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Abstract  

Ultrafast pump－and－prObe spectroscopy was adopted to studyr   

the dynamics of the photogenerated carriersin a CdSe thin single   

CryStalfilm．  

In case o王 the band－tO－band excitation，nOnthermalized hot   

Carrier distribution was observed when the pump pⅥ．lse turns on．   

However， the distribution was thermalized as soon as the pump   

Pulse turns o王壬． This nonequilibrilユm distribution of hot car－   

riersis thermalized by the carrier－Carrier scattering． From the   

ratio of nonthermalized distribution to the total one，the ther－   

malization time was estimated to be 20－40 fs．  

In order to disc11SS the fast scattering processes of car－   

rlerS quantitatively， enSemble Monte－Carlo simulation was   

Performed． However， the fullagreement could not be obtained．   

In order to obtain better agreement，itis necessary toimprove   

the simu．1ation．  

In the wake oゴ the thermalization，COOling of photogenerated   

Carriers was observed． In this process，the carrier－LO phonon   

SCattering is dominant． The obtained cooling time of carriers   

informed us that the carrier LO－phonon siCattering timeisl．5－2．O  

ps． The values are sIover than those estimated from Fr訂1ich   

interaction by an order of Tnagnitude． The analysisindicates   

that the ＄10W COOling timeis due to the hot phonon e王fect for   

the electrons and rapid thermalization between the electrons and   

the holes．  

Under the resonant excitation of the A－eXCiton，the small   

bleaching and the broadening of the B－eXCiton struct11re Vere  
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Observed． The smallbleaching of the B－eXCiton was explained as   

the broadening of the B－eXCiton and the phase space filling of   

the cond11Ction band． The bleaching was fo11nd to rise with a fast   

rise time about 400 fs． The transient broadening of the B－   

exciton structure indicates that the A－eXCiton－B－eXCiton   

SCattering time is 31fs． The value was explained by a simple   

theory based on the rigid－Spheres scattering model．It was   

Calculated by taking account of the A－eXCiton．s ve10City at the   

given density and temperature． The broadening continues for a   

long time，an Order of hundreds of picoseconds． This durationis   

Wellexplained by thelifetime of the excitons．  

Under the resonant excitation of the B－eXCiton，theinstan－   

taneous broadening and the prompt recovery of the induced   

absorption were observed above the B－eXCiton energy．In the   

SuCCeeding time region，theinduced absorption withl．7 ps rise   

time waぷ Observed・ This risein theind11Ced absorptionis con－   

Sidered to be ascribed to the carrier cooling． The bleaching   

lnCreaSeS instantaneously at the A－eXCiton，in contrast with the   

gradualrisein the bleaching of the A－eXCiton observed under the   

band－tO－band excitation． This fact suggests the phase space   

filling ef壬ect of the condllCtion band．  

We observed the common features in the pump－and－prObe   

SpeCtra independent of the excitation photon energy． Oneis the   

COherent oscillation around the exciton before the pump pulse  

hits the sample・ Anotheris a succeeding tran＄ient broadening of   

the A－ and the B－eXCitons when the p11mP Pu．1se hits the sample．   

Third is the induced absorptionin the band－tO－band absorption  
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region．  In case of the A－eXCiton resonant excitation，thein－   

duced absorption in the bandis considered as the broadening of   

the B－eXCiton．  

Throughout this study，many ultrafast scattering processe   

Of photogenerated carriers are discussed and clarified．  
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Ⅰ． IntrodⅦCtion  

Generation of ultrafast opticalpulses needs various kinds   

Of optical techniques and generating itselfliesin one of a  

recently developed fieldin sciences． 1，2）In these rapidly  

developed fields．， nOnlinear phenomena caused by opticalexcita－   

tion are one of an attractive field of st11dies．In a basic point   

O王 View，One Can directly observe unknown ultrafast phenomena and   

explore the new physics． Especially， ultrafast nonlin畠ar   

Phenomena in semiconductors have a potentialnot only to realize   

an optical comp11ter，but also to observe anintrinsic aspect of  

solid state physics． 
3）  

Generally，there are two types of fields to study． Oneis a   

dynamics of photoexcited carriersナ and the otheris a coupling   

phenomenon between materials and optical field．If the time   

range to observe reduces to the cycle of the opticalfield and   

mono scattering time， SuCh a classification becomes very   

di王ficult． However，there are many possibilities to observe and   

find an unknown and new pher10menOn． As an example o王 the co11－   

Pling phenomenon between materials and opticalfield，the optical   

Stark effect in semiconductors is one of greai findings in this 

field． 
4－11）  

In the former field，hot carrier effectin semiconductorsis   

One Of the mostimportant subjects． One can directly observe the   

dynamical carrler distrib11tion and obtain the relaxation  

processesin solids． 12） Hot carrier phenomena are determined  

Primarily by band struct11reS and carrier－Phonon scattering   

processes and there王Ore prOVide important in董Ormation about  
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Carrier－Phonon interactions． On the other hand，hot carrier   

Physics determines the behavior of ultrafast，ultrasma11semicon－  

ductor devices operating at high electric fields・ 12）Therefore，  

a study o董 hot carrier efゴectsis also extremely valuable for a   

thorough understanding of such devices．  

ln the analysis of this phenomenon，One muSt COnSider the   

many－body eゴfects， SuCh as the absorption saturation caused by   

the phase space filling，the band gap renormalization caused by   

the change in the exchange－COrrelation energy and the Fermi   

energyin the electron system，SO On．In order to understand the   

band gap renormalization（BGR），We COnSider the self energy of   

a point charge in a plasma．In this simple model，the renor－  

marizedbandgapAEisqualitativelyrepresentedby 
3）  

g  

△Eg＝1im【Vs（丁）－Ⅴ（r）コ      r→0  
（1．1）  

Here，V（r）and V（r）denote the bare（∝1／r）and the screened（                     S  

－kr  

c＜ e  ／r）Coulomb potential，reSPeCtively．Thus，the band gap  

reduction is represented by 

2 
ek  

△Eg 
＝－  （1．2）  

eo   

Here，e，eO and k denote an electron charge，a Static dielectric                     S  

