energies.An analysis of the emission band allows in principle to determineE~’mand the
temperatureof thebiexcitongas.

A morerealisticanalysishasto takeinto accountthesuperpositionof the transitionsto longitudinal
excitonsor transversepolaritonsor in uniaxial crystalsto mixed-modepolaritons[4.11—4.20].Further-
more, the deviationof the polariton dispersioncurve from a simple parabolaand the influenceof
scatteringprocesseshave to be considered[e.g. 4.11, 4.12, 4.15]. The agreementbetweenexperiment
and theoryis very good [4.15,4.80, 4.81].

In principle also the decay of a biexciton into a photonand an exciton in a statewith a higher
quantumnumberis possible,but it hasa ratherlow transitionprobability [4.134]andis not observedin
Cu-halides.The decayof biexcitonsinto onepolariton on the lower and one on theupperpolariton
branch(the so-calledtwo-photondecay)seemsto havea ratherhigh probability [4.162].Becauseof
k-conservation,only moleculesaroundk = 0 can participatein this process.

The investigationof the low-temperatureluminescenceof CuBr underhigh exitation also yielded
indicationsfor biexcitons[e.g. 4.71, 4.77]. However, the biexcitonemissionbandsin CuBr havebeen
investigatedin lessdetail thanin CuC1. The sameis truefor thezincblendeIl—VI compounds[4.36].In
the wurtzite II—VI compounds,thereappearsa so-calledM-bandunderhigh excitation, which is also
attributedto the biexcitondecay[e.g. 4.11, 4.19, 4.20, 4.41, 4.51, 4.56, 4.66, 4.163—4.176].Since many
findings indicatethe participationof impurity states[e.g. 1.1, 4.25, 4.42, 4.60—4.63,4.65, 4.66, 4.177,
4.178], however, a unique assignmentof the M-band in Il—VI compoundsis impossible(see also
subsection4.5).Therefore,theexperimentalproofs for theexistenceof biexcitonsin Il—VI compounds
had to comefrom other spectroscopicmethods,which are discussedtogetherwith the corresponding
resultsfor the Cu-halidesin subsection4.3.3.

Before continuing the discussion,someremarksabout the time evolution of the M-bandin CuCI
should be made. The results cited so far were obtainedunder quasistationaryconditions, i.e. the
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durationof the excitationpulseTexc (2 flS ~ Texc~ 10ns) waslonger than the formation anddecaytimes
of the biexcitons.In order to determinethesevalues,time resolvedspectroscopyafterpico-secondpulse
excitation has to be performed[3.9—3.12,3.14, 4.82, 4.93, 4.102, 4.103, 4.109—4.111,4.113]. Typical
spectrademonstratingthe evolution of the M-band luminescencein time are shown in fig. 27. The
initially ratherhot gasof biexcitonscoolsdown to some20 K within 200ps[4.87].

The temporalbehaviourof the integratedM-band luminescenceis shown in fig. 28. It exhibits a
significantly non-exponentialdecay, which can be describedquantitatively by the following rate
equations for the densities of excitons and biexcitons, n~and tim, respectively [3.9], as long as
stimulationeffectscan be neglected:

dn~/dt= Qlexc(t) — n~/r~— Bn~+ nm/Tm+ CflmFix

(4.12)
dnm/dt= ~Bn~— nm/Tm— Cnmnx.

o . Iexc(t) is the generationrate for excitons, ‘r~and Tm are the lifetimes of excitonsand molecules,

respectively.B is the rate constantfor the biexciton formation out of excitons and Cnmnx finally
describesthe scatteringratebetweenanexcitonandabiexcitonin which a photonandtwo excitonsare
created.

The parameterswhich have been obtained by fitting the solution of this coupled differential
equationsto the experimentare Tm = 1 ns, B = C 1.8x 10_tocm3ç1, ‘r~= 1 ns, Q = iO~cm~1.Similar
valuesfor Tm havebeenobtainedby otherauthors[e.g.3.14, 3.82, 4.87]. However,calculationsfor the
reaction-kineticsarealwaysmodel-calculationswhich atmostcan showthat anexperimentallyobserved
behaviourcan be understoodin theframework of this model, but normally thereexist other models
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whichdescribethe experimentequallywell, seee.g. ref. [3.14].In this papera morecomplicatedset of
differential equationsthanabovehasbeenusedand thecomparisonbetweenexperimentand theoryis
againquite satisfactory.

4.3.2. Excitationspectroscopy

The analysisof the luminescencespectraof CuC1 gavealreadyratherconclusiveevidencefor the
existenceof biexcitons.Nevertheless,one tried to find further independent‘proofs for their existence
andto developmethodswhich allow a precisedeterminationof their symmetriesandenergies.Several
of thesemethods make in different ways use of the fact, that a two-photon transition from the
crystal-groundstateto the biexciton level hasa very high probability (“giant oscillatorstrength”)[e.g.
4.123,4.139,4.179], which resultsin K2-valueswhich areseveralordersof magnitudelargerthanthat for
“normal” two-photonabsorption,see table 4. If only photonsof one frequency(i.e. from one laser
beam)areusedfor the excitation,K2 is given in secondorderperturbationby

I LI 4/ L1~ fl\ 2
— +. ‘V \mliDx,\xslDu, tic’

.L~2 — ‘..~JU~L Li p —
0~1-~m— m .~.JiWexc

x x t~0exc

whereHD is the dipoleoperator,andthe summationrunsover all virtually excitedintermediatestates
Ix).

In (4.13) dampinghasbeenneglected.Formulasfor K
2 including this effect aregiven e.g. in [4.180].

Firstly, K2 is enlargedby the resonancedominator.The valueof the denominatort~Eis given by

L~5E= E~— hWexc= E5s— ~Em ~ ~ 14meV, (4.14)

whereE~is the energyof the lowest dipole-allowedexciton (generallya singlet). In contrastto this
almost resonant excitation of the intermediatestate, i~E is about 1 eV for normal two-photon
band-to-bandexcitation.Thus K2 is increasedby the resonanceeffect roughlyfour ordersof magnitude.
A furtherincreaseis expectedfrom the matrix elementsthemselvesdue to the large extensionof the
wave function of the virtually excitedintermediateexciton state.There is, however,somediscrepancy
about the numericalvalueof the resulting additionalfactor.Theoreticalpredictionsrangefrom about
10 up to severalordersof magnitude[4.123,4.139,4.179].

Theinfluenceof this largevalueof K2 is displayednicely in the excitationspectraof the biexcitons.
Fig. 29 gives the excitationspectraof the m5- andm1-bandstogetherwith thoseof someotheremission
bands,discussedlater on in the text. For h~exc~ E~,the luminescenceintensityhum is almostconstant.
The smalldip around3.205eV is causedby the reflectionmaximumof the I’5-exciton. The biexcitons
areformedunderthis conditionfrom free excitons(process1 in fig. 30). The biexcitonbinding energy,
which hasto bedissipatedin the creationof the biexciton, is very closeto the LO-phononenergiesin
CuCl andCuBr. Sincethecouplingof theLO-phononsis very effectivein ionic compounds,the binding
energyis predominantlyemittedas a LO-phonon[4.83].This energeticcoincidencemight explain,why
the formation of biexcitonsis favouredin CuCl andCuBr over the inelastic exciton—excitoncollision.
Sincethedispersioncurveof theLO-phononis ratherflat, biexcitonswith ratherlargekineticenergiesare
formed,whichthermalizeamongthemselvesby elasticcollisionsveryrapidly[3.14],butwhichcannotreach
completelythe thermalequilibrium with the lattice during their lifetimes by the emissionof acoustic
phonons(AP) (process2 in fig. 30) [3.14,4.83].

The decayof the biexcitonsgives rise to the m5- andm1-bands,shownas process3. For hWexc <Es,
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the excitationspectrumstartsto decrease.At hWexc ~Em, a significant peakappearsin the excitation
spectrum.Furthermore,two narrowemissionlinesn~andn1 showup at thehigh energyedgesof m5 and
m1, respectively,as seenin fig. 31 [4.83—4.85,4.96—4.98, 4.108]. At intermediateexcitation intensities,
they aretheonly emissionbandswhich aredetectedin this region.The appearanceof n5 andn1 as well
as the resonancein the excitationspectrumis easily explainedby assumingthat a larger numberof
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2,hw~= = 3.186eV(from Levy et al. [4.83]).
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biexcitonsis createdby resonantTPE(process4). Sincethe kinetic energycorrespondingto km = 2 kexc

is small comparedto the thermalenergykBTI they start to thermalizewith the lattice by absorbing
acousticphononsand by thus spreadingin k-space(process5). Becauseof their finite lifetime, this
thermalizationis againnot perfect,and the recombinationof these“cold” biexcitonsgives rise to the
narrowemissionbandsn~andn1 (process6). The excitonsleft behindin this processmaythen form
“hot” biexcitonsaccordingto process1, whichgive riseto the m~-andm1-bandsat higher .Texc, together
with those originally cold biexcitons,which have undergonescatteringprocesseswith high energy
excitonsor biexcitons.The interpretationof the narrow lines as cold biexciton recombinationlines is
alsosupportedby polarizationmeasurements[4.101].Thus,thesenarrow linescannotbe assignedto a
Bose—Einsteincondensationof excitonic molecules.This. conclusionhasalso been reachedin [4.97,
4.111, 4.120]. In a recentpaper by Chaseet al. [4.117],narrow molecule recombinationlines are
observed above a critical excitation intensity, which show different characteristicsthan the lines
observed in ref. [4.83].The question, whether theserecentobservationsof Chaseet al. can yield
evidence for a Bose—Einstein condensation is still subjectto a controversaldiscussion[e.g.4.120].

The appearance of narrow emission bandshasbeen also reportedfor CuBr [4.80, 4.181, 4.182].
However, they are not so intensivelystudiedas in CuC1.

Resonances in the excitationspectraof the M-bandsin CdSandZnO, which arereportedby some
authors [4.66,4.183], can be regarded as hints for the existenceof biexcitons in thesematerials.
Unfortunately, this interpretation is not unequivocal, since at the same spectral positions thereare
resonances in the excitation spectra of bound excitons, which areinterpretedas excitedstatesof these
impurity complexes[4.184—4.186].

The excitationspectrumof the M-bandin red Hg12 gavealso someindication for the existenceof
biexcitonsin this compound.For adetaileddiscussionsee[4.38]andthe literaturecited therein.

4.3.3. Someother resultsofnonlinearspectroscopy
In thissubsectionwearedealingwith the experimentalresultsof someothernonlinearspectroscopic

methodsand the conclusionswhich may be drawn from theseresults concerningbiexcitons. The
methodsdiscussedherearetwo-photonabsorptionandtwo-stepabsorption,including virtually or really
excited intermediatestates,respectively,andthe two-photon(or hyper-)Ramanscatteringvia virtually
excited biexcitons. Again, wearedescribingthemethodsandthe resultsrelevantto the Cu-halidesfirst.
Then the findings for the Il—VI semiconductorsarediscussed.

In the two-photon absorption, the “giant oscillatorstrength” for biexcitoncreationis moredirectly
exploited, than in the caseof the excitationspectroscopy.A two beammethodis used(seesubsection
3.2), in which the crystal is illuminated by an intense,spectrallynarrow,tunabledye-laserbeam~
(with h~exc<mm) and a second,broaddye-laser.A two photontransitionprocessmanifestsitself in a
dip in the transmission spectrum of the broaddye laser,which dependson hWexc in the following way:

hWexc + h(odI~= Em. (4J5)

The methodhasbeen applied successfullyto CuCI [4.84,4.94, 4.102] and CuBr [4.102,4.114]. By
varying the polarizationsof the two beamsit is possible,to determinethe symmetry of the biexciton
level [e.g.4.94, 4.114]. The symmetriesof the biexcitonstatesaregiven by the reductionof the direct
productof the irreduciblerepresentationsof the two valenceband holes, the two conductionband
electronsand the envelopefunction, where care has to be taken that the whole wave function is
antisymmetricwith respectto the exchangeof two equalparticles [e.g.4.149],
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(aj”)® (~ai’~)®(j-.c®Fc)Øfwnv] ~ y1F~, (4.16)

wherethe summationsover i run over thedifferent valencebands.Sincea simple guessof the rotation
levelsof a biexciton,using aneffectivemasspicture,yieldsvaluesfor h

201 (0 is the momentof inertia)
which are much larger than the biexciton binding energy, the discussionmay be restrictedto a
symmetric F~envelopefunction and to antisymmetricproducts of conduction- and valenceband
functions, respectively.Equation(4.16)thenreducesto

[(~a.F~’)®(~ajF~’)] ® [IC® FCI. ®F~= ~ ‘yjF~. (4.17)

In the Cu-halides,the splitting of the 17 and 1~valence band is large compared to E~,.Therefore,only
the upper valence band participates in the formation of the bound biexciton states.Eq. (4.17)
consequentlyreads[4.126,127]:

[F
7®F7]_®[F6®16]_ ®F~flV= F~ for CuC1

(4.18)
[Fg®F8]~®[F6®F61~®I’1—Fl+F3+Fs forCuBrand

for mostof the othersemiconductorswith Td symmetry.
The correspondingenergylevels havebeen observedin CuC1 [4.84,4.94, 4.102] andCuBr [4.86,

4.102, 4.114] by TPA. The numerical values are: F~ = 6.3720eV; f~UBr = 5.9061eV; p~uBr

5.9103eV and~ = 5.9128eV [4.114],respectively.The TPA coefficient K2 is about3 x i0~cm/Win
CuC1 [4.94] and is thus considerably larger than for nonresonantTPA-processes(see table 4) in
accordancewith theoreticalpredictions.

The two-stepprocess,which hasalso a high transitionprobability [4.126,4.139,4.179], involvesreal
excitonsin theintermediatestateinsteadof virtually excitedones,which meansthat hiüexc hasto fulfill
theinequalityh~exc~ E5. Photonsfrom thebroadprobebeamarenowabsorbedby transforminga real
excitonin a realbiexciton,i.e. by the reverseof process3 in fig. 30. The correspondingdip in theprobe
beamnow does not shift as a function of hWexc. The analysisof its shapeallows to determinethe
distributionof the excitonson their dispersioncurve. This hasbeendonefor “steadystate”excitation
with ns pulses[4.92,4.102], and time-resolvedunderps excitation [3.14,4.113]. It turns out, that the
temperaturesof the biexcitongas(determinedfrom theanalysisof the m511-bandluminescence)andof
the exciton gas(determinedfrom the analysisof the absorptionprofile) are equal [4.92,4.112]. The
ps-experimentsrevealeda thermalizationtime of the excitonsto temperaturesaround40 K of theorder
of 300ps[3.14].

In the two-photonRamanscatteringprocess(TPRS), thebiexciton is createdonly virtually by two
polantonsin contrastto the processesdiscussedso far. This virtually excited biexciton decaysin the
caseof a backwardscatteringconfigurationin eithera longitudinal excitonoran exciton-liketransverse
polantonanda photon-likepolariton(fig. 32). Momentumis conservedthroughoutin this process.The
correspondingemissionlines arecalledr1 andr~,respectively.TheyareRaman-like,i.e. they shift with
the frequencyof theexcitedlaseraccordingto

= 2hiüexc— ~ (4.19)



354 C. Klingshirn andH. Haug, Optical propertiesof highly exciteddirectgap semiconductors

backward scattering
foreward scattering photon energy

3.16 3.17 3.18 3.16 3.17 3.18 leVi
E b iex ~ ~__~jCuCt ~ ‘ x2

~ 3.1848 x8 31865 2

392 391 390 392 391 390 nm)

luminescence wavelength

Fig. 32. A schematicrepresentationof two-photon-Ramanscattering Fig. 33. Emission spectraof CuCl showing the two-photon-Raman
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1 is forbidden
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andr1 emission,respectively;dottedarrows:forward scatteringyield- observed(from Vu Duy Phachet at. [4.100]).
ing the r1 emission.

This two-photon(or hyper-) Ramanscatteringcan be interpretedas an inelasticpolariton—polanton
scattering.Dueto thealmostresonantexcitationof thedifferent quasiparticles,this third orderprocess
can be observedrathereasily [4.84,4.100, 4.108, 4.116] at intermediateIexc and low temperatures,
providedgood samplesareusedtogetherwith a narrowbanddye-laser,thespectralhalfwidth of which
shouldlie below 0.2meV[4.108].

Fig. 33 givesa seriesof emissionspectraof CuCJwhich showthe radiativerecombinationof a bound
exciton(v2) and the luminescencebandsm5, m1 andn5, which areconnectedwith the radiativedecayof
biexcitons,seesubsection4.3. In additiona Raman-likeemission(re) is observed.The relationbetween
h~exc aiid h~rt fulfills eq. (4.19)with high precision.This is demonstratedin fig. 34 where a slope-two
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line is fitted to the experimentalpoints.For comparisonthe spectralpositionsof v2 andn8 areindicated.
Theyshow no dependenceon hteexc.

The influenceof the biexciton levelsis displayedin anincreaseof the intensitiesof the Ramanlines
b011, if 2hcoexc approachesEm. Fig. 35 gives an examplefor CuCI. The intensityof the Raman line is
plottedtogetherwith that of the narrow line n~,which is createdby the tail of theexciting laser[4.100].
At resonantexcitation, the r8 lines cannotbe distinguishedfrom the n~lines in a backwardscattering
experiment,if nsexcitationpulsesareused.Consequently,only the sum of .t~,andIr, can be given at
resonance,seefig. 35. In the caseof forwardscatteringconfiguration, the Ramanlinesandthe narrow
lines are situatedat different spectralpositions (see4.4) even at resonance,and may thereforebe
distinguished.The excitation spectrum of the Raman lines gives then also an increaseof Jr with
decreasing2hWexc— Em, howeverwith adip at the resonance[4.100].A dip causedby the dampingof
the intermediateexcitationstatein the caseof resonantexcitationhasalsobeenfound in the excitation
spectraof higher harmoniccreationexperiments[4.104,4.118].

With picosecondpulses,it was possibleto separatethe n andr lines under resonantexcitation by
their different time behaviour.While the temporalvariation of the coherentRaman-linesreproduces
the excitation pulse, the n-lines show an appreciably slower decay [4.109,4.110]. For a further
discussionof the relation of TPRS and luminescencein the caseof resonantexcitationsee e.g. [1.19,
1.22, 4.120,4.121, 4.218].

Furthermore,time-resolvedluminescenceand transmissionmeasurementsallow to study the time
evolutionof the populationof biexcitonsandexcitonsin CuCI [4.112,4.113]. Oneof the resultsis that
the exciton and biexiton gasesare always at the sametemperatureT~.T0 decreasesfrom about
40±10K immediately after the picosecondexcitationpulseto valuesof about20K after 1.4ns [4.112].

Finally it should be pointed out that the narrow resonancesin the excitation spectra of the
Raman-linesmay disappearat ratherhigh excitation intensities,wherethe Raman-linesare strongly
stimulated.Instead,ratherbroadexcitationspectraareobserved,partly exhibitingpeakswhich arenot
connectedwith biexciton levels [4.187,4.213]. This makesthe determinationof the biexcitonenergies
from the TPRS resonancelessreliablethanTPA-measurements.

Concerningthe wurtzite Il—VI compounds,there are also several indications for the possible
existenceof biexcitonsfrom nonlinearspectroscopy.

An inducedabsorptionband in CdS around2.545eV has been interpretedas being due to the
two-steptransition from excitonsto biexcitons[4.171,4.188—4.190].Hvam reportsgain and induced
absorptionin this spectral region, which he explainedby the recombinationof biexcitons and the
transition from excitonsto biexcitons,respectively[4.39].However, someratherimprobableassump-
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tions hadto be madefor a quantitativeinterpretationof the results:In CdS, the temperaturesof the
excitonandthe biexcitongasdifferedby a factorfour [4.39].This is ratherunlikely for two penetrating
and strongly interactinggasesand is in contradictionto the experimentalresultsin CuCl. In ZnO, a
decreaseof the density of biexcitons with increasingexcitation had to be postulated[4.39].Some
nonlinearabsorptionsignalsobservedwith a narrow, tunabledye-laser[4.191,4.215], are lacking the
final evidencefor the simultaneousparticipationof two-photons:a two stepprocess,wherethe first
photoncreatesan impurity center(e.g.by ionizing an electronfrom a donor)and the secondphoton
excitesa boundexcitonat this newcenter[4.216]would yield nonlinearabsorptionsignalssimilar to the
findings of refs. [4.191]and[4.215].Furthermore,transitionsto excitedstatesof boundexcitonsoccur
within experimentalerror in the samespectralregion [4.184—4.186].The definiteexperimentalprooffor
the existenceof biexcitonsin CdS and ZnO camefrom the resonancein TPRS via virtually excited
biexcitons [4.66,4.191—4.193]andfrom TPA spectroscopy[4.66,4.194,4.195].

In the latter case,aslightly modified methodhasbeenusedin so far, as the samplewas excitedby a
narrow tunabledye-laseronly, and insteadof the broad band probe beamthe luminescenceof the
excitedsampleitself was used.Consequently,a two-photonabsorptionprocesswas detectedin this
luminescenceassistedtwo-photon spectroscopy(LATS) as a reabsorptiondip which shifts over the
luminescenceband andwhich fulfills againthe equation:

hWexc + h(t)dI~= ~ (4.20)

Fig. 36 gives an examplefor the spectraandfor equation(4.20), the constantbeing5.0983eV.
This two-photonabsorptionis attributedto the formation of abiexciton for the following reasons:

Thelevel is 5.7 meVbelow two timesthe energyof the 16 triplet exciton (E0 2.552eV), avaluewhich
is reasonablefor the biexciton binding energy (see subsections2.4 and 4.3.4). The polarization
propertiesarecompatiblewith F~symmetry,which is expectedfor the biexcitongroundstate.Finally,
the value of 5.0983eV coincides reasonablywith a resonancein TPRS [4.191,4.192] observedat
2.5507eV*, which indicates,that only nonlocalizedquasiparticlesparticipatein the process.

I ~ ~ ~ I,’’’

2565 CI~Lb

t C—OXISO

~ 25585 2540 - -

+~‘ CdS. 5K
I I 2,5563

2,55 2 54 2.53 252
‘— tiw(eV) 2.535 “ I

2560 2555
~hW55~(eV)

Fig.36. Emissionspectraof theM-bandof CdSfor different valuesofhw000,showingadip (indicatedby anarrow)(a) which shiftswith hw,. In (b)
therelation betweenhw0.~andhWdip is given. The crossesare experimentalpoints,the solid line correspondsto hwdI~+ h~xc= 5.0983eV (from
Schreyet al. [4.194]).

* It shouldbe pointedOut, thatthereis someconfusionin the literatureconcerningthecalculationof photonenergiesfrom wavelength.Several

authorsusethevacuumspeedof light, thoughwavelength-tablesfor standardspectrallines generallygive valuesin air underspectroscopicnormal
conditions.
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Fig. 37. Energiesof excitonsandbiexcitonsin CdS, ZnO and a generalwurtzite-typeIl—VI semiconductor.A1- andB, (i = 1, 2, 5, 6) are the
symbolsfor thedifferentA- andB-excitons(seesubsection2.3). (AA)1-, and(AB),-, (j = 1, 5, 6) standsfor abiexcitonconsistingof two electronsand
either two holesfrom theA-valencebandorof oneholefrom theA- andfrom theB-valenceband,respectively.

Apart from the1~level, no further biexcitonlevel hasbeendetectedin CdS so far (seefig. 37a), in
contrastto ZnO. In the latter material a distinct resonancein TPRS hasbeenobservedat h~exc=

3.3655eV±0.5meV [4.66,4.193] whichoccurredatthisspectralposition in different samplesandunder
different ‘exc• Sincefurthermorethe polarizationpropertiesarecompatiblewith F~symmetry,the state
at 6.731eV±1 meV is believed to be the biexciton ground state.The resulting binding energyof
19± 1 meV is ratherlarge as comparedto theoreticalpredictions.This point will be discussedin more
detail in subsection4.3.4.

An excitedbiexciton state at 6.7407eV with symmetry 15 has beendetectedin ZnO by LATS
[4.66,4.194,4.195]. So we areled to the level schemeshownin fig. 37b. An alternativeassignmenthas
been suggestedby Hvam [4.195].He attributesthe level observedby LATS to the biexcitonground
state, which reducesthe value of E~,by approximately a factor two. On the other hand, this
interpretationbringsaboutsomedifficulties: Thereis no satisfactoryexplanationfor thesharpresonance
in TPRS.In addition problemsariseconcerningthe 15 symmetryof the level ascribedby [4.195]to the
biexcitongroundstate.Finally it becomesnecessaryto explain the M-luminescencebandof ZnO, which
is ascribedto biexcitondecayby [4.195],mainly by a decayof the biexcitongroundstatein aphoton
and eithera longitudinalB~-excitonor a polaritonon the upperbranchof this B-exciton.Though this
processis dipole-allowed(startingfrom a F~biexciton level) it involvesa spin flip andhasthereforea
rather low transition probability as comparedto the dipole- and spinflip allowed transition to the
A~5-excitonlevels.However,it is assumedin [4.195]thatthis secondprocesscontributesonly to a small
amountto the luminescenceat the high energyedgeof the M-band. A nonlinearabsorptionsignalat
3.365eV±1 meV called IA in [4.195] is attributedto the two-steptransitionfrom excitons,which are
excitedreally by the high energytail of the dye-laser,to the biexciton level. On the otherhand, this
experimentalresult is also consistentwith a two-photontransitionfrom the crystalgroundstateto the
biexcitonlevel of fig. 37b.

Since this 1~level could unfortunatelynot be detectedby LATS, becauseof a competitivestrong
one-photonabsorptionof theexciting light, the final decisionbetweenthe two modelsmustcomefrom
two-photonspectroscopywhich hasbeen shown to work successfullyin the Cu-halides.Until these
experimentsareperformed,we usefor the furtherdiscussionin ZnO the level schemeof fig. 3m.
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The nextpart of this subsectionis devotedto answerthe question,why an excitedbiexcitonlevel is
observedin ZnO andnot in CdS,though the two materialsarevery similar.

Assumingagain, that only biexcitonswith F~envelopearebound,theneq. (4.16) reads,if all three
valencebandsof the wurzite Il—VI compoundsareconsidered[4.149]

[(217+ 19)® (217+ F9)]_® [17 ® 17]_® 1~”= 4F~+ 12+ 3F~+ 216. (4.21)

It shouldbenoted,that only one1~level resultsfrom the combinationof two holesfrom the upper(A-)
valencebandin CdS and ZnO which then forms the lowest biexciton level (AA)11. The next higher
levelsinvolve alreadyholesfrom the next (B-) valencebandnamely(AB)F5 and (AB)~6[4.149].Since
theA, B andC-valencebandsarenicelyreproducedin th~A, B andC-excitonseries,onecouldhopeto
observe these series also for the biexciton levels (see fig. 37c). Since the splitting of the A- and
B-excitons amounts 16meV in CdS [4.196]and is thus large in comparison to E~,the (AB)F5,6
biexciton levels are expectedto be unbound.Their observationwill be rather difficult. In ZnO the
oppositeis true, i.e. the splitting of the A- and B-excitonsis only 5.4meV [2.8] while E~.= 19meV.
Therefore,the excitedI’~biexcitonlevel at 6.7407eV is interpretedas the (AB)F5-state.