COnStant O王  the material aLnd a screened wave vector，   

re＄PeCtively．  

The excitonic enhancement effectincluding excitons gives a   

Characteristic absorption spectrum atlowlattice temperaturein  
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intrinsic semiconductors． At the room temperatllre，the enhance－   

ment effectis relatively small． However，in the 2－dimensional（   

2D ） system， the absorption peaks of exciton＄ are Clearly ob－   

Ser・Ved． The excitonic enhancement effectis strongly modified by   

high density carriers． Therefore， eSpeCially atlowlattice   

temperature， Or also at the room temperaturein case of the 2I）   

SyStem，We muSt COnSider this effectin the analysis．  

Up to now，the studies of the hot carrier system have been   

extensively done by means of transport experiments，1uminescence   

SPeCtrOSCOpies aro11nd the fundamental gap of semiconductors．   

With the advance of the ultrafastlaser spectroscopy，the time－   

resolved absorption experiments have been adopted to study this  

subject． 12－32） Ås one of the mostinteresting feature oゴthis  

Study， One Can directly observe the distribution of photoexcited   

Carriers． From the observations， We have obtained the very   

interesting information about the r－elaxation processes of hot   

Carriers as fo110WS．  

At first，photoexcited carriers are distributed at the same   

energy width of the pump pulse．If the carrier－Carrier scatter－   

ing processis very fast，the width o王 the distribution broadens．   

The transient spectralhole b11rning was experimentally、Observed  

in 3D 20，23，之4），2I）25，26）and OD32）systems． The transient  

SpeCtral hole diminishes in several tens or h11ndreds of fem－   

toseconds depend，ing on excitation energy and density． After the   

transient hole diminishes，Only the bleachingis observed below   

the pump photon energY． The bleaching profile shovs the carrier   

distribution．   GeneraL11y，  Carriers are thermalized by the   

Carrier－Carrier scattering． The scattering timeis found to be  

－7－   



an order of a few or a few tens of femtoseconds by means oゴ the  

femtosecond photon echo technique． 33）In the succeeding time  

region， the photoexcited carriers emit phonons andlose their   

energy． The cooling rate of carriers depends strongly on the   

Carrier－Phonon scattering rate．  

There are three types of the carrier－Phonon scattering   

mechanisms． One is a polar optical scattering， that lS a   

Carrier－LO phonon scattering． A carrier－TO phonon scatteringis   

not so important， because the transverse oscillation makes a   

relatively weak potentialfl11Ctuation． However，thelongitudinal   

OSCillation causes the ionic 董1uctuation，SO that the carriers   

interact strongly with the10ngi七udinalmodes． Anotheris called   

a piezoelectric scattering・ Third onei亭 a deforma，tion potential   

SCattering． The later two scattering processes come from the   

Carrier－aCO11Stic phonon scattering． If photoexcited carriers   

have enough excess energyl－arger than the LO phonon energy，the   

Carrier－LO phonon scattering is fastest among three processes．   

If not，the carrier－LO phonon scattering rate becomes very slow．   

In this case，the piezoelectric scattering processis a dominant   

process of energy transfer from the carrier system to the  

lattice． 
34，35）  

There is anotherimportant scattering mechanism of photoeヌー   

Cited carriers． Thatis anintervalley scattering process．If   

COnduction or valence bands have valley minima except the r point   

and photoexcited carriers have enough excess energy，the carriers   

Can SCatter tO Other valley． Through recent studies of GaAs and  

AlxGal－ⅩAs systems，the r－Ⅹor theトL scattering surely occurs  

and was found that the scattering time is severaltens of  
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femtoseconds． 27－31） To study the multivalley scatterin  
mechanismis veryinteresting andimportantinitself，but such a   

SCattering mechanism makesit difficult tointerpret the res111t．  

In order to clarify the carrier cooling mechanism，We muSt   

COnSider the other 

interaction． On．eis a screening effect of the carrier－LO phonon   

interaction ca11Sed by highly excited carriers． The otheris   

noneq11ilibrium phonon distribution effect，Ca11ed a hot phonon  

effect・ 36－44） Both effects make the carrier cooling very slow．  

In the recent studies， the latter effect was found to be a   

dominant mechanismin the cooling processes． However，there are   

few studyin the femtosecond region about the hot phonon effect．   

The fastest carrier－Phonon interaction， Carrier－POlar optical   

phonon scatter－ing takes placein an order of hundred femtoseconds   

reglOn． Therefore，f the hot－phonon e王fect in the femtosecond   

SPeCtrOSCOPyis now an open problem．  

In these points of view，Ihave studied hot carrier e董王ect   

in a b111k semiconductor， a CdSe thin crystal， by means of   

ultrafast pump－and－prObe experiment under high energy excitation．   

In CdSe，a Single conduction and valence valleyis relevant under   

les＄ than 4 eV photoexcitation，SO that we takeinto account the   

SCattering mechanisms only in a r－Valley． As a result，nOn－   

eq11ilibrium distribution of photogenerated hot carriers were   

Observed llnder the condition where the carriers can emit the LO   

phonons． The nonequilibrium distribution wa．s observed only when   

the pump pulse turns on．  

The other plユrpOSe Of this thesis is hov the resonaLntly   

excited excitons behave．Itisimportant to note that there ar  
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many differences between two cases． 0●neis the case where the   

initially excited carriers are hot carriers withlarge excess   

energy． On the other case，the excitons areinitially excited．   

In the former case，animportant processis the change of car－   

rlerS－ distribution， aS already mentioned． However，in the   

latter case， One Can Obtain the information about the dense   

exciton system andits relaxation process．  

In the previous studyin 3D，the exciton bleaching caused by   

the free carriers works more effectively than by the dense  

excitons． 3，45－49） This fact shows that the screening of Coulomb  

potential in the free carriers is str－Onger thanin the dense   

exciton systems． On the contraLry，the ＄Creeningis not soimpor－  

tant on the exciton bleachingin quasi2D system． 3，25）such  

differences betveen 3D and 2D excitons are discussed by several  

authers． 3，25，47）In this study，We tried to clarify the dynamic  

Of the dense exciton system． Especially，CdSe has A－ and B－   

excitons near the absorption edge，SO that we obtain theinforma－   

tion of two exciton bands．  

In the section II， the experimental set－uP and the eズー   

perimental daLta Of the pump－and－prObe experiment are shovn．In   

the section III， the method of the Monte－Carlo simulations are   

explained．．In the sectionIV，discussions about the experimental   

res111ts and comparison of the data with the numericalsimulations   

Willbe given．  
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ⅠⅠ． Experiments  