As a concludingremark of this subsectionit should be noted, that thereis alsosomeexperimental
evidencefor the existenceof biexcitons in Il—VI compoundswith Td symmetry. In ZnSe a narrow
resonancein TPRShasbeenobserved[4.197]indicating avalueof Ebm of 2.2meV,which is consistent
with correspondingvalues deducedfrom the M-band luminescence[4.36].For ZnTe see also [4.36].
Becauseof the small valuesof E~,it will be difficult, however,to observein thesematerialsthe splitting
of the biexcitongroundstatein a1~+15+13 level as in CuBr.

In most of the direct Ill—V compounds,the values of E~,are expectedto be below 0.5meV.
Therefore,the experimentalobservationof biexcitonswill beextremelydifficult. No resultsarereported
so far.

4.3.4. A discussionof biexcitonbinding energy
In table 5 we havelistedseveralparametersrelevantfor the descriptionof biexcitonsin direct gap

semiconductors.Column 4 gives the exciton binding energyE~,which is the energeticdifference
betweenthe lowest free exciton (column 3) and the polarongap, i.e. the gap renormalizedby the
carrier—phononinteraction.Column7 gives the ratio of the experimentallydeterminedvalues of E~,
andE~.This valueis generallycomparedwith the theoreticalvaluesfor E~IEX~,i.e. with the ration of
E~,and the exciton Rydberg E~.However, both expressions are in principle incommensurable
quantities.E~correspondsto E~only in the case,that the exciton Bohr radiusis large comparedto
the polaronradii of electronsand holes so that the band renormalizationcan completelydevelopfor
both carriersin the exciton(seee.g. [4.198]andthe literaturecited therein).In the oppositelimit, the
electron—hole pair in the exciton sees the unrenormalized gap and the Rydberg energy E~for the
is-exciton level is the whole energeticdistancebetweenEx andthe unrenormalizedgap.The moreor
lessionic boundsemiconductorsdiscussedhere,occupyan intermediateposition, i.e. the exciton and
polaronradii are of comparablesize. This means,that the values of E~for the is-exciton level are
partly considerablylarger thanE~.This effect is especiallyimportantfor ZnO. Correspondingvalues
for E~andE~takenfrom the literaturearegiven in columns4 and8, respectively.In columns11 and
12 we give calculatedratiosE~I/EX~from differentauthors. In fig. 38 we comparethesevalues (solid
lines)with the experimentalvaluesof column 7 (opensymbols)andcolumn 9 (full symbols)from table
5. Whereasmostof thevaluesof E~ffIIEX

m~arewithin ±50%of the curveof [2.181andabovetheresultsof
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Table 5
Excitonandbiexcitonparametersof somedirect gapmaterials

1 2 3 4 5 6 7 8 9 10 11 12

E E
t’ E’~

X flt m (E~,)” ~ (E~)~” me* (E~)th*0~~ (E~)’~°”

Point- [eVI [mcvi [cv] LmeVI (E~~ [meV] (E~)tit*or °~= m
1, (E~)thmr (Ex~)th*or

Matenal group exper. exper. exper. exper. theory [2.16,2.171 [2.18]

CuCI Td 123200 190 1~6.3720 28 0.147 =210 0.133 0.25 0.06 0.16

1~5.9061
CuBr 1’4 13,4 2.9633 108 15 5.9103 20.5 0.190 150 0.137 0.2 0.07 0.18

13 5.9128

CdS C~ I’~2.552 28 1~5.0983 5.7 0.204 74** 0.077 0.14 0.08 0.2

ZnO C~ 1~3.3750 60.8 19 0.313 158** 0.120 0.47 0.034 0.13

ZnSe Td 134 21 ±1 F~5.6018 2.2 0.105 33** 0.067 0.23 0.06 0.17

ZnTe T4 134 2.381 11±1 f’1 4.7605 1.5±1 0.136 23.5** 0.064 0.16 0.07 0.19

* Polaronmasses.

** From 0. Beni andTM. Rice [5.20].

the variational calculations[2.16,2.17],the valueof ZnO deviatesconsiderablyfrom theory.This was
partly used in theliteratureas an argumentagainstthe assignmentof the biexcitonlevelsaccordingto
fig. 36b [4.195]. If we comparethe correct values of EbnJEX~from column 9 of table 5 with the
calculation,all pointsincluding ZnO arenicely situated betweenthe theoreticalcurves,thus indicating
reasonableagreementbetweenexperimentandtheory.

As aconclusionof the abovediscussion,it can be stated,that the precisecalculationof E~,should
start from the unrenormalizedgap. Then the lowering of the energydue to the Coulomb-interaction
and due to the partly quenchedcarrier—phononcoupling should be calculatedfor both excitonsand
biexcitons.The energeticdifferencebetweenthe biexcitonlevel andtwo timesthe excitonlevel should

0.4 heory

CuCI ° •

0.3 CUBr °

ZnO
CdS
ZnSeo,

0.2 ~ ZriTeD ~

a

Fig. 38. A comparisonof thecalculatedratioE~’,,JE~(solid lines) with ~ (opensymbols)and(E~,)*,m~*t/(E~)t5(full
symbols)for varioussemiconductors.Theories(a)from [2.18],(b) from [2.17]and(c) from [2.16].(From Klingshim [Habilitation-thesis].)
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finally be comparedto the experimentalvaluesof E~.This calculation is by far not trivial andto our
knowledgehasnot yet beencarriedout for biexcitons.

4.4. Spectroscopyin momentumspacevia virtually excitedbiexcitons

Until now, the two-photon Raman scattering(TPRS) via virtually excited biexcitons has been
discussedonly with respectto the determinationof the propertiesof biexcitons(suchas symmetryand
energylevels). Sincethe exciton energyentersin the formulaefor the spectralposition of the Raman
lines (4.19), TPRS allows to determinethesequantities.As can be seenfrom fig. 32, the final state
particlesleft in the crystalarealreadyon the ratherflat part of the polaritondispersioncurve in thecase
of backwardscattering,which leadsto the typical slope two variation of the spectralpositionsof the
Raman lines r~and r1 with h(c)exc (fig. 34). The situationis similar concerningthe transition to the
longitudinal exciton in the caseof forward scattering(fig. 32). Taking into account the frequency
dependentrefractiveindex, the energydifferenceof hw1 in forward andbackwardscatteringallows to
determinethe curvatureof the dispersioncurveof the longitudinalexcitonandthusits effectivemass.
The valuededucede.g. for CuC1 is m~= (2.5±0.5)m0 [4.99]in agreementwith resultsobtainedfrom
inelasticexciton—electronscattering[4.8].

A differentsituationarisesin aforwardscatteringconfigurationif both final stateparticlesareon the
lower polariton branch. In exact forward scattering,energyand momentumconservationdemand
hWexc= h(Ur, i.e. the Ramanlines cannotbe separatedspectrallyfrom the incident laser. If the angle
betweenthe k-vectorsof the two final stateparticlesis finite, their frequenciesshift awayfrom hWexc

(see fig. 39). Since they are both situated in the bottle-neck region, they are both observedas
Raman-photonsin the experiment.They aregenerallycalled r5~andr1- becausetheyare energetically
situatedabove and below ~ [4.95, 4.98—4.100,4.105, 4.107]. The variation of hWrt+ with h~exc

deviatesstrongly from a slope two law as can be seenin fig. 40, for differentexternalanglesy. (‘y is
definedin theinsetof fig. 43.)Furthermore,transitionswith onepolaritonon the upperpolaritonbranch
are possible [4.107],which are not shown in fig. 39. In [4.99], a self-consistentmethodhas been
developedto determinethe polaritondispersioncurvefrom experimentalresultsas thoseshownin figs.
34 and40.

~t~e~ng l~I ~
scatterin~i~I~’,’1~1

Fig. 39. A schematicrepresentationof two-photon-Ramanscatteringfor backward(dashed-dottedlines) and forward scattering(dashedlines),
respectively.Only processesinvolving polaritonson the lowerpolaritonbranchareshown. In backwardscattering,onepolaritonis exciton-like,the
otherphoton-likegiving rise to ther, line. In toward scatteringbothpolaritonsarepartly photon-likegiving rise to ther,+ andrt— lines, whichare
situatedaboveandbelow ~ respectively(from Honerlageet xl. [4.99]).
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Fig. 40. Thedependenceof theRamanlines hWr,+/-. 011 hWexcin CuClfor differentscatteringgeometries.For thedefinition of thescatteringanglesy
andy’ seefig. 9c. 0, I and+ areexperimentalpoints,thesolid lines arecalculatedcurves(from Vu DuyPhachet xl. [4.94]).

Fig. 41 showsthe resultsfor the rathersimplecaseof CuCI, which can be describedby theHopfield
model[4.199,4.200].The agreementbetweenexperimentandtheory is excellent.The opencircles give
the resultsof a “classical” two-photonabsorptionmeasurementof Fröhlich et al. [4.201].In CuBr the
situationis morecomplicatedbecauseof the higher degeneracyof thevalenceband,the participationof
light andheavyholes,andpossiblek-linearandwarpingterms(see2.3).Fig. 42 illustratesthis situation.
Again excellentagreementis foundbetweenexperimentandtheory.The parametersusedare given in
the captionsof figs. 41 and42, respectively.
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Fig. 41. The dispersioncurve of the excitonic polariton in CuCI as Fig. 42. The dispersioncurvesof excitonsandpolantonsin CuBr as
deducedfrom two-photon-Ramanscattering(0,x). The parameters deduced from two.photon-Ramanscattering. The parametersare
are: m

0= (2.5±0.3)mo; EX” = 3.2080ev; E~I’= 3.2025eV and e~= Ec’ = Ec = 2.9633eV; Ec’ = 2.9646 eV; Ec’ = 2.9766eV; eb=

5.0±0.2(from Honerlage et al. [4.99]). (•) from two-photonab- 5.4±0.2;m,= (11 ±3)mo;c* = (69±4)10~eVcm (from Bivas et al.
sorption(from Fröhlich et xl. [4.2011). [4.115]).
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Fig. 43. The dependenceof the two-photon-Ramanscatteringlines Fig. 44. Thedispersioncurvesof theA-excitonicpolariton in CdSfor
rt+/— and of their satellites r,—+ and r,—— on hwexc for various kIc as deduced from two-photon-Raman scattering. For the
scattering geometries.The solid lines are calculated curves (from parametersseetext. (LI) backwardscattering,(x) forward scattering,
Schreyet al.[4.202]). solid lines calculatedcurves(from Schreyet al. [4.202]).

ConcerningtheII—VI compounds,suchadetailedanalysishasbeencarriedout sofar only for CdSin
the casewherethescatteringplaneis perpendicularto the c-axis [4.202].A secondorder two-photon
Ramanscatteringeffect hasevenbeenidentified in CdS[4.202],which manifestsitself in satellites~
r
1~-,andr1-÷,r,-- of the lines ~ andr1-, respectively.An exampleis shownin fig. 43. Fig. 44 finally gives
the dispersioncurveof CdSdeducedfrom TPRS.

Theparametersfor the A-exciton usedin the fit are:

~ = 2.5523eV±0.2meV; E~’= 2.5549eV±0.2meV.

The value for the triplet exciton takenfrom [4.203]is Ec6= 2.5520eV. The values for EX’~ are in
reasonableagreementwith the resultsfound by other authors,e.g., from reflection(2.5548eV [4.204],
2.5546 eV [4.205])or transmissionmeasurements(2.5547eV [4.206]).The valueof Er

5 is slightly lower
thanthevaluesdeducedfrom the otherexperiments(2.5527eV [4.204],2.5524eV [4.205] and2.5528eV
[4.206]).Consequently,the analysisof theTPRSmeasurementsyields a valuefor LILT = 2.6meV, which
is a little bit larger thanthe valuesin the referencescited above(2.1meV [4.2041,2.2meV [4.205]and
1.9meV [4.2061).

A seriousdiscrepancyoccurs,however,concerningthe backgrounddielectricconstantFb. TheTPRS
measurementsgive 8b = 5.4±0.4. From reflection measurementsgenerallyvalues of Eb = 8.5± 1 are
extracted.In [4.207] Eb = 9.3 has beendeterminedabout 2meV below the exciton resonancefrom
resonantBrillouin scattering(RBS) andthe sametechniquegaveg

1, = 8.5 some5meV belowresonance
[4.208].

In fact one expectsin the energyregion near the excitonic bottle-necka backgrounddielectric
constant in a one oscillator model which is higher than the value of s0 determinedfrom the
Reststrahlenabsorptionregion (e = 5.27 in CdS [4.209])becauseof the oscillators which are lying
ratherclose above the A-exciton. Although the TPRS measurementswere carriedout some 10 to
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Fig. 45. hWrJhWfl asa function of hw,,~for different scatteringgeometriesasindicatedin the insets.The solid lines aregiven by hør= 2 hW*xc —

E~being2.5515eVfor hw
0, in (a) and(b) and2.5550eVand2.5537eVin (a)and (b), for r1 andr,,, respectively(from Schreyet al. [4.210]).

30 meV below the resonance,a value of
5b = 5.4±0.4 seemsto be too low to be consistentwith the

RBS data. It is unsettled,whetherhigh densityeffectsin the TPRS measurementor the influenceof
dampingmaybe responsiblefor this discrepancy[4.202].

if TPRS is carriedout with the c-axis in the scatteringplane(sp) mixed modepolaritonsmay be
reachedin the final state[4.191,4.210].This is illustratedin fig. 45. In fig. 45aonehasspIc andthe
final stateenergiesdeducedfrom the slope two lines (4.19) correspondto the values for eitherpure
longitudinalexcitonsor puretransversepolaritonsat their correspondingwavevectors.In the casesptic
(fig. 45b) onehasstill puretransversepolaritons in the final state.Insteadof the longitudinal exciton,
now amixed modepolaritonis reached(see2.3). Its energydeducedfrom fig. 45b is 2.5538eV which is
in good agreementwith the value of 2.5539eV calculatedfrom the excitonparametersdeducedfrom
the TPRS experimentsdescribedabove.The polarizationpropertiesof the TPRS lines of CdS arein
agreementwith theoretical predictions [4.150,4.210] for a f’~biexciton ground state. A certain
peculiarityoccursin the polariton dispersioncurve, if a higher densityof excitonic polaritonswith a
certainenergyE~is presentin the crystal.Experimentally,thissituationcan berealizedby illuminating
the samplewith a sufficiently stronglaserof frequencyhWL = E~.Due to the strong(giant) oscillator
strengthof the one-photontransitionfrom E~to the molecule, a resonanceoccursat Em — E~,which
can be seene.g.with a weakprobebeam.Theoreticalinvestigationsof this phenomenonaregiven e.g.
in [4.159]andthe literaturecited therein.Recently,it hasbeenshownhowtheserenormalizationeffects
of the polariton can be calculatedeasily within a dielectric formalism [4.217].Fig. 46 shows the
deformationof the normal polariton dispersioncurvewith increasingdensityof polaritons.A similar
effect occurs for the pumplaseritself if it is tuned through høL= ~Em [4.159].First experimental
indicationsfor this effect havebeenfound by [4.105,4.106]in CuCl, wherean anomalbehaviourof
i1w~~+

1_as a function of hw,,~hasbeenobserved(seefig. 47). Summarizingit can be statedthat TPRS
allows to perform spectroscopyin momentumspace.It is a complementarymethodto the resonant
Brillouin scattering(RBS), see e.g. [4.211]and the literaturecited therein. TPRS covers a smaller
fractionof the Brillouin-zoneonly, but doesnot necessitatetheextremelyhigh spectralresolutionof the
Brillouin scattering,andallows the detectionof excitonbrancheswhich areinactivein RBS becauseof
differentselectionrules.
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Fig. 46. Calculateddispersioncurvesfor the polaritonsexcited by a Fig. 47. The dependenceof hw0+ and hw000 for different scattering
tunable laserbeam in a crystal.An anomalyoccursif haiL equalsone geometriesshowingtheanomalyat hw = ~Em.vandy’ describethe
half of the biexciton energy Em. The parameteris the density of scatteringgeometry(fig~9c). The pointsgive experimentalresults,the
polaritons createdin thesampleat the energyhaiL (from May et xl. solid linescalculatedcurves(from Itoh andSuzuki [4.105]).
[4.159]).

A comparisonbetweenthe resultsof RBS and the dispersioncurvededucedfrom TPRS hasbeen
performedfor the first time for CdS[4.202]seefig. 48. Goodagreementis observedin the exciton-like
part of the lower polaronbranch.Thediscrepanciesconcerning

5b areevidentin thephoton-likepart of
thedispersioncurve.Thelongitudinalexcitonshavebeenreachedby TPRSonly (fig. 44)andnot by the
RBSexperimentsin [4.207].This illustratesthe remarkaboutthe selectionrulesgiven above.

4.5. A commenton theM-bandin (wurtzite)11—VTcompounds

In the following we list, with a few comments,the main modelsusedin the literatureto explain the
so-calledM-luminescencebandsgenerallyobservedin (wurtzite) Il—VI compoundsin the spectral
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Fig. 48. TheA
1, polariton dispersioncurveof CdScalculatedwith theparametersdeducedfrom two-photon-Ramanscatteringcomparedto results

from resonantBrillouin scattering(from Schreyet xl. [4.202]).
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region of the boundexcitonsunderhigh excitation:
— The decayof biexcitonsinto photon-like polaritons and transversemixed-modeor longitudinal

excitons[4.11,4.19, 4.20, 4.39, 4.41, 4.51, 4.56, 4.66, 4.163—4.176].
Argumentsin vavourof this interpretationare the spectralpositionsof the M-bands,especiallyof
their high energyedgeswhich correspondapproximatelyto Eg— E~— E~.Resonancesin excitation
spectraof the M-bands in CdS [4.183]andZnO [4.66]are alsocompatiblewith TPE of biexcitons,
but are not definitely conclusive becausethe participation of excitedimpurity statescannotbe
excluded [4.184-186].The behaviour of the M-bands under the application of uniaxial stress
perpendicularto the c-axis [4.165]is qualitatively consistentwith the biexcitonmodel. A detailed
lineshapeanalysisof the M-band hasbeenperformedby different authors[4.19,4.20], who use in
their calculationsapproximatelythe sameconceptsbut end up with ratherdifferentspectra,which
are both confirmed experimentally.For an M-band describedby [4.167],which is situatedat
somewhathigher photon energies,the participation of impurity statesalso cannot be ruled out
[4.178].

— The stimulatedemissionof the acousticwing of boundexcitons,arisingfrom the radiativerecom-
bination of anexcitonboundto animpurity undersimultaneousemissionof an acousticphonon[1.1,
4.42, 4.65, 4.66].
Argumentsin favourof this processare: the spectralposition of the M-bandon the low energyside
of boundexciton lines,Thechemicalshift, i.e. the appearanceof the M-bandwith different impurity
complexesin differentsamples,andthe coincidenceof the excitationspectrafor theM-bandandfor
the boundexciton line, as observedin someCdSandZnO samples11.1,4.661.

— Inelastic scatteringprocessesbetweenbound excitons and free carriersor excitons [4.60—4.63].
Argumentssupportingthis ideaareagainthe chemicalshift, andthe comparisonbetweenobserved
andcalculatedlineshapesas a function of ‘cxc andT [4.60—4.631.The carrierconcentrationsdeduced
from the lineshapefit at the highest‘cxc (upto 1018cm3) makehoweverexcitonic processesin this
regionunlikely.

— The recombinationof electron—holepairs in a plasmadroplet embryo,which formsat an impurity
level acting as anucleationcenter[4.177].This interpretationseemsreasonablein caseswherethe
M-bandis toobroad(in ZnO up to 40 meV[4.60])as to beexplainedby oneof the abovementioned
models.
In view of the differentmodelsandof the partly contradictaryexperimentalresults,it is reasonable,
to assumethat the M-bandis generallycausedby asuperpositionof differentcontributions.In some
selectedsamplesandundersomespecialexperimentalconditions,an M-bandmaybeobservedwhich
is predominantlycausedby only onemechanism.Carehasto betaken,however,that suchresultsare
not generalizedin that way, that the M-bands observedby different authorsandunder different
conditionsareall attributedto just this oneprocess.
In a recentexperiment[4.212]the temporalevolution of the M-bandluminescencehasbeenstudied

after picosecondexcitation. Two componentshave been observed:One with a rather short time-
constantof about200ps,whichis consistentwith biexcitondecay.The othercomponentfollows closely
the decaycharacteristicof the ‘2 boundexciton. This resultgivessomesupportto the ideasdeveloped
above.

5. Optical propertiesof theelectron-holeplasma

In this sectionwedescribethe opticalpropertiesof semiconductorsin which the densityof e—h pairs
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is sohigh, that the bounde—h pair statesareno longer stable.The e—h pairsform thena collectivestate,
namely the electron—holeplasma (EHP). In subsection5.1 we developthe theoretical treatmentof
EHP andin subsection5.2 wepresentexperimentalresults.

5.1. Theoreticalaspects

5.1.1. Introduction
In indirectgapsemiconductors,e.g. in GeandSi, it is well establishedthat at low temperaturesa first

orderphasetransitionbetweenthe low densitygasphaseanda liquid phase(EHL) occurs.The liquid is
adegeneratee—h plasma.In recentyearsexperimentalevidencewas obtained,that also in direct gap
semiconductors,e.g. in CdSandGaAs,a similar phasetransitionoccurs(seesubsection5.2). Because
the relaxationin a denseplasmatakesplacein the orderof less thanpicoseconds,one can assumea
quasi-equilibriumsituationin which the systemcan be describedby aplasmatemperatureT~which is
howevernormally different from the lattice temperature TL. In subsection5.1.2 we derive the
thermodynamicpropertiesof the degeneratee—h plasmaby a temperaturedependentrandom-phase-
approximation.These calculations are considerablysimplified by the use of a plasmon-poleap-
proximationfor the screenedCoulombpotential.

The mostreliable experimentalinformationon the existenceandthe propertiesof a degeneratee—h
plasmain direct gap semiconductorshasbeenobtainedby measurementsof the opticalgain in highly
excited thin crystal platelets[1.23, 1.58, 3.8, 5.1—5.7]. The observedlineshapesof the gain spectra
resemblestrongly the spectrawhich oneobtainsfor highly dopedmaterialsin p—n junctions, in which
the k-selectionrule is invalidatedby the presenceof impurities[5.8, 1.24]. In spiteof many theoretical
attempts[1.23,5.9—5.11] asuccessfultheoryof thelineshapewas missing.We showin subsection5.1.3
that the spectrum can be understoodquantitatively if the collision broadening[5.12—5.14]of the
individual energylevels,plasmonassistede—h pair transitionsas well as the excitonic enhancementare
takeninto account[5.11—5.14].

The dynamicsof the low-temperaturephasetransitionis in direct gapsemiconductorsstill unknown.
Phasetransitionsin HES arenaturally nonequilibriumphasetransitions,becausethe HES is an open
systemwith energyinflux anddissipativelosses.Therefore,onehasto apply the methods,which have
beendevelopedin synergetics[seee.g. 5.15] for nonequilibriumphasetransitions.In subsection5.1.4
we applystochasticrateequationsandthe correspondingFokker—Planckequationfor the dynamicsof
the e—h-clusterformation [5.16,5.17]. This treatmentshowsthat the nucleationof theseclustersis a
different processin direct andindirect gap semiconductors.Hysteresiseffectswhich arecharacteristic
for the nucleationanddecayof e—h dropsin indirect gapsemiconductors,will not occur in direct gap
materials.

Abovethe critical temperatureT, of the EHP-phasetransitiontheexcitonswill alsoionizewhenthe
densityof the electronicexcitationsis increased.This ionization is due to the screeningof the attractive
e—h Coulombinteractionsmainlyby thefree carriers.The bounde—h pairsareno longer stableandthe
systemis saidto undergoa Mott transition.A simpleestimatefor the Mott densityis obtainedfrom the
argumentsthatboundstatesbecomeimpossibleif the screeninglength equalsthe excitonBohr radius,
i.e. ~ = 1, where

/ 8irne~\U2kD=~kT)
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is the inverseDebye—Hückelscreeninglength.The conditionyields

81re2na
0

2/e1o= ~ (5.1)

wheren is the densityof free carriersandkBT~is the thermalplasmaenergy.The determinationof the
actualdensitiesof excitonsandfree carriersfor a given excitationintensityis a ratherdifficult problem,
so that conditionslike (5.1) areonly of limited value. In subsection5.1.5 we will briefly describe,how
the Mott density is calculatedif the screeningof the Coulomb potential in the exciton is treated
dynamically [5.18,5.19].

51.2. Thermodynamicpropertiesofthe degeneratee—h plasma
Thethermodynamicpropertiesof the plasmawhich havebeencalculatede.g.in refs. [5.24,5.25],can

be derivedmost convenientlyby meansof temperature-dependentGreen’sfunctions [5.25,5.26]. In
systemswith long-rangeCoulombinteractionsthe useof the Hartree—Fockapproximationonly gives a
qualitativedescription[5.23,5.24].For a quantitativecalculationonehasto takethe dynamicscreening
of the Coulombinteractionsinto account.The simplestapproachwhich includesthesescreeningeffects
is the random-phase-approximation(RPA) or as afurther improvementthe modified RPA [4.27—5.29].
This approachcan be simplified considerably,by describingthe screeningby the virtual exchangeof
plasmons.Thus, one simplifies the RPA dielectric function by a plasmon-pole-approximation(see
subsection2.5). Neglectingthe collision broadening,the calculation of the thermodynamicproperties
can be simplified further by a dominantfrequencyapproximation [5.29],which yields a frequency
independentself-consistentenergyshift.

The self-energy.~
0(k,v) is given in RPA by

£a(k, v) = ~ Vs(k— k’, p — v’) Ga(k’, i.”), (5.2)

wherethe index a = e,h describesthe electronsor holes.v is theMatsubarafrequencywhichis givenby
(with h = 1)

= 1) + /La, (5.3)

where /~Lais the quasi-chemicalpotentialof HES and13 = 1/kBT~.The screenedCoulombpotentialhas
the spectralrepresentation[5.25]

V,(k,v—v’)’ V(k)+2 I ~ImV~(k,w—ie) (5.4)
j 2ir v—v—a

where

V5(k,co) ~(k,w)k
2s(k,w)
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In the plasmon-pole-approximation1/s is given by [2.28]

1 _w~~~f 1 1
e(k, ~ 2eowk k I~(~— 4~ok)+Tk — (& + Wk)+f’k) (5.5)

wherew = 4ire2nIso~~is the plasmafrequencyand~ thereducede—h mass,o~is the dispersionof
the effectiveplasmonmode

= (o)~(1+ (k/kiio)2) + ~(k2I2p,x)2—

with

k4~= ~ i~h(t9nd~o)and F~= r~+ /c4(1)2 (5.6)

The lattice polarizability is already taken into account in the static dielectric constants~.F
0 is a

phenomenologicaldampingconstantof the plasma,which is introducedin orderto describetheplasma
dampingdueto intervalencebandtransitionsin a real semiconductor.