2．1 Generation o王 ultrafastlight p11lses  

I）uring the past 20 years， PrOgreSSin the generation of   

Optical pulses has opened the femtosecond time domain forinve＄－   

tigation of a great variety of new phenomena in physics，   

Chemistry， and biology・ The advances have taken place recently   

in the generation of ultrashort pulses， Starting from the   

COlliding－Pulse mode－10Cked（CPM）dyelaser with amplification  
50－53）  

and compression techniques．   In this thesis，tWO Short－  

Pulse so11rCeS Were uSed．  

one laser source consists of a cw mode－locked・Nd3＋：YÅG  

laserlthe firsトStage fiber compressorIa SeCOnd－harmonic gener－   

ator，a SynChronou＄1y p11mPed cavity－dumped dyelaser，the second－   

Stage fiber compressor， and a dye amplifier pumped by a Q－  

svitched Nd3＋：YAGlaser・ In this caseIthe pump－photon energy  

WaS 2．12 eV and pulse energy was abo11t 400 佑Jwith 260 fem－   

tosecond pulse width （ the repetition rate waslO Hz）． The   

laser pulses were splittedinto two beams．One beam was focussed   

to a l cm water・Celland generated white continu11m femtosecond   

Pulses． The vhitelight pulses vere used as a probe beam． The   

SPeCtralrange of the probe beam was selected by using some color   

董ilters・ The other beam was used as a pumplight thro11gh an   

OPtical delay． Powers of the excitation and probe beams were   

Changed by using rotationalneutraldensity filtersin order to   

avoid the changes in the time delay and the dispersion． The   

dispersion ef王ect caused by opticalelementsis referredin the  
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Subsection 2．2． The diameter of the spot size and the overlap of   

two beams were checked by using a microscope．  

The otherlaser sourceis consi＄t Of a CPMdyelaser pumped  

by an Ar＋1aser● The output of thelight pulses are amplified by  

a multi－path amplifier pumped by a Cu－VaPOrlaser． The amplified   

beam is focu＄ed to an ethylene－glycoljet and generates vhite   

light continuum．  A part of the whitelightis used as a probe   

beam． Most of the vhitelightis thro11gh ainterferential filter   

and selected its wavelength． The band vidthis about lO nm．   

This beamis ampli王ied by using another Cu－VapOrlaser．In this   

CaSe One Can t11ne the pump－photon energy． These Cu－VaPOrlasers   

have high repetition rate （about 8．5 kHz），SO that the data   

accum11lation rate become high in comparison with a Q－SWitched  

Nd3＋：YAGlaser system．Therefore，One Can Obtain the data with a  

t better S／N ratio． In this system，the pump pulse widthis be－   

tween 70 and 150 王S depending on the photon energy． To red11Ce   

the pump lightleakage，eSpeCiallyin case of the resonant pump   

experiments， Pump and probe beams were polarized orthogonally to   

each other．  
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2．2 Dispersion compensation  

In the femtosecond experiment，One Of the difficulty comes   

from the dispersion compensation． The refractiveindicesin a1l   

Optical elements，lenses， 王ilters， mirrors and a water ce11   

including vater depend on the photon wavelength． When a short   

p111se with a 王inite wavelength width passes through some optical   

elements， the time delayis changed depending on the wavelength   

and the time vidth o王 the pulseis broadened． This effectis   

usually negligible in the picosecond、spectroscopy，butin the   

femtosecond spectroscopy，One muSt take care of this effect much   

more． Especially，if we want to observe a wide range spectr11m，   

We muSt S11PPreSS the dispersion of the optics as far as possible・   

Fig11reS l to 3 show the time delay as a function of photon   

WaVelength based on the actual measurement by using the s11m－   

freq11enCy generation． The solid circles represent the measul’ed   

time delay． The results shov that the typicaldispersion value   

is an order of lO fs／nm． Taking account of the second－Order  

term，theleast square fitting was done・Time delay Td from the  

fundamentallightis represented by  

Td（入）＝aÅ2＋b入＋c・  （2．1）  

Here，入 denotes the wavelength of the probe p111seIand aIb and c  

are fitting parameters． The solidlinesin all王igures are the  

results o王 the fitting． The agreement betveen the experimental  

results and the 王ittingis very good，and the maximum deviation  

o董 the data 董Orm the fitting curveis sTnaller thanlO fs・Based  
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On eq．（2．1）， the time delays of probe spectra were corrected   

depending on its wavelength． In this way，the time－reSOlved   

SPeCtra Were Obtainedin the wide－energy range．  
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2．3 Sample preparation  

Samples， CdSe single ＄ryStalthin films were grown on the  

mica substrates by means of the hot wa11epitaxy． 54）The grovth  

equipment 11Sed in this method is illustrated in Fig． 4．   

Temperat11reS O王 a head， a Vall，a SOurCe and a reservoir were   

COntrO11ed． Typical temperatures o王 each parts were about 400，  

650， 580 and 3000c，reSpeCtively．A mica substrateis suitable   

for the absorption experiment，becauseitis tTanSParent for the   

Visible light． Moreover， a micais alayered compound andits   

interlayer  interaction comes from van－der－Waals force．   

Therefore， the mismatch between a mica substrate and a CdSe   

CryStalis considered to be smaller than other systems．  

In the experiments，a CdSe single crystal thin 董ilm O．65 flm   

thick was used． Typical transmittance at the pump photon energy   

is about 5 ％，＄O that the sampleis excited fairly uniformly．  
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2．4 Experimentalresults of the pump－and－PrObe experiment  

Ås mentioned above，Vario11S kinds of photoexcitation experi－   

ments were performed． We shov the experimentalresultsin this   

Subsection and discuss about the results in the sectionIV．   

There are five kinds of experimentsin the rolユgh classification．   

（1）Pump at 2．12 eV with the pulse width of 260 fs at 4．2 Ⅹ．   

（2）The same p11mping condition at the room temperature．   

（3）Pump atl．99 eV with the pulse width of 70 fs atlO X．   

（4）Pump atl．86 eV with the p111se width ofllO fs atlO X．   

（5）Pump atl．82 eV with the pulse width of150 ゴS atlO X．   

The experiments （1）～（3） correspond to the band－tO－band   

excitation． The experiments （4） and （5） correspond to the   

resonant excitation of the B－ and the A－eXCitons，reSPeCtively．   

The data acquisition vas done by using an opticalmulti－Channel   

analyzer （ OMA ） and a 25 cm spectrometer withlow－dispersive   

gratings （ 300 groves／mm or 600 groves／mm）to obtain a wide   

energy range spectrum，andin some cases，photomultipliers．  

2．4．1 High energy band－tO－band excitation  

Fig11reS 5 and 6 show the・time－reSOlved aLbsorption spectr’a   

under the experimentalconditions（1）and（2）． The condition（1）   

COrreSpOnds to the 2．12 eV excitaLtion at 4．2 Ⅹ and the condition   

（之）to the same excitation at the room temperature，reSPeCtively．  

The excita七ion densities are900and600pJ・Cm－2IreSpeCtively・  

The absorption spectra denoted by†●NO PUMP．†were obtained without   

the pu7np－pulses． The structures o王 A－ and B－eXCitons are clearly  
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Observed in Fig・5・In Fig・6，A－eXCiton corresponds to a kink   