In strongly ionic semiconductors,however,the latticepolarizabilityhasto be treateddynamically.In
this caseonehas(for simplicity without damping)[5.20,5.29, 5.30]

I \2 2— ~ 6oo)W~ _______________

2 2 -T-500 2 2 2
(OtW

whereWt is relatedto the frequencyof the longitudinalopticalphononsby w~= VsoIs~~,w1.In eq. (5.7)
the expressionfor w~,1andWk areof thesameform asgiven in eq. (5.6) if the staticdielectricconstants~
is replacedby e.

The frequencydependentself-energy(5.2) determinesthe Green’sfunction

Ga(k, v)= (k)~(k ~• (5.8)

Following RoeslerandZimmermann [5.31],one can introducea frequencyindependentself-energy
~1a(k)which will be chosenselfconsistently.By addingandsubtractingAc to ~a andby expandingthe
Green’sfunction in termsof the difference~ — Lla onegets

1Ga — ~�a(k) ~4a(k)~(Za(k, ~)Aa(k))

(5.9)

1 + £a(k,~)Aa(k) +

i’6a(k)Aa(k) (~~a(k)Aa(k))
2

In order to avoid adoublepole in Ga, the numeratorof the secondterm hasto vanishatafrequency
wherethe doublepoleoccurs,i.e.

/ia(k) £a(k,~a(k)+L1a(k)). (5.10)
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Fig. 49. The real part of the self-energiesReX of the conduction Fig. 50. The realpart of the self-energiesReI of CdS asin fig. 49
bandandthevalencebandof GaAsasa function of thenormalized (from Schmitt-Rinket xl. [5.76]).
wavevector k/kF calculated with dynamical screening of damped
plasmonsand phonons.In thees-approximationthe lattice polariza-
tion is treatedstatically(from Schmitt-Rinket al. [5.76]).

With the dominantfrequencyapproximationthe Green’sfunction is given only by thefirst termof (5.9).
Fromthis function oneobtainsimmediatelythe thermaldistributionfunctions

fa(k) exp~(e(k)+~(k)~)}+1 (5.11)

Togetherwith n = ~fa(k), onefinds the thermodynamicfunction /La(fl, T) with fl = ne = nh.

The energyshiftscan nowbe calculatedeasilyfor given n andT. We showresultsfor GaAsandCdS
in fig. 49 andfig. 50 accordingto ref. [5.32].Thesefiguresshowthe shiftsof the energybandswhich are
obtainedby a dynamicaltreatmentof both the latticeand the free-carrierpolarizationin a phonon—
plasmon-poleapproximation(as in eq. (5.7) but with damping).The dashedlines in fig. 49 show the
resultsof the so-calleds~ approximation,wherethe latticepolarizationis treatedstaticallyandwhere
polaroneffectivemassesareused.In order to get the full bandrenormalizationin the s~‘ approximation
onehasto addthe polaronshiftsA~ = —2.6meV and A~ = —7.3meV, so that the resultingplasma
energyis lower thanin the phonon—plasmon-poleapproximation.However,for an accuratecalculation
oneshould usethe full RPA-expressionfor the electronicpolarization.

In the conductionbandthe k-dependenceof Ae(k)nearthe centerof the Brillouin-zonecorresponds
to an increaseof the effectivemassof about 10%. The structurein A~(k)occursat the thresholdfor
plasmonemissionprocesses,i.e. at EF+ hw~.

The renormalizedbandedgeE~is given by E~= Eg + Ae(0)+ Ah(0) andis plottedtogetherwith the
resultingchemicalpotentialj~= s~+ ~ for CdS accordingto RoeslerandZimmermann[5.21]in fig.
51. The energy of the plasma E(n, T) can also be obtained from p~(n,T) by E(n, T) =

(1/n) f~
mdn’ /2(n’, T).

From the minimum energy at T= 0K, E(no,T = 0)= E
0, one gets the binding energy q~’=

— E~— E0, whereALO = A ~ + A ~ is the shift of the gap due to polaron effects andE~is the
excitonbinding energywith respectto the polarongap. The resultingplasmabinding energies~oand
plasmadensitiesn0 arelisted in table6. (A ihinussign for p meansthatthe plasmastateis energetically
abovethe free excitonstate.)
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Fig. 51. Thereductionof thegapenergyE~(relativeto theunrenormalizedgap)andthechemicalpotentialIc(n, T) for CdScalculatedasa function
of thee—h pairdensity n for different plasmatemperatures(from RosIerandZimmermann[5.211).

As can be seenfrom table6, the calculationof the binding energyis a very delicate task, because
large numbersare subtracted.This explains, why the theory sometimesfails to predict the bound
plasmastate,which is observedexperimentally.

From j.~(n, T) onefinds with a Maxwell constructionthe quasi-equilibriumphasediagram. Fig. 52
shows the phasediagram which has been constructedaccording to ref. [5.21] for CdS. On the
low-density side, the coexistencecurve will be shifted to higher densities due to the existenceof
excitons, which have not beenconsideredabove [seee.g. 5.22—5.24].The phasediagramof fig. 52
resemblesthe phasediagramsfor indirect gapsemiconductors.It hasbeen argued[5.33], that there

Table 6
Calculatedandmeasuredplasmaparametersfor varioussemiconductors

Theory Experiment

4o.o [meV] fl~[cm3] ~ [meV] flo [cm31 ~ [me”.’]

CdS 73.1 ~ 2 x 1018_3x 10’s 13 (c) (d) (e)

CdSe 36.7 I7 4 x 2 (c)

ZnO 186.0 2 x 10’° —21 (b) —6 x 1018 22 (e) (f)

GaAs 7.7 ~~: 3 X 1016 4.7 (g) (h)

a Ref. (5.19] e Ref. [3.081
b Ref. [5.20] f Ref. [5.34]
c Ref. [5.011 g Ref. [5.071
d Ref. [5.051 h Ref. (5.02].
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Fig. 52. Thephasediagramof electron—holeliquid in CdS asdeducedfrom thecalculationsshown in fig. 51 (from ROslerandZimmennann[5.21]).

shouldexist scalinglaws of the form

njN = const.

EO/kBTc= const. , (5.12)

[SoTcfl~U4][So/~x1h/4= const.

where~ is the reducede—h-massandn~,Tc are the critical density and temperature,respectively.
Theseexpressionshavebeenderivedfrom the empiricalobservationthat the sum of the exchangeand
correlationenergyis roughly independentof the bandstructure.

The useof quasi-equilibriumphasediagramsis howeverlimited especiallyin direct gapsemiconduc-
tors. For Ge it is known that anonequilibriumtheory,e.g. the droplet nucleationtheory [5.26,5.35—
5.39] has to be used to describethe dynamicsof this processappropriately.This treatmentalso can
explain the hysteresiseffects [5.40] in the nucleationand the decay of e—h drops in indirect gap
semiconductors.In subsection5.1.4 wedevelopanonequilibriumphasetransitiontheory for direct gap
semiconductors.In theframeworkof this theorythe phasediagramwill be furthermodified dueto the
finite lifetimesanddueto the influenceof the clustersurfaces[5.17,5.43].

51.3. Calculationof the gain spectrum
As alreadymentioned,gainspectroscopyis one of the most reliablemethodsto get information on

highly exciteddirect gap semiconductors.However, it turned out, that the lineshapeof the observed
gainspectra[5.1—5.7,3.8] of the e—h plasmacould not be understoodin termsof free particleoptical
transitions.Reasonableagreementwith theobservedlineshapecouldonly beobtainedif it was assumed
that the momentumwas not conservedin the optical transition [5.2]. In spite of several theoretical
attempts[5.9—5.11,1.23] aquantitativeunderstandingof the observedlineshapehasnot beenobtained.
It will be shownherethatonehasto takethecollision broadeningof -thesingle-particlestatesandthe
electron—holecorrelationin theplasmainto accountin order to get good agreementwith the observed
spectra(seesubsection5.2). In the following we will outline therecentwork [5.14]by Haug andTran
Thoai.
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The imaginarypart of the optical (or interband)dielectricfunction 52(co) can be obtainedfrom the
imaginarypart of the polarizationfunction [5.25]

s2(w)= C ~ MkMk’ Im Peh(k, k, k’, k’, cv — is), (5.13)

whereMk is theopticalmatrix elementfor atransitionbetweenthevalencebandandthe conduction
band.This resultcan be derivedfrom the generaldefinition of the dielectricfunction [5.26]

s(1 2)= 1 d4 oU(4, 1) 5 14J ôUe~(2,2)’ ( . )
0

wherethe arguments1 to 4 representspaceandimaginary timecoordinates.U(1,2) is the potentialof
anexternalperturbation,while Uefi(l, 2) is the relatedeffectivepotential[5.25—26]

Ueff(1, 2) = u(1,2) iS(1_2)Jd~v(1,~)G(~,~). (5.15)

From(5.14) and(5.15)oneobtains

s(1,2) 8(1,2)+iJd~V(1,~)~
2~

2
2~

(5.16)

= 8(1,2)_iJd~V(1,2)P(~,~2,2),

whereP = öG/öUeflis the polarizationfunction. From(5.16) eq. (5.13)can be obtainedafter expanding
the polarizationfunction into Bloch functions[5.26].Thepolarizationfunction Peh can be describedby
the following diagram:

IIIIITk~
An incoming photon (~)generatesan e—h pair e, k, h, —k with oppositemomentak and —k,
respectively.The e—h pair interacts,exchangesmomentumand recombineseventually by emitting a
photon.The polarizationfunction can be calculatedfrom the relatedtemperature-dependente—h pair
function Reh [5.18]:

Peh(pl,p2,ps,p4,0)= ~ ~ Reh(pl,P
21P3,P4,a’, (1). (5.17)

Reh dependson two Matsubarafrequenciesa’ and(~with
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ir(2n + 1)
V —i

(5.18)

Reh obeysaBethe—Salpeterequation,which readsin matrix notation

Reh = GeGh — ~GeGhVsReh. (5.19)

Insteadof solving directly eq. (5.19),we rewriteit by introducinga T-matrix

Reh GeGhlGeGhTGeGh, where T VS—iVSGCGhT (5.20)

also obeysa Bethe—Salpeterequation. V~is again the screenede—h Coulombinteraction.With this
formulationthe opticaldielectric function containstwo contributions

s
2(w)= Chn~ iMGeGhM+ C Im ~ MGCGhTGeGhM= ai(cv)+ a2(w). (5.21)

Diagrammatically,this means

Ge Ge G~

= E~I::~~-~Gh Gh Gh

= V5~_i~J~I

Thediagramshows,that the T-matrix describesthemultiple e—h scattering,i.e. it takesinto accountthe
stronge—h correlationdueto their attractiveinteraction.

For the quantitativeunderstandingof the gainspectrum,it is importantto take also the imaginary
parts of the electronand hole self-energiesinto account.As alreadydiscussedin subsection5.1 one
shouldusefor this purposethe RPA intrabanddielectricfunction (2.28). If onewantsto simplify the
calculation by the plasmon-poleapproximation onehas to take into account the damping of the
plasmonsdueto intervalencebandtransitions[5.13,2.27].Following Rice[2.27],we usea plasmon-pole
approximation with damping in the form given in subsection2.5, i.e. we are treating the lattice
polarizability statically (e-approximation). The calculation of the real part of the self-energieshas
alreadybeendescribedin subsection5.1.2 andwill not be repeatedhere.For the imaginarypart of ~
we get from eq. (5.2) after the summationover the Matsubarafrequencywith Im Za(k, cv) = Fa(k, cv):

Fa(k, cv) = ~ Jdw’ Im V~(k— k’, cv’ — is) (g(cv’) + 1 fa(k))8(~ — cv’ — ea(k)). (5.22)
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Fig. 53. Calculatedcollision broadeningsF, and Tb for GaAs asa Fig. 54. Calculatedcollision broadeningsF, and F~for GaAs as a
function of the wavevectork for different temperatures(from Haug function of thewavevectork for variousplasmadampingconstantsF0
andTran Thoai [5.14]). (from HaugandTran Thoai [5.14]).

The collision broadeningis determinedby the scatteringratesin andout the statek by emissionor
absorptionof plasmons:

(1 + g)(1 fa(k’))+ gfa(k’) = 1 + g fa(k’) (5.23)

whereg(w’) is the plasmonpopulationfactor

g(cv’) = (exp(hcv/kBT)— 1)_i.

Theresultingcollision broadenings(in thes~-approximation)areshownin fig. 53 for the electronsand
holes in GaAs at various temperatures.The fig. 54 showsthe weak dependenceof Fe andFh on the
phenomenologicalplasmon damping constantT~(see eq. (5.6)). The final results for the optical
dielectric constantare still less dependenton the actual value of I’d, as long as it is abovea certain
limiting value. For the restof the paperwe alwaysuseF0 = 0.3~

The collision broadeningsvanish quadratically at the Fermi energyat T = 0K. This fact can
immediatelybe understood,becausean electronabovethe Fermi seacan be scatteredinto adecreasing
number of final statesby plasmon emission,if the electron state approachesthe Fermi level. An
equivalentargumentholdsfor ahole in the Fermi sea(seefig. 55).

The real partsof the self-energieswhich havebeencalculatedin subsection5.1.3 will not be treated
explicitly here.We will measurethe frequencywith respectto the renormalizedband edgeE~.With
the knowledgeof the complexself-energiesthefirst bubble-diagrama1(cv) can now be calculated.The
frequencysummationandananalyticcontinuationfl = cv — is yield

— C M~(1— fe(k) — fh(k)XFe(k,cv — eh(k)) + Fh(k, cv— ee(k))) (5 24)ai(cv) — (cv — ee(k)— eh(k))
2+ (Fe(k, cv — eh(k))+ Fh(k, cv — e~(k)))2 ‘

wherethe frequencyshiftsin the argumentsof the collision broadeninghavebeentakeninto account
symmetrically. Landsberg[5.12] derived eq. (5.24) without the frequency shifts in the damping
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Fermi level

Fig. 55. Sketchof thecollision broadeningprocesses,aboveandbelow theFermi level.

constants.Introducingthe compoundmatrix elementfor a plasmon-assistedtransition

Mk 525

Gk — (cv — ee(k)— eh(k)) — i(F~(cv— eh(k))+ Fh(cv — ee(k))) ( . )
we get by combiningeqs. (5.22) and(5.24)

ai(w) = 2irC ~ f ~- Im V,(k — k’, cv’ — is) 8(w — cv’ — ee(k’)— eh(k))

x {I Gk12(1— fe(k)— fh(k))(1 + g(w’) — fe(k’))+ I Gic’12(1 — fe(k’)— fh(k’))(l + g(cv’) — fh(k))}.

(5.26)

Thus, the contributionof the first bubblediagramhasthe form of aspectrumdueto plasmon-assisted
transitionsfrom theelectronstatek’ to the holestatek by emissionor absorptionof a plasmonwith
frequencycv’, which is integratedover positiveandnegativefrequencies.

In order to calculatethecontributionof the seconddiagrama
2(cv),wehaveto calculatethe T-matrix

with the following arguments

D____ =T(k,k’,v,v’,fI). (5.27)
-k,V -k’,’~”

The Bethe—Salpeterequation(5.19) is

T(k, k’, a’, a”, Li) = V8(k — k’, a’ — a”)

— ~ ~ V,(k, k’, a’ — 1) G~(k,12 — 1) Gh(k, 1) T(A~k’, i, a”, 11). (5.28)

We solvethis integral equationapproximatelyby factorizingthe integralkernel

V~(k— a’ — 1’) = ~V~!
2(k’,~— ~*)V~2(k,i~— ~/“) (5.29)

where a’~is adominantfrequency,whichh~isto bechosenadequately.Thefactor~is necessaryin order
to recoverthe low-densityresult.
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Defining

D(k’, a”, i2) = —i ~ T(k~k’, i, a”, 0) vs”2(k, ~ — a”) Ge(i~ 11 — ii) Gh(~1), (5.30)

oneobtains

T(k, k’, a’, a”, 12) = V,(k — k’, ~.‘ — i”) + ~ V~2(k,i.’ — a”’) D(k’, a”, (2). (5.31)

Multiplying this equationby V~lI’2(k, a’ — a’*) Ge(k,Li — a’) Gh(k, a’) andsummingover a’ andk yields

D(k’, a”, Li) = A(12)V~(k,a’ a’) (5.32)

with

= ~ vs(k,a’ — a’) Ge(k, 12 a’) Gh(k, a’) (5.33)

i/3 vk

andfinally, weobtain for the T-matrix

T(k, k’, a’, a”, 12)= V~(k—k’,a’— a”) (5.34)

The factor 1/(1— A(fl)) is the excitonicenhancementfactor. At very low temperaturesthis factor can
becomedivergent,signaling an instability of the normal plasmaphasewith respectto the excitonic
phase.

The contributionof the T-matrix diagramto the gainspectrumthereforeis

a
2(cv)= CIm ~ ~ MkMk’Ge(k,Ii — a’) Gh(k, a’) G~(k’,12 — a”) Gh(k’, a”)

( i~)

x V’.(k — k’, a’ — a”)/(l — A(cv)), (5.35)

with the analytic continuation12 = cv — is.
In order to simplify the numericalcalculation,we useonly thereal part of theenhancementfunction

A(w) andcalculateit in the staticapproximation

R A — 1 V k o (f~(k)+fh(k) — lXcv — e~(k)— eh(k)) 5 36e (cv) — ~ ‘ (cv — ee(k)— eh(k))
2+ [Fe(k, ~ — eh(k)) + Fh(k, cv — ee(k))]2 ( . )

The resultingexcitonicenhancementfactor is shown in fig. 56 for GaAs.
The frequencysummationsin (5.35)yield

‘12(W) = 1— —2C ~ v~(k— k’, OXIGkGkI2/MkMk’We(k) + .fh(k) — 1)
e (W)k,k’

x (,f~(k’)+fh(k) — 1)[Fe(k, cv — eh(k)) + Fh(k, cv — e~(k))](co— ee(k’)— eh(k)), (5.37)
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Fig. 56. Enhancementfactor(1— ReA(u))~of GaAsasa function of the energydifference(from HaugandTran Thoai [5.14]).

where again V~hasbeenusedin the static approximation.The total numericalresult for a~(cv)and
e

2(w)= a1(w)+ a2(cv)areshownin fig. 57 for GaAsandfig. 58 for CdS.For GaAswe usedthe material
parametersme= 0.067m0, mh = 0.54m0 and

8o = 12.9, and for CdS me= 0.205m
0, mh±= 0.7 m0,

mbII = 5 m0 ands~= 9.5.
The comparisonof thecalculatedspectrawith correspondinggainmeasurementsfor GaAsandCdS

is presentedin subsection5.2.2,wherewe showthat the calculatedspectraare in excellentagreement
with theexperimentalones.Similar calculationswithout damping havebeencarriedout by Arya and
Hanke [5.41].Recently,we extendedthe theory for polar semiconductorsand developedan ap-
proximation schemefor the calculation of the T-matrix, which does not rely on a factorization
approximation[5.76]andobtainsvery similar spectraasshownin figs. 57 and58.

6 I I I

GaAs
n • 3 IQ~crr~

3

U 20 30 50

~w—Eg (meV) 1~w-Eg imeVi

Fig. 57. Imaginarypart 82 of thedielectricconstantversusfrequency Fig. 58. Calculatedgain spectrum 82(w) for CdS at = 15K and
for GaAs at T = 5 K. a

1 is the contribution of the first bubble T~= 30 K for n = 2 x 1018cm
3andF

0= 0.3 W0L (from HaugandTran
diagram(from HaugandTran Thoai [5.14]). Thoai [5.14]).
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51.4. The formationofe—hplasmaclusters -

Weturnnowto thedynamicaldescriptionof thephasetransitionfromthelow densitygasphase,which
consistsmainly of excitons,to the high densitye—h liquid. In Ge the dynamicshavebeen described
successfullyby anucleationtheory for the e—h dropletsin termsof masterandFokker—Planckequations
[5.16,5.35—5.38].

We will apply theseconceptsof nonequilibriumphasetransitions [5.15] to study the characteristic
differencesbetweenthe plasmaclusterformation in directandindirect gapsemiconductors.

Following the recentwork by Koch andHaug[5.17],we describethe formation of e—h clustersby
meansof an indeterministicrateequation(Langevinequation):

dñ/dt = g4 — l~+ F4(t), (5.38)

whereii is the numberof e—h pairs in the cluster.

g~= bVT~nx~ (5.39)

is the gainratedue to the collection of excitonsat the clustersurface.flx is the excitondensity.The
squareroot of the temperatureis dueto the thermalvelocity of the excitons.

14 = n/’r(ñ) + a(ñ) ñ
213 (5.40)

is the loss term dueto recombinationandevaporation.r(n) is the lifetime of the particlesand a(ñ) is
the Richardson—Dushmanevaporationrate

a(ñ) = aT2 exp{—f3(~— coiñt13)}, (5.41)

qS is the bulk binding energywhichis correctedby a term which is proportionalto the surfacetensionu
of sphericaldrops. a, b andc areconstantsandf3 = 1/kBTP.

The statisticalfluctuationsareof shotnoisecharacter

(F
4(t)F4(s)) = ô(t — s)Q4, (5.42)

where

= i~+ g4.

Equivalently to the Langevin equation(5.38) is the Fokker—Planckequationfor the clusterdis-
tribution functionf~

= ~Jn, (5.43)

wherethe probability current densityis given by

aJ4 =f4(g4—~ .44
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More rigorously, the Fokker—Planckequation(5.43,5.44) can be derivedfrom the masterequationby
makingaKramers—Moyalexpansion.In addition to eq. (5.37)wehavethe equationfor the conservation
of particles

N + ~- n = G — ~— ~, where (5.45)at at ~

r,, is the lifetime of the excitons,i~,is the lifetime of electron—holepairs in the cluster,N = f ñf(fl) dñ,
andG is the lasergenerationrate.

In thestationarycase,theprobability currentdensityvanishes,i.e. J,, = 0. An elementaryintegration
yields the equilibrium distribution

f~= const exp(—~’/k~T), (5.46)

where

~(ñ, n~)= 2k8TJ dñ’ (14’—g4.+ ~aQ4./an’)/Q4~ (5.47)

is the Ginzburg—Landaupotential.For the clusterscloseto the stablesize,the loss rateI~andthe gain
rateg4 arenearly equal.Underthis conditionthe potentialcan be approximatedby [5.38]

ifr(ñ,n~)= tni
2/3so— ñk~Tln(~)+ k~Tr~2 ln(1+ ra(m))’ (5.48)

wheres
0 is the surfaceenergyper surfaceparticleandn~is the classicalsaturationdensityn, oc e~.

Numerically,eq. (5.48) andeq. (5.47) yield nearlyidenticalresults.
Estimatingthe surfaceenergiesby the result of ref. [5.42],we can calculate~ti for a given exciton

concentrationfor varioussemiconductorswith the following materialparameters:

Table 7

u[erg/cm
2] no(cm3] 44meV] r[s]

Ge 3.5 x iO~ 2.28x iO’~ 2 lix 106

GaAs 7.6 x iO~ 5 x 10~~4 10~

CdS 3.5x iO~ 2x io’~ 14 iO~

Fig. 59 showsthe resulting potentialsfor Ge for various exciton concentrations.The potential is
characterizedby the existenceof a critical droplet size which is roughly determinedby the balance
betweenthe ratesof collection and evaporation.Recombinationlossesaredominatingonly for large
clusters. Under these conditions we have a first order nonequilibriumphase transition. Such a
Ginzburg—Landaupotentialimmediatelyexplainsthe hysteresisphenomenawhich havebeenobserved
for the nucleationanddecayof e—h dropletsin indirect gapsemiconductors[5.40].
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Fig. 59. The calculatedGinzburg—Landaupotential ~‘ as a function of the mean dropletradiusR (or the number ñ of electron—holepairs per
droplet) for Ge at excitondensitiesn, of 0.41x 1012cm3 (1) and 1.2x 1012cm3(2). (From Koch andHaug [5.17].)

In figs. 60 and61 tfr is plottedfor two directgapmaterialsnamelyfor GaAsandCdS, respectively.
The recombinationlossesdominateat all densitiesover theevaporationlosses,sothat no critical cluster
size exists. At low exciton concentrationssmall cluster sizes are stable(i.e. excitonsand possibly
excitonicmolecules).With growingexcitonconcentrationsthepotentialwell aroundtheñ = 1 minimum
gets broaderand eventually the minimum shifts to finite clustersizes. But at no concentrationthe
stationary cluster size distribution function has two well developedpeaks. Thus, for direct gap
semiconductorsthe e—h cluster formation doesnot showhysteresisphenomena.Insteadof the usual
coexistenceregionin which onehasliquid dropsin thegasphaseherethe intermediateregionconsists
of a locally inhomogeneousphaseof e—h clusterswith a relatively broadsizedistribution.Even in Ge
the Ginzburg—Landaupotential changesat very low temperaturesits character[5.43] from first to
secondorder.

The potential and the stationarycluster distribution dependon the exciton density. In order to
determinethe actual stationaryexciton densityone hasto solve the time-dependentFokker—Planck
equation.For direct gapsemiconductorslarge clusterscannotbe formed becausethey could only be
sustainedby a high stationaryexcitonconcentration.But theexcitonconcentrationis determinedby the
tail of the clustersizedistribution andwould be too low for largeclusters.Consequently,only small

ii’ ~O~iU~iO~ ______

-‘I I __~_ ~- 10

R 1pm) 0 (pm)

Fig. 60. Ginzburg—Landaupotential for GaAs [5.17]for varying exci- Fig. 61. Ginzburg—Landaupotentialfor CdS [5.17]for varying exciton
ton densitiesn,, (10’~cnc3):0.67 (1), 1.33 (2), 3.3 (3), 6.7 (4) and67.0 densities n~(1016cm3): 0.124 (1), 0.249 (2), 0.623 (3), 1.24 (4) and
(5). 12.45 (5).
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Fig. 62. The calculatedphasediagramfor theelectron—holeliquid in ~dSassuminganinfinite ( ) andfinite (—) lifetime of thee—hpairs.
o~is thesurfacetensionandT~thecritical temperature.( from RosierandZimmermann[5.21]; from Koch[5.44].)

clusterswill be formed. The availableexperimentalobservationson the e—h phasetransitionin GaAs
and CdS seemto be compatiblewith the above conclusions(see subsection5.2). Naturally, the
interpretationof experimentsgetscomplicated,if the excitation is spatially inhomogeneous,which is
generallythe casefor one-photonexcitation.Fromthe generalizedGinzburg—Landaupotentialonecan
now calculatethe onsetof clusternucleationas a function of n andT. A phasediagramwhich includes
thesenonequilibriumeffectscalculatedby Koch [5.44]for CdS is shownin fig. 62.