around l・76 eV・ The spectrum at O ps shows a broad spectraldip   

around 2・O eVin Fig・5 and aroundl．9 eVin Fig．6．Itis due   

to the nonthermalized distribution o王 hot carriers． Figures 7   

and 8 show the change of the absorption coefficient normalized by   

unpert11rbed one， －ムa／a under the experimentalcondition（1）and   

（2）， reSpeCtively． Figures 9 andlO show the similar results at   

4， 8 aLnd 12 ps time delays． Figureslland12 show the time   

dependences of －△a／a at 4．2 Ⅹ and the room temperature，   

respectively．  

Figures13 to16 show the time－reSOIved absorption change，－   

△a under the experimental condition（3）．In Figs．13 and14，   

each spectrumis normalized by the respective maxim11m Value．In   

these cases，the S／N ratiois better thanin（1）and（2），SO that   

detailed struct11reS Can be observed．  One of those is the   

COherent oscillation around the exciton structure preceding the  

pump pulsein Fig．13． 55－57）Anotheris the transient broadening  

Of the A－eXCitonin Figs．14 and15． Anotheris nonequilibrium   

distribution around the time originin Figs．14 and15，Similarly   

to the experimental condition（1）and（2）． Anotheris thein－   

duced absorption above the B－eXCiton at severalpicosecond time   

delaysin Fig．16． Fig11reS17 and18 show the time dependence of   

－△a within 2 ps time delay and12 p＄ time delay，reSPeCtively・   

The ind11Ced absorption above the B－eXCitonis more clearly ob－   

SerVedin Fig．18．  
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2．4．2 Re＄Onant eXCitation  

Figures 19 to 25 show the time－reSOlved spectra obtained by   

using an OMA・ Each spectrumin these fig11reSis normalized by   

the respective maximum val11e． Fig11reS19 to 21are the results   

Of the A－eXCiton resonant excitaLtion． When the probe pulse   

PreCedes the pump pulse， SpeCtraloscillations were ob＄erVed．   

The oscillations come from the coherent effect，Similar to the   

band－tO－band excitation． Other featuresin the 董igures are the   

transient broadening at thelow energy side oゴ the Å－eXCiton and   

the induced absorption above the B－eXCiton． Figures 22 to 25   

Show the results of the B－eXCiton resonant excitation．In this   

figure，the coherent oscillations and the transient broadening at   

thelow energy side of the A－eXCiton aLre also observed．  

To see the detailed time d．ependences of the spectra，We   

Observed the transient trace of －ムa at－ severalspectralpoints．   

Figures 26 to 30 show the results around the time origin． The  

prObe energy  Epr is shownin each figure・In allthe figures  

the solid lines represent the data taken under the resonant   

excitation of the B－eXCiton く excitation condition（4）），and the   

dashed lines the data taken under the resonant excitation of the   

Å－eXCiton （ excitation condition （5））． Severalゴeat11reS are   

foundin the fig11reS． Onei＄ aninduced absorption with a rather   

Slow rise time aboutl．7 psin Fig．26 under the resonant excita－   

tion of the B－eXCiton． Anotheris an absorption sat11ration with   

a rise time abo11t 400 fs asis observedin Fig．27 under the   

resonant excitation of the A－eXCiton． Anotheris relatively flat   

time dependence as is observed in Figs．27 and 28 under the  
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resonant excitation of the B－eXCiton． The temporalchanges of －   

Aa at the picosecond region are also shownin Fig．31．  

The excitation－density dependent changein the absorption   

COefficient observed under the resonant excitation of the Aq   

exciton are shown in Figs． 32 and 33． Figures 32 and 33   

COrreSPOnd to the spectra obtained at the O fs time delay and at   

the 150 fs time delay，reSPeCtively． With theincreasein the   

excitation density，a StruCture between the A－eXCiton and the B－   

exciton is observed at the O fs time delay，butis not observed   

at the150 fs time delay．  

Figures 34 and 35 show the time dependence of chaLngein   

absorption area，AS observed under the excitation condition（3）．   

Here， As is obtained by the spectralintegration of each time－   

resoIved spectrum． The spectra11y integrated、Val11eS O王 the  

bleaching，ASB and that of theinduced absorption，ASA are Shown  

by the solidlines and the dottedlines，reSpeCtively． Figure 34   

Shows the datain a short time range（－1to lps）and Fig．35   

Shows the data in a long time range （ －2 to 12 ps ），   

respectively． The results observed under the excitation condi－   

tion （4） are shown in Figs．36 and 37． The results observed   

under the condition（5）are shownin Figs．38 and 39．  

Detailed discussions villbe givenin the sectionIV．  
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ⅠⅠⅠ。 Monte－Car10 Sim111ation  

Recently the advanced femtosecond spectroscopy，in par－   

ticular the pump－and－White－COntinuum probe method，has clarified   

the carrier distribution at ultrafast time domain． However，SOme   

experimental results are difficult to beinterpreted quantita－   

tively because of complex scattering channels． Therefore，an   

ensemble MonteqCarlo sim111ation becomes a powerflユ1method to  

interpret the experimentalresults． 58－61）In the simulationIthe  

timeAdependent distrib11tion functions are11Sed to evaluate the   

time－reSOlved absorption spectrum．  

At first，the carrier distrib11tion corresponding to the real  

photoexcitationis generated by using the rejection method． 
58）  

Time dependence is simulated by using a constant time step   

method． Some scattering probabilities were calculated depending   

On eaCh carrierst kinetic energy．In the simulation，electron－   

electron， electron－hole，hole－hole，electron－LO phonon aLnd hole－   

LO phonon scattering mechanisms are considered． Carrier－Carrier   

SCattering probability is evaluated by the well－known for－  

mula， 
62－64）  

2 
ekBTc  

1／Tec＝  （3．1）  

8而3evaceo  g2＋β2   

This formal呈sm is derived based on the the Born approximation   

Vith a screened Co11lomb potential． The carriers are assumed to  

follow theBoltzmanndistribution・＝ere，P＊，e，kB，Tc，薦，8vac，  

E 
o， 

，g and B denote the reduced mass of a carrier pair，the  
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electron charge，the Boltzmann constant，the carrier temperature，   

the Planck constant divided by 27r，the dielectric constant of   

VaCuum， the static dielectric constant o王 CdSe，the relative   

momentum of scattering carriers and the screening wave vector，   

respectively． The screening wave vector，Bis represented by  

n e  C  
β ＝  （3．2）  

e 
vaoBc   

Here，nc  denotes the carrier density・  

Strictly speaking， the carrier－Carrier scattering rate and   

the screening wave vector depend on the distribution function of  

carriers． 65）Initially，the photoexcited carriers do not obey  

the Boltzmann distribution，SO that this formulais not correct．   

However，there are no theory to show the carrier－Carrier scatter－   

ing ratein nonequilibrium distribution，SO that the 王Ormula was   

nsed as the 王irst approximation．  

The carrier・－LO phonon scattering ratein the polar material  
34）  

is represented by  

【N。Sinh－1 NSinh － 
2eEo  

）1／2＋  
E  

紬 
LO   

1／Tc－LO 
－  

（  

く2m＊E） 
1／2  

くNq＋1）sinh－1（  （3．3）  

＝ere，m＊，Nq，紬LOandEdenotethecarriereffectivemass，the  
Phonon occupation number whichis pre＄ented by the Bose distribu－   

tion function， the LO phonon energy and the excess energy of  
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CarrlerS・A factor eEo presents the electric force caused by the  

oscillations of the LO phonons which is represented by 

2 em紬LO  
1 

£       00  

1 （‾‾）  eEo＝  （3．4）．  

痛亡 蕎2    VaC   

Here，e denotes the opticaldielectric constant of CdSe． ㊥  

Based on the above mentioned scattering rates，the time   

evolution of the electron and hole distributions was simulated．   

The waLy tO do this is described as follows．  

The sum of allthe scattering rates，1／Tm，VaS Calculated・  

Next， a random nllmber R was generated．If the time step △tis  

larger than RTm， SCattering does not occur・If△tis smaller  

than RTm・ the scattering takes place・In order to decide which  

SCattering process occurs， anOther random nllmber RIwas gener－   

ated．． When the j－th scattering with a scattering ratel／丁．takes  
J  

Place，the condition  

j－1   

∑  

i＝1  

丁  

J   

∑  丁．  

i＝1 
T  

m  

く R†く  （3．5）  

m  

Should be satisfied．  In this way，the scattering type j wa＄   

determined． The time step ムt should be equalto or smaller than   

the fastest scattering time．  

When the carrier－Carrier scattering takes place，eaCh car－   

rlerS’ momenta and energies after the scattering were decided by   

using a random n11mber． Of coursein this case，the moment11m   

COnSerVation law and the energy conservationlav hold． When the  
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Carrier－LO phonon scattering takes place，the momentum and energy   

Of scattering carrier were reduced or added by those of the LO   

Phonon．In both cases above mentioned，the scattering rate after   

the scattering was recalculated．In this way，the time evolution   

Of momenta and energies were simulated．  

The results of the simulations are compared vith the ex－   

Perimental daLta． The discussion will be given in the nex七   

SeCtion．  
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ⅠⅤ． DiscⅦSSions  

4・1 Nonequilibrium distribution of photoexcited carriers  

Åt first，the discussions abo11t the res111ts under the band－   

to－band excitation （ experimental condition（1）－（3））willbe   

given・  In this case，alot of free carriers are generated by an   

intense optical pulse with the enough kinetic energy． The   

kinetic energy per carrieris an order oflOO meV．It depends on   

the difference between the band gap and the excitation photon   

energy．  

Figures 5 to 8，14 and15 show the nonequilibrium distribu－   

tion of photoexcited carriers around the time origin． To compare   

the experimental spectra with the simulated distribution func－   

tion， the experimentalspectr・a are shownin the form of －△a／αin   

Figs． 7 and 8． The relation between －ムα／a and an electron（a  

hole）distribution function fe（Ee）（fh（Eh））is expressed  
by13・66）  

－Aα／a＝壬e（Ee）＋fh（Eh）  （4．1．1）  

Here，Ee and Eh are the kinetic energy of electrons and holes，  

respectively． The kinetic energies of electrons and holes are   

represented．by  

Ei＝〃／mi（E－Eg）  （i＝e・h）・  （4・1・2）  
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Here，〃，mi，E and Eg denote a reduced mass of an electron and a  
hole， an efゴective mass， the photon energy and the band gap，   

respectively． Equation （4．1．1）is based on an approximation．   

Strictly speaking， One m11St COnSider the Co1110mb enhaLnCement   

factorin the band－tO－band absorption．  

The absorption spectr11m in the intrinsic semiconductors   

COnSists of the discrete excitonlines，qlユaSi－COntin1111m State   

below the band gap and true continuum state above the band  

gap・ 67）The absorption spectrumis presented as aninterband  

absorption multiplied by the excitonic enhancement of the true  

continuum states above the band gap． 68）However，We Can justify  

the approximation，based on eq．（4．1．1）as follows．  

At 10W temPerature， the．excitonic enhancement of the con－   

tinuum stateis afゴected by the high－density free carriers around   

the band edge． Above the band edge，the changein the optical   

SPeCtrumis not so much． The result of this calculationis shown  

in Fig．40． 63） The detailof this calculationis describedin  

the appendix． To discuss the high－density e王fect of the absorp－   

tion spectra above the band gap，We may Wellomit the excitonic   

enhancement effect as the 王irst approximation． Therefore，the   

absorption changein the bandis considered to cohe 王rom only the   

band filling efゴect atlov temperature． At high temperature（～   

300 Ⅹ ）， the excitonic enhancementin the band depends on the  

carrier density・69） However，the ratio between the bleaching  

CauSed by the band filling e王fect and that caused by the r・ed11C－   

tion of the excitonic enhancement is about 4：1，SO that the   

reduction of the excitonic enhancement is considered to be   

neglected．  In this approximation，the eqs．（4．1．1）and（4．1．2）  
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Can We11 describe the experimentalres111ts．In the following   