5.1.5 On the Mott transitionin HES
Above the critical temperatureTc of the e—h liquid phasetransitionsthe binding energyof the

excitonsgraduallydecreasesas the densityof the electronicexcitationsincreases.The main changein
the excitonbinding energyis dueto the screeningof the free carriers.In the static approximationthe
screenede—h Coulombpotentialis givenby —(e2/sor)exp(—kDr),wherekD is the inverseDebye—Hückel
screeninglength. For this potentialboundstatesexist only if kDaO ~ 1.19, wherea

0 is theexcitonBohr
radiuswithout screening[5.45]. This condition for the existenceof excitonsis usually calledthe Mott
criterion, see e.g. [5.46].The validity of the useof a static screeningcan be questionedin a situation
wherethe electronand the hole arein astateof rapid relative motion. One would expect that the
dynamicallyscreeningof the free carriersbecomesineffective if the plasmonenergyis muchlower than
the exciton binding energy. In ref. [5.18] the influenceof the dynamicallyscreenedCoulombpotential
on the excitonwasinvestigatedby treatingBethe—Salpeterequationsfor the e—h pair function

Reh(12,34)= Ge(1,3) Gh(2, 4) jGe(1, I) Gh(2, ~)V,(I, ~)Reh(12,34). (5.49)

Due to the dynamicalscreeningonehasto usea two-frequencypair function:

.Reh(P1,P2,P3,P4, a’, 12)= Ge(,pi, 12— a’) Gh(,pl, ~

~(q,a’—a’) , 1
Reh(pl + k,p2—k,p3,p4,a’ ,12)i. (5.50)

lp,,’~ 1 j

This equationhasbeentreatedin ref. [5.18] in the framework.of a plasmon-pole-approximationbut
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io~ 1W

Fig. 63. Real andimaginarypart of the exciton energyE~and E~’,respecti~iely,as a function of the plasmadensity n, for k
8T/E,~= 0.1 (from

Zimmermannet al. [5.19]).

without the self-energycorrectionsin the single-particleGreen’sfunctions.Wehaveseenin subsection
5.1.1 that the real part of the self-energygives the bandedge renormalization.Thus, a complete
treatmentof an exciton in a gasof free carriershas to take into accountboth the vertex corrections
containedin the screenedpotentialandthe self-energycorrectionsof thesingle-particleenergies.These
calculationshavebeendoneby Zimmermannet al. [5.19].

The resultingcomplexenergyof the lowestbound excitonlevel is shownin fig. 63. The excitonlevel
is seento beratherindependentof theconcentrationof freecarriers.Thus, thereductionof thebinding
energy is mainly due to the reduction of the renormalizedband edgeE~.The broadeningof the
excitonic level only occurs shortly before the ionization of the exciton takes place. The resulting
ionization densityis not very different from the predictionof the simplestaticMott criterion. Similar
resultsfor the excitonbinding energiesarealsocontainedin earlier treatments[5.47,5.48].

As alreadydiscussedin subsection5.1.3 the c—h pair function is relatedto the dielectric function.
The contributionof the lowestboundexcitonto the dielectricfunction is givenby [5.49]

so— i8ire~~ IMI2Reh(pl,p2,p3,p4,cv)

5o + l6ire
2 (ReE~)2—(cv+ i Im EX)2 I~

0(0)I
2M2, (5.51)

where

Reh(W) = ~ Reh(a’, ~)In=~~,-~�.

ReE~is the real part of the excitonenergy,ImE~= F is the broadeningof this exciton level, q2o(r) is
the wave function of the relative exciton motion. This formula can be usedtogetherwith the results
shownin fig. 64 to analysereflection spectraof HES in the excitonregion (seesubsection5.2.1).

A still unsolvedtheoreticalproblemis the calculationof the partition function which holdsfor the
whole relevantdensityrange.The knowledgeof suchan equationof statewhich coversthe low-density
regimeas well as the high-densityplasmaregimeis necessaryfor the discussionof the critical region of
the c—h liquid phasetransitionandfor thedetaileddescriptionof theMott transition.First stepsin this
directionhavebeendoneby [5.50].
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Fig. 64. The excitonic reflectionspectraof ZnO (a)and CdS(b) for E .L c and for different valuesof I, andTiattice (from Bohnert et al. [3.8]).

52. Experimentalaspects

The formation of an EHPis especially favoured in semiconductors with excitons which have a large
Bohr radius andwhich are only weakly bound. This condition is well fulfilled, e.g., for severaldirect
Ill—V compoundsand to a minordegreefor the Il—VI semiconductors.In theCu-halides,theexciton is
so stronglybound (in CuCI E~= 190meV and a

0= 7 A, respectively)that an EHP might be formed
only at excitations intensitieswhich are above the damage thresholdof the sample. In fact, no
indicationsfor an EHP havebeenreportedso far for theCu-halides[3.14,5.74] up to the highest~
Therefore,our discussionwill be limited to thedirect gap Ill—V compounds(especiallyGaAs)and to
Il—VI materials(mainly CdSandZnO).

52.1. Reflection- andabsorptionspectroscopy
Sinceexcitonsdo not longerexist in an EHP, thosestructureswhich arecharacteristicfor excitons

shoulddisappearfrom thereflectionandabsorptionspectraof semiconductorswith anEHP. Indeeda
significantdecreaseof theexcitonicreflection signalswith increasingI~hasbeenobservedby several
authors.Seefor ~dS [3.8,5.6, 5.51—5.53]andfor ZnO [3.8,5.54].Examplesfor the n = 1 A F5 andB I’5
excitonsin CdSandZnO are shownin fig. Ma, b. In ZnO, in addition the n = 2 excitonsareobserved
atlow latticetemperatureTL and~ Becauseof theirlargeradii, they disappearmorerapidly thanthe
n = 1 states. The results for CdS are in qualitative agreementwith theoretical predictions(see
subsection5.1.5 [5.19]).

A detailedanalysisof the reflectionspectraof ZnO andCdShasbeenperformede.g. in [3.8].
For Iexc>0 severalmodelsaretested,which arepotentiallyable to explainthe disappearanceof the

excitonicreflectionstructures.However,first the reflection spectrafor IeXC = 0 haveto be fitted using
standardtechniques.The authorsof [3.8]takeinto account:an excitonfree surfacelayerof thickness~,

spatialdispersion,usingthe additionalboundaryconditionsof Pekar[5.55,5.56], which seemsto be the
mostadequate[seee.g. 4.204], theinteractionof the two closelying A- andB-exciton resonances[5.57]
andphenomenologicaldampingconstantsFA and FB, respectively.The agreementbetweenexperiment
andtheory is quitegood (seefig. 65a).We nowconsiderthreemodelsfor I~~c= 0:

model1: The c—h pairscreatedby ‘CXC influencethe parametersEA/B, FAtS (oscillatorstrength),FA/B
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Fig. 65. The measuredreflection spectraof theA” andB1~excitonsof ZnO for TL = 5 K (solid lines)ascomparedto variouscalculatedspectra
(dashedanddottedlines).For thedifferent modelsandthemeaningof theparametera

9 seetext (from Bohnert et al. [3.8]).

and ll~1 homogeneouslyover the excited area. Correspondingly seven parameters may be varied for
every spectrumwith increasing~ Model 1 is thusarefinedversionof eq. (5.51).

model 2: A top layeron the crystalof adjustablethicknessis filled with anEHP,which is described
by s = e~+ is2 with s~=e,~and ~2 correspondingto an absorptioncoefficient of io~cm

1, which is a
reasonablevaluefor the band-to-bandtransitionsfor photon energieshcv > ~(n, T) = jie + /.6h. Below
this layer, thecrystalshows excitonicreflectionwith the parametersdeterminedfor ‘CXC = 0.

model 3: The excited areasplits in parts, where an EHP exists, describedby a frequencyin-
dependentreflectivity R

0, andin partswith a low-densityexcitongas.Thereflectionof thelatterpartsis
again describedwith the parametersdeducedfor ~ = 0. The only adjustableparameteris the
percentageap of thesurfacewhich shows“plasmonic”reflection.

The comparisonbetweenexperimentand themodel calculationsyields the following results:At low
temperatures,model 1 describesthespectraof ZnO only up to ICXC = 1 M W/cm

2. Forhigher1exC, model
1 fails (dashedanddotted lines in fig. 65b—e) as well as model 2. Model 3 is able to reproducethe
experimentalresultsup thehighestICXC (dashedlines in fig. 65f—i). Thevaluesof a

0of model3 are given
in fig. 65f—i. A slight increaseof F~to valuesof about3 meV leadsto a perfectcoincidencebetween
experimentandtheory.

For CdS, themodels1 and3 fit theexperimentaldataat 5 K. Model 1, however,only with rather
high valuesof F~up to half theexcitonbinding energy.Bearingin mindthe theoreticalpredictionsof
ref. [5.19]suchhigh valuesof F~5seemto be ratherunlikely. At higher temperatures,the models 1
and 3 work equallywell in ZnO (TL= 100K) andCdS(TL ~ 77 K)*.

* Thespectraof Cd5 at 100K do nothaveenoughstructuresto deducereliableinformation.
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Theseresultsgive alreadysome experimentalindicationsfor the existenceof an EHP. The good
agreementwith model 3 is not necessarilyan indication for a thermodynamicphase-separation,but it
could also be a consequenceof crystal inhomogenities,which favour in someparts of the crystal the
formation of an EHP and suppressit in other regions (e.g. becauseof fast nonradiative(surface-)
recombinationchannels[5.58]).

As a final remark of the discussionof the reflection spectrait shouldbe noted,that the spectracan
alsobe fitted by decreasings by afactor two, with increasing~ combinedwith a constantF andan
increaseof F. The physicalmeaningof suchastrongdecreaseof E is not yet clear,however(seealso
subsection 4.4 [4.202]).

Consistently with the results deduced from reflection spectroscopy, one observes that the excitonic
absorption structures vanish also with increasing ~ Thin samples have to be used in these experiments to
assurearatherhomogeneousexcitation.Examplesfor GaAsandCdSareshownin figs. 66 and67 taken
from refs. [e.g.5.59and5.60], respectively.

It is importantto note, that theabsorptionpeaksdueto the exciton levelsbroadenwith increasing
ICXc andfinally disappear,but that they do not shift spectrallywith ‘CXC within experimentalerror. This
fact is in agreementwith what is observedin reflection spectroscopy(fig. 64). Such a behaviouris
consistentwith theoreticalpredictionsthat the variationsof E~andof E~with the e—h pair densityn
(i.e.: with ‘CXC) almostcompensateeachother,leavingthevalue of E~nearlyunchanged(seesubsection
5.1.4, fig. 63).

52.2. Gain- and luminescencespectroscopyof theEHP
Reflectionandabsorptionspectroscopyin the excitonregionyield someevidencefor theexistenceof

an EHP in direct gapsemiconductors.A quantitativeinformationaboutits properties,e.g.the e—h pair
densityn, ‘the plasmatemperatureT0, thepositionof thereducedgapE~etc., cannotbe obtainedfrom
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Fig. 66. Optical densityof a 0.5 u.m thick GaAs samplein theexciton Fig. 67. Transmissionspectraof a 0.5 p.m thick CdS sample in the
region for various excitation intensities ~ (I~= 5 x 10~w/cm
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theseexperiments.The investigationof the optical gain connectedwith the e—h pair recombination
processesin an EHPgives moredetailedinformations.The gainvaluesg that haveto be expectedin
the EHPin direct gapmaterialsareof the sameorderof magnitudeas the absorptioncoefficientsdueto
the band-to-bandtransitionsof the unexcitedsample,i.e. gmax~ iO~cm~or iO~cm~1in direct Ill—V
and Il—VI compounds,respectively.It is obvious, that a systemwith such high optical gain cannotbe
sustainedhomogeneouslyin large excitedvolumesandthat the amplificationof light runsrapidly into
saturationeffects, if the amplification path length d is too long. Experimentalconditionsshould be
realized,wherethe productgmax d is smallerthan5 [3.37,3.38]. This means,that the two beammethod
usingone-photonband-to-bandexcitationandsmallexcitationspots(seesubsection3.2) is the adequate
technique. If the method of varying the excitation strip length is used, an EHP is difficult to be
observed,especiallyif 1 is variedover severalhundredsof micrometers[5.7,5.61—5.63].In fact, under
these experimental conditions mainly the excitonic processes are detected [e.g.
3.8,4.10,4.28,4.39,4.58].

Fig. 68 gives a gain spectrumof GaAs obtainedwith the two beam method by Goebel and
Hildebrand[5.2]. The theoreticalcurve is calculatedaccordingto the theory describedin subsection
5.1.3 [5.14]andyields the plasmadensityof 5 x 1016cm3anda plasmatemperatureT, = 10 K, which
correspondsto jz

0 — — E~ = 7.36meV. This value hasbeencalculatedfrom n1 = ~kfkJ(J2J, T). Note
that the crossover52(O) = 0 occurs at h~= ~ + /.L~— E~ 7 meV. This difference is due to the
approximationsused in the theory. The resulting parametersare surprisingly close to thoseobtained
from a fit usingasimple modelfor optical transitionswithout k-selection.Fromthis fit Hildebrandand
Goebelobtainedn = 4.32x 10’scm

3and T~= 10K [5.2].
Recently,we haveshown [5.77]that our theory allows to fit the spectrumgiven in fig. 68. Also with

the samefixed parametersa wholeseriesof spectrawhich hadbeenobtainedby tuning thefrequencyof
the excitedlaser light has been fitted. Again good agreementis obtainedwith the results of the
no-k-selectionmodel if we take the full complexexcitonicenhancementA(o) into account.

However,in the absorptionregion,the predictionsof the no-k-selectionrule modeldeviatestrongly
from the resultsof the theorygiven in subsection5.1.3 which predictsa peakin the absorptiondueto
the excitonic enhancement(seefig. 57). A comparisonbetweensimilar lineshapecalculationsof Arya
and Hanke[5.41]which also include the excitonicenhancementbut not the collision broadenings,and
experimentalresultsof v.d. Linde andLambrich areshownin fig. 69. While the fit is poor in the region

tiw-Eg ImeVI

Fig. 68. An experimentallyobservedgain spectrum(A) of highly excited GaAsas comparedto a calculatedgain spectrum (—). The data
usedin thecalculationare n~= 5 X 1016cm3, T

9= 10K. (Experimentalresultsfrom Hildebrandet al. [5.2],theoreticalresultsfrom HaugandTran
Thoai[5.14].)
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Fig.69. A transmissionspectrum(cEo)of highly excitedGaAs showing Fig. 70. An experimentallyobservedgain spectrum (x) of highly
gain and absorptionas compared to different model calculations excitedCdS ascomparedto a calculatedspectrum(—). (Experi.
(experimentfrom v.d. Linde andLambnch[5.73]):(a) single-particle mentalresultsfrom Bohnertet al.[3.8],calculationfrom Schmitt.Rink
transitionswith k-selectionrule; (b) theoryof Arya andHanke[5.41]; et al. [5.76].)
(c) single.particletransitionswithout k-selectionrule.

of positive gain, the theory is able to explain the changein the absorptiondue to the presenceof the
plasma.