disc11SSion，both the equations wi11be11Sedin the analysis．  

In the Figs． 7 and 8，the estimated carrier densityis an  

order oflO19cm－3・In the simulation，the same value of carrier  

density vas used．Insert this value to eqs．（3．1）－（3．3），the   

typical carrier－Carrier scattering rateis obtained as an order   

Of femtoseconds． The valueis shorter than o11r eXPerimentaltime   

resolution．  Fig11reS 42 and 43 show the results o王 the Monte－   

Carlo sim11lation． Here，the dashedlines show the histgrams of   

the electron distriblltion and the dottedlines that of the hole   

distribution，reSpeCtively． The solidlines represent the sum of   

both the disitributions．  

Initia11y，the electrons and the holes distribute around the   

excitation energy in the ＄imulation． Theinitialdistributions  

J  

Of the electron and the hole are the same． There王Ore，Only the   

Sum Of the electron distribution function and the hole distribu－   

tion function is plottedin Fig．42． At 50 fs time delay，the   

distributions of both carriers are nearly thermalized． However，   

the high energy tail of the electron distribution shows the   

nonthermalized featu．re． The part of the nonthermalized carriers   

is sma11er than the res111ts of the experiments．In order to   

disclユSS mOre quantitativelyr，it is necessary toimprove the   

Simulations．  

We can e＄timate the thermalization time from the experiTnen－   

talresults． A simple rate equationis written by，  

dn／dt＝g（t）－n／㌔ ・  （4．1．3）   
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Where n・gくt）and Td denote the carrier density，the generation  

rate of the photoexcited carriers and the decay rate． We can   

neglect the decay term because of the fairly long life time of 

Carriers and assume that theinitially generated carriers aLre   

nonthermalized． Then，the eq．（4．1．3）becomes  

dnn／dt＝g（t）r nn／T， dne／dt＝nn／1，  （4．1．4）  

n e Where n，n and T denote the nonthermalized carrier density，the   

thermalized carrier density and the thermalization time con＄tant．   

If the generation rateis constant vithin the time resolution，   

8t， the nonthermaLlized carrier density at time 8tis represented   

by  

pn（∂t）＝J：ニ∂n     r打eXP［（t・－8t）′T］dtナ＝一計丁・（4・1・5）  

Here， ∂n denotes the carrier density generated within the time   

resol11tion． Eq11ation（4．1．5）shows that the thermalization time   

n  

Tis estimated to beづ㌃∂t・  

From the experimentalresults，the ratio of the nontherma卜   

ized distribution to the total one is obtained as lO ％ for the   

SpeCtrum at O ps in 4．2 Ⅹ and as 5 ％in the room temperature．   

Therefore， 5 ～ 10 ％ of the present time resolution of 400 fs   

roughly gives the thermaLlization time of 20 ～ 40 fs．  
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4．2 Cooling of hot carriers  

Cooling of hot carriers aLre Observedin Figs．7 tolO．In   

the analysisI We Sho一ユ1d take account of an anisotropyin the A－   

hole band・ Then，the simple expression（4．1．1）is modified．1n   

Order to estimate the anisotropy effectin the cooling process of   

Carriers，a Simulation with and without the anisotropyis done．  

The absorption spectrumis proportionalto animaginary part  

70）  
Of the susceptibility，eXPreSSed as   

ImX（E）什亨）3′2（E－Eg） 
1′28（E－Eg）N（E－Eg）・  

く4．2．1）  

＝ere・Ef ㌔，andEgrepresent thephotonenergy，areducedmass  

between an electron and a hole and the energy gap，reSpeCtively．  

The step function，8（E－E）means that thereis not absorption  
g  

below the band gap．The phase space filling effectis takeninto  

aCCOuntin term N（E－Eg）・Whichis represented by  

N（E－Eg）＝トf（αeE－Pe）－f（αhEh－FLh）・ （4・2・2）  

Here，i）e  and ph repreSent the electron and the hole quas卜Fermi  

energleS・  The prefactors αe and αh mean 〃／m… and 〟／m罠，  

respectively． The anisotropy in the band structures changes FL  

and ヽ（E－Eg）・By using the anisotropic masses of the electron  

（ andm≦′｝andthehole（竜andm£′），N（E－Eg）isrepre－  
sented by， 

70）  
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N（E－Eg）＝ 2 2 

†：ds｛ト…γ叫S］E－Pe卜f（［1－T－qS伽h）｝・  

⊥  

m 
h  

I  

me ＋ mh   e  
（4．2．3）  γ  

The effective masses of the electron and the hole are replaced by  

averaged values，me＝ 
（竜2m≦／）1／3 ，mh＝（竜2mこ／）1／3・The  

Calculated results of Im X（E）aLre Shownin Fig．41． The solid   

C11rVe and the dashed curve are calculated res111ts with and   

Vitho11t anisotropy，reSPeCtively． The differenceis very small．   

Therefore，it does not matter to neglect the anisotropyin the A－   

hole band．If we neglect the anisotropy，We Can uSe the relation   

（4．1．1）．  

Further，Ve Can apPrOXimately replace the right hand side of   

eq．（4．1．1） at the high energy tailby thelarger one，because  

both f（ E）and fh（Eh）are the exponentially decaying func－  

tions at the high energy tail．Then，the analysis proced11reS   

become simple as follovs．We analyzed the －Aα／α SPeCtra by fit－  

ting the single Fermidistribution function，fc（E）＝1／（exp【（E－  

EF）／kBTc］＋1〉・Where EFis the chemicalpotentialand Tcis the  

effective temperature of hot carriers．A17nOSt all the spectra can  

be ve11fitted by the single Fermidistribution function fc（E）  

except the spectra around the time origin．The spectra at 5 psis   

Well fitted by a single Fermidistribution f11nCtion as shownin   

Figs． 7 and 8． At thelater time range，the spectra are also   

Well described by the Fermidistribution as shownin Figs．9 and   

lO．  
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Therefore， the cooling of the hot carriersis characteri之ed  

by the effective temperature・Of the hot ca，rriers Tc・The tem－  

poral change of the temperatures are plottedin Figs．44 and 45．   

The mean cooling rate of hot electrons and holes，くdE／dt〉 and                                                                     e  