InCdS,gain spectraarereportedby severalauthors,from which n~,= (2—3)x 10~~cm3and~.t(n, T) =

2.538eV±3meVcan bededuced[3.8,5.1, 5.4, 5.5, 5.63]. Fig. 70 givesan exampleagaintogetherwith a
theoretical curve according to subsection5.1.4. Again, the theoretical lineshape fit yields good
agreementwith the experiment.The small hump on the low energyside is most likely due to some
reminiscent excitonic gain (e.g. x—LO or x—x). The parametersdeducedfrom the fit are n =

2x 1018cm3andT~= 40 K. Theyare againin surprisinglygood agreementwith thosededucedfrom a
fit with the no-k-selectionrule model, namely n~,= 2 X 1018cm3, T

0 = 30 K [3.8]. It is noteworthy,
that in CdSalsogainspectrahavebeenreported,which areinterpretedin termsof an EHP,but which
yield a lower plasmadensity (n = 4.5 x 10~cm

3) and a slightly higher chemicalpotential~ (n, T) =

2.554eV[5.6,3.81.
In all casesreportedso far, ~ (n, T) and n arealmost constant,if 1eXC is varied over more than a

decade[3.8,5.1—5.7, 5.61—5.63].The valuesfor the chemicalpotentialsgiven abovefor GaAsandCdS
havebeenconfirmedby excitationspectroscopy,sinceone observesasteepdecreaseof the excitation
spectrumof an EHP, if onepassesfrom hZCXC > ~(n, T) to hWCXC > ~(n, T) [1.1, 5.7]. Fig. 71 gives an
example for GaAs. The values deduced for /L (n, T) from the excitationspectroscopyare 1.512eV for
GaAs [5.7]and2.540eV±2meVfor CdS[1.1].

In other direct Ill—V compounds(InP,GaSb), thereare similar experimentalresults as in GaAs
concerningthe EHP[5.7].In ZnO gainspectroscopyindicatesanEHPwith ~(n, T) = 3.355eV±5meV
i.e. E~— ~(n, T) 20meV andn 5 x 1018cm3 [3.8, 5.621. The shapeof the gain spectrasometimes
seemsto beasuperpositionof plasmacontributionswith differentn but almostconstant~ [3.8]. Some
indications for an EHP in ZnSe [5.64], ZnTe [5.65] and CdTe [5.661have been deducedfrom
luminescencespectra.It should be noted however, that simple luminescencemeasurementsunder
band-to-bandexcitation with a N

2-laser generally cannot give conclusive results concerning the
existenceof an EHP[e.g.4.37J.
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Fig. 71. The excitation spectraof the electron—holeplasmaemission Fig. 72. The temporalevolution of the plasmatemperatureT
1, of an

of GaAs for different excitation intensitiesI~.Points: experiment; electron—holeplasmain GaAs afterpicosecondexcitation.Thesample
solid lines and dashedline: calculatedcurves(from Hildebrandet al. is excited by two-photonabsorptionfrom a mode-lockedNd-laser.
[5.7]). The durationof thelaserpulseis 25 ps (from v.d. Linde andLambrich

[5.73]).

In [5.67—5.70]an emissionband in CdS and CdSe hasbeen observedin luminescence-and gain
spectroscopyunder ns- and ps- excitationwhich is sometimescalled Q-band.Though it is situatedat
considerablylower photonenergieswith respectto E5 thantheemissionstructuresdescribedabove,it is
attributed to an EHP, too. Since it developsfrom the E~—LOemission,an alternativeinterpretation
would be to ascribeit to someLO-phononsatelliteof a higher energyprocess.Temperatureeffectsmay
alsoplayan importantrole [5.6].

Relaxationprocessesof carriersin an EHPafterpsexcitationhavebeeninvestigatedby an excitation
andprobebeamtechniquein GaAsandothermaterials[5.71—72].The energy-loss-rateof the carriers
in the bandshasbeenfound to be about0.4eV/ps[5.711.

In [5.73],the temporalevolutionof the plasmatemperaturein GaAshasbeendeterminedfrom the
variation of the EHP lineshape.Fig. 72 gives an example. The solid line is a theoreticalcurve taking
into accountthecooling of theEHPby LO—phononemission.For temperaturesbelow 40 K thisprocess
becomesineffective and a cooling via acousticphonon emissionhasa much longer time constant,at
leastin materialswithoutstrongpiezo-coupling.The lifetime of the EHPitself dependsstrongly on the
experimentalconditions. Stimulation effects play an important role. Data given in the literatureare
rangingfrom about 100 to SOOps(seee.g. [1.58,5.71, 5.73]).

5.3. OpenquestionsconcerningtheEHP in directgap materials

We limit our discussionmainly to GaAs as a representativeof the Ill—V compoundsandto CdSas a
typical Il—VI semiconductor.First, we comparethe valuesof n0 and ~ deducedfrom the experiments
with the theoreticalpredictions(see table 6 in subsection5.1.2). The comparisonshows, that the
theoreticalvaluestendto underestimatethe binding energyof theEHP, evenif the polaroncorrections
which tendto stabilizetheplasmaareincluded[e.g.5.7, 5.20]. Thevaluesof the theoreticalequilibjium
densitiesaregenerallyof the sameorderas thosededucedfrom the experiment.

The fact, that thechemicalpotentialsp. (n, T) andn areratherindependenton Iexcin GaAsandCdS
is regardedby several authorsas an indication, that the EHP is in a liquid state(EHL). There are
howeverseveralexperimentalfindings,whichstrongly contradictthisinterpretation:In GaAsandother
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Fig. 73. The density of an electron—hole plasmain GaAs as a function of the plasmatemperatureT,, (x~= strip-lengthmethod,~= two beam
method).Thedashedlines givessomeaveragebetweentheresultsof the two different techniques(from Hildebrandet al.[5.7]).

Ill—V compoundsone has found [5.7], that the plasma density increaseslinearly with increasing
temperatureT

0 anddependson the experimentaltechnique,see fig. 73. Both factsarein contradiction
to all calculatedphasediagramsfor anEHL, knownso far (seee.g.subsection5.1.2andfig. 52). In CdS,
differentplasmadensitiesareobservedin differentsampleswhich are,however,ratherindependentof
IeXC. In the low densitycase,n alsoincreaseswith T0 from 4.5X iO’~cm

3at T
0 30 K to 8.2X 10’~cm

3
atT~ 60 K [3.8].For the high densitycaseunfortunately,no reliableinvestigationsof the temperature
variation havebeenperformedso far*.

In GaAs [5.7],wherethe critical temperatureT~for an EHL formation is ratherlow (T~— 10 K), the
above mentionedexperimentalresultsare explainedby assuming,that n is determinedby the Mott
densitytiM, which in fact increaseslinearly with T

0 if Debye—Hückelscreeningis assumed.The values
of the Mott density flM, however,are more than a factor of ten higher than the theoreticalexpected
values.Therefore,analternativemodelhasbeenput forward tentativelyin ref. [3.8]:

The e—h pairs, createdby the excitationin a very thin layer (penetrationdepth of the exciting light
w = K~ 0.1 ~m in CdS) are driven into the sampleby e.g. the enormousgradient in the chemical
potential p. (grad p. � 1~eV/m) or by the phononwind. In this expandedgas of free andbound e—h
pairs, the condensationto the equilibrium densitysetsin. Since the groundstateenergyE8

0(n) and— at
low T~— also the chemicalpotentialare only slightly varying functionsof n~,for n

0 smaller than the
equilibrium density n0 (in contrastto n > no) the e—h pairs often do not reachthermal equilibrium
during their rathershort lifetime. Thedegreeto whichthermalequilibriumis reached,dependson the
experimentalconditionsandon the individual sampleunderinvestigation.

Therefore,it is understandablethat in differentsamplesdifferent valuesof n areobserved.Spectra
are reported (e.g. for ZnO [3.8]) which can be fitted only by assuminga spatial or temporal
superpositionof contributions with different plasma densities. Especiallyfavourable conditions for
obtainingthermalequilibrium aregiven, if very thin samplesareused(~1 ~m thick), wherethe initial

* The spectrareportedin [5.75]show significant structuresdue to excitonic recombinationprocesses.The resultsseemthereforenot to be

conclusivefor an EHP.
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expansionof the e—h pair gasis partly suppressedby the crystal dimensions.Undersuch conditions,
g(hw) has been determinedfor CdS in [5.5] from the variation of the interferencefringes in
transmissionand reflection. The value deducedfor the chemical potential of 2.535eV is therefore
assumedto be rathercloseto the equilibrium value.

In conclusionit can be stated,that manyexperimentalfindings give evidencefor theformationof an
EHPin direct materialsunder high excitation. In order to get a more detailedunderstandingof the
EHP, onehasto use in the theory a dynamicalnonequilibriumtreatmentin order to explain high
excitationexperimentsin directgapsemiconductors.First attemptsin thisdirection havebeendescribed
in subsection5.1.4. This theory predictsthat the “coexistence”region hasquite differentpropertiesin
direct andindirectmaterials.In indirectmaterialsonehasa coexistenceregion(in analogyto a classical
gas—liquidphasediagram)consistingof e—h dropletsin an excitongas.For direct gapsemiconductorswe
expectbetweenthe excitongasphaseandthe homogeneousliquid phasea regionin whichone hase—h
clusterswith abroaddistributionof sizes.Theformation and propertiesof thesee—h clustershavenot
yetbeeninvestigatedexperimentally.

Therefore,furtherresearchwork is necessaryto understandthe intermediatedensityregion,where
the transition from a denseexciton systemto a plasmaoccurs. Theoretically,onehasto developa
descriptionwhich containsboth the boundstatesandthe continuumof e—h pairs in order to understand
the Mott transitionandto derive an equationof statefor the total densityrange. It would be highly
desirableif onecould developmethodswhich allow areliableexperimentaldeterminationof the density
of free carriersandexcitonsat a given excitation intensity.Furtherexperimentalwork on the phase
diagramis necessaryespeciallyon the low-densitysideandin the critical region.Up to now,thereis for
instanceno experimentalinvestigationof the enhancedscatteringin the critical region which would
correspondto thecritical opalescence,aphenomenonwhich is studiedextensivelyfor classicalgas—liquid
phasetransitions.Webelievethat athoroughunderstandingof all theseeffectscan, especiallyfor direct
gap semiconductors,only be reachedif the low-temperaturephasetransition to a degenerateEHP is
describedandanalysedas a nonequilibriumphasetransition.
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Noteaddedin proof

The manuscriptof this paperhasbeenfinishedin thebeginningof 1980. Sincetheninterestingnew
resultshavebeenpublishedin the field of HES.Someof them will be shortly mentionedhere:

In CuBr, it was possibleto investigatethe dispersionandsplitting of the biexciton levelsin k-space
by angle dependenttwo-photon absorption(‘FPA) [6.1].Two-photon Ramanscattering(TRPS)has
beenperformedfor the first time in a layercompound(PbJ2)andthebiexcitonhasbeendetectedin this
materialby luminescenceassistedtwo-photonspectroscopy(LATS) [6.21.This techniquehasalso been
adoptedin [6.3] to deduce— togetherwith TPA — the dispersioncurvesof excitonsandbiexcitonsin a
ratherlargeregionof theBrillouin zone.

The anomalyin the dispersioncurvedueto the two-polariton transitionfrom thecrystalgroundstate
to thebiexcitonhasobservedin CdS[6.4]togetherwith somefurtherrenormalizationeffectswhich allow
now to fit the TPRSdata of CdSwith the conventionalbackgrounddielectric constantof 8 [6.5].A
quantitativetheoryof theintensitydependentrenormalizationeffecthasbeendeveloped[6.6],and it has
beenpointedoutthat thiseffectcanbeusedto obtainopticalbistability [6.7].Furthermore,theI’i biexciton
level of CdS hasbeen confirmed by low intensity nonlinearcoherentmixing [6.8].In wurtzite and
zincblendetype il—VI compoundsTPRSmeasurementshavebeenperformedfor the first time in strong
magneticfields [6.4,6.5, 6.9].

ConcerningtheEHPin directgapmaterials,both experimentalandtheoreticalresultsindicate,that
the plasmadoesnot completelyreachits thermodynamicequilibrium state,dueto the short lifetime of
the e—h pairs: New experimentalresultsfor GaAs are given in [6.10]wherealso Ramanscattering
involving plasmonsin the EHP has beenreported.Time resolved measurementsare publishedfor
GaAs in [6.11].A detailedtheoreticalinvestigationof thenucleationindicates,that only very tiny e—h
pair clustersareformedin a EHPin direct gapmaterials[6.12,6.13], the numberof the pairsper cluster
being generallyfor below 100. Time resolvedmeasurementsof the EHP in CdS revealed,that the
plasmareachesdifferent statesfor different excitation intensitiesaftera relaxationtime of about80 Ps
[6.141.A detailedinvestigationof theEHP gain spectrain CdSshowsfurthermore,that the densityin
the EHPincreasesboth with ‘cxc and T~in contrastto thepublicationsof anequilibriumphasetransition
[6.13,6.15].

First investigationsof theEHP in highly excitedandhighly dopedCdShavebeenreportedin [6.161.
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