17）  
くdEh／dt〉・are Written by the equations，   

くdEe／dt〉＝－ELO／Te eXp卜ELO／kBTe）・ （4・2・4）  

くdEh／dt〉＝－ELO／Th eXp（－ELO／kBTh）， （4・2・5）  

where EL0 is the LO phonQn energy O王26・3meV and Te（h） is the  

phonon emission time of hot electron声（holes），Vhichis es－  

timated from eq．（3．4）． Electron and hole temperatures are  

represented by Te and Th，reSpeCtively・Numericalintegration  

Were done in eqs．（4．2．4）and（4．2．5），by using the approximate  

rela七ions（E〉＝（3／2）kBTe andくEh〉＝（3／2）kBTh・ e  

The fitting of the experimentaldata was donein three ways   

One is a cooling of hot electrons，Vhere T is replaced by the                                                       C  

electron temperature T ＝（iL／m ）T．Anotheris a cooling o壬 hot eeC  

かband holes，Where Tis replaced by the AMhole temperature ThA C   

（Fl／mhA）Tc・ The third oneis a cooling of hot B－band holes・  

Where Tcis replaced by the B－hole temperature ThB＝（P／mhB）Tc・  

The best fitting is obtainedin case o王 hot A－band holes． The   

results are shownin Figs．44 and 45 by solidlines． The fitting  

is quite well・Theninitialtemperature of Th and phonbn emi＄Sion  

time Th are220Ⅹandl・5ps for Fig・44and200Ⅹand2・O ps for  

Fig．45．respectively．  
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The obtained phonon emission time bfl．5 ps at 4．2 Ⅹ and 2．O   

ps at the room temperature are those of hot A－band holes． They   

arelonger than170 fs at 4．2 Ⅹ 王Or the A－baLnd holes or120 fs at   

4．2 E for the electrons caLIculated by using eq．（3．4）by an order   

Of magnit11de． As mentioned before，CdSe has a single valley at   

the r point below 2・12 eV・ Therefore，nOintervalley scattering   

takes place． Hot electrons and holes10Se their energyin the   

Single va11ey by s11CCeSSive emission of the LO phonons as calclい   

Iated by the Monte－Carlo simulation．Itis we11known that the   

holes lose their energy much faster than the electronsin  

GaA＄・ 41，42，44）This fact was explained by considering that hot  

Phonon effect reduces the electron cooling rate，While hardly   

red11CeS the hole cooling rate． The carriersinteract so strongly  

19 
at the high density。flOcm：that thermalequilibrium betwe6n  

the electrons and the holesis apt to established． Therefore，  

Slow cooling electrons heat fast cooling holes． The disagreement   

between the experimentalphonon emission time and the theoretical   

One PrObably comes from the fast electron－hole scattering and the  

hot phonon e王fect． 
71）  

Int11itively，the hot phonon e王王ectis considered as 王0110WS．   

The high density photoexcited carriers with high excess－energy   

emit a lot of LO phonons．In this case，the phonon occ11pation   

number becomes large compared with that at thelattice tempera－   

ture， SO that the carriers are apt to absorb the LO phonons and   

be heated． Then the net energy flow from the carriers to the   

lattice becomes small．In this picture，the energyloss rate of  

carriers emitting the LO phononsis described by 
36，37）  
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2 
emkBTi  

如3£ 詭5  
VaC  

dE．    1  
■■   

dt  

1  （－ 2 ）（触LO）×  
（冷  

｛Nq（Ti卜Nq（TL）｝×J 
（q2＋β2）2  

Log〔  
1＋ eXp（H ）  

×，  

C  

（4．2．6）  1＋ eXp（H＋）  

Where，M＋is represented by，  

一義 
2  

（4．2．7）  
M＋ ＝   8mikBTi   

Here，the same notationis used aLSin sectionIII，eXCePt for TL・  

TL denotes the bath temperature of thelattice・  

When the carrier temperature is higher thanlOO X．the  

energyloss rateatnc＝1019cm－3issmallerthanthatatncく  
1015 ,, －3  by an order of magnitude・ 37）The LOphonon emission  

time obtained 王rom the experimentis s10Wer than the calculated   

one by an order o壬 magnitude． The agreement t）etWeen the exper卜   

ment and calculationis 王airly good．  

Figures ll and12 show that the recovery time of bleaching   

at 4．2 Ⅹ is comparable with that at the room temperature・ The   

solidlinesin the figures represent the phenomenologicalfitting   

C11rVeS，described by  

ー△ad＝C［1－e ‥／Tr）］exp（－t／Td）  （4．2．8）   
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Here，Tr and Td repreSent the rise time and the decay time，  
respectively． The value of c was also determined as a fittin   

parameter． The nonlinear－1easトsquaredpfitting waLS done and all   

the parameters were obtained as a function of photon energy．   

Here， Our attentionis paid only to the cooling process，SO that   

Only the discussions about the decay time are given．  

The res111ts of the fitting are shownin Figs．11and12 by   

the solidlines． The agreement between the dataL and the fitting   

CurVe is good． In Fig．46，the obtained relaxation time con－   

StantS are plotted as a function of the photon energy． Here，the   

SOlid line shovs the relaxation time constants at 4．2 R and the   

dashed line shows those at the rQOm temperature． The higher the   

photon energy is，the faster the relaxation timeis． This 董act   

is quite reasonable because the carrier cooling rateincreases as   

the carrier kinetic energyincreases．  

As aninteresting ゴeaturein Fig．46，Ve Can find a kinkin   

the curve at room temperature． At thelow energy side of the   

kink point， the hot carrier cooling rate becomes slow． The   

energy of the kink pointis l．828 eV． Figure 6 shows that the A－   

exciton energy at the room temperat11re isl．760 eV． Taking   

account of the binding energy of the A－eXCiton（～15 meV），the   

energy of the kink pointis higher than the band edge by 53 meV．   

This energy corresponds to twice oゴ the LO phonon energy（～ 26．3   

meV）．  

As already mentioned in the introduction， the fastest   

mechanism in the cooling processes of hot car・riersis the LO   

phonon scattering． Therefore，in a simple model，the kink energy   

Should be higher than the band gap by one LO phonon energy．・  
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However， the situation is more complicated because the excess   

energy is shared by both an electron and a hole． The fact that   

the kink point is higher than the band gap by two LO phonon   

energyis considered as follows．  

In a hot phonon model， the carriers hardly emit the LO   

phonons with a small wave vector，because ofits smallphase   

SpaCe． Therefore， the hot phonon ef王ect reduces the electron  

cooling rateIbut does not reduce the hole cooling rate． 
41）  

However，if the carrier emits two LO phonons simultaneously，the   

Situationis very di王ferent．In this case，the hot phonon effect   

does not work effectively，because the carrier can emit the LO   

phonons with large momentum． Therefore， the cooling rate of   

Carriers which is larger than the band gap by twice of the LO   

Phonon energyis not affected by the hot phonon effect． Thisis   

the reason vhy the kink pointis observed at the energy where the   

excess energyis twice of the LO phonon energy．  
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4．3  CoJr）mOn and different features observed in three  

Pump－and－prObe experiments  

There are common feat11reS amOng three kinds of the excita－   

tion photon energy， 2．00 eV，1．87 eV and l．82 eV， Which   

COrre＄POnd to the experiments（3），（4）and（5），reSpeCtively．  

As shownin Figs．13，19，and 22，the oscillated spectra are   

Ob＄erVed before the pump pulse hits the sample．This 董eature can  

be understood based on the opticalBloch equation． 
55－57）when  

the pump energy is below the exciton， the oscillationis a  

precursor of the opticalStark e董王ect． 55，57）under the band－tO－  

band excitation or the resonant excitation of the exciton，the   

OSCillationis a precursor of the absorption saturation．  

As shownin Fig＄．14，19 and 23，the dip atlow energy side   

Of the A－eXCitonis observed around the time origin and suddenly   

disappears after the pump pulse hits the sample． S11Ch a tran－  

47）  
Sient broadeningis observedin the GaAs quant11m Wellsystem．   

The．transient broadening of the excitonlineis considered as   

follows．  

When the probe pulse precedes the p11mp Pulse，the coherent   

OSCillation can be observed as already shovn． When the pump   

pulse and the probe p111se hit the sample simultaneously，the   

transient broadening around thelow energy side of the excitonis   

Observed．However，the transient broadening disappears as soon aS   

the bleaching occur・S． This fact suggests that the excitation   

density where the broadening takes place is lawer than that the 

bleaching takes place． Therefore，the broadening occurs before   

the bleaching takes place．  
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The time dependences of the broadening and the bleaching are   

more clearly seenin Figs．34 and 36．In both the figures，the  

SpeCtrally integrated bleaching・ ムSB  and the spectrally  

integratedinduced absorption，△SA are plotted as a function of  

the time delay． In Fig．34，（in the case of the band－tO－band  

excitation）△SA decreases suddenly，because allthe absorption  

SpeCtra Observed below the pump energy are bleached．In both the  

figures，the time delay where△sA reaChesits minimum corresponds  

to the time delay where theincrease o王△SB finishes・This means  

that the induced absorption caused by the exciton broadeningis   

quickly occupied by the cooled excitons or carriers．  

On the other hand，in the case of the A－eXCiton resonant  

excitation，the time dependence ofムSAis completely the same  

as that ofムSB，aS Shownin Fig・38and39・This王actindicates  

that the origin of theinduced absorption and the bleachingin   

the A－eXCiton resonant excitation is the same． Detailed dis－   

ClユSSion about this caseis givenin the next s11bsection．  

In the case of band－tO－band excitation，theinitialincrease   

in the bleaching betweenl．81andl．88 eV as shovnin Fig．17is   

ascribed to carrier cooling． The carriers with thelarge kinetic   

energy relax to the low energy side with emitting LO phonons．   

There王Ore， the bleaching at thelow energy sideincreases． The   

increase or the decrease in the bleaching is determined by the 

balance betveen the coming of carriers from the high energy side   

and the going of carriers to the low energy side． This  

phenomenon waS alreadystudiedbyseveralauthorsinGaAs・ 27－29）  

However， there are theinterva11ey scatteringin GaAsISO that   

the energy dependence of the cooling processes is more  
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COmPlicated． On the other hand，thereis nointervalley scatter－   

ingin this energy regionin CdSe，SO that the simple cooling and   

the monotonousincreasein bleachingis observed belowl．92 eV．  

The interesting feature observed under the band－tO－band   

excitation is theinduced absorption at the higher energy side，   

as shown in Figs．16 to18． This featureis always observedin   

all the excitation energy． Thisis typically shovnin Figs．16，   

21 and 25． Under the A－eXCiton resonant excitation，theinduced   

absorptionis wellexplained by considering the broadening o王 the   

B－eXCiton，b11tin other cases，the origins are not clearly under－   

StOOd．  In case of the A－eXCiton excitation， the detailed   

discussions are givenin the next subsection．  

There is another characteristic di壬王erence between the A－   

exciton resonant excitation and the B－eXCiton resonant   

excitation．  In the case o王 the Å－eXCiton resonant excitation，   

the bleaching at the B－eXCitonincreases aLS time precedes，aS   

Shownin Fig．20． However，in the case of the B－eXCiton resonant   

excitation， the bleaching at the B－eXCiton decreases as the time   

PrOCeeds from150 fs to 600 fs．In the case of the band－tO－band   

excitation， the bleaching at the B－eXCiton alsoincreases as the   

time proceeds from150 fs to 600 王S，aS Shownin Figs．15 and17．  

This feature is more cl．early seenin Fig．27．In the case   

of the B－eXCiton resonant excitation， the carriers at the B－   

exciton energy show only cooling． Therefore，the bleaching at   

the B－eXCitonin this time region simply decreases．In the case   

Of the A－eXCiton excitation， Only the A－eXCitons are excited・   

However， both A－eXCitons and B－eXCitons are composed o董 COmmOn   

COnduction band electrons，SO that the bleaching at the B－eXCiton  
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is observed． The rise time of the B－eXCiton bleaching was found   

to be about 400 fs，aS Shownin Fig．27．  

The resonant excitation of the exciton system were studied  

in the GaAs quantum wellsystem． 47－49）In the room temperature，  
47，48）  

the excitons can beionized by the LO phonon absorption．   

In this case， the ionization time of excitons was found to be   

abo11t 300 fs． However，the excitons can not beionizedin CdSe   

at lO E．  Therefore，the rise at the B－eXCiton can not be con－   

Sidered as the excitonionization． The reason why the B－eXCiton   

bleaching have a rise time under the resonant excitation oゴ the   

A－eXCiton is discussed in the next subsection．  
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4．4 A－eXCiton resonant excitation  

In this s11bsection，discussions about the resonant excita：   

tion of the A－eXCiton are done．  

The induced absorption at the low energy side o壬 the A－   

exciton is cons．idered to come from the broadening of the A－   

exciton， aS already mentioned． On the other hand，What explains   

the induced absorption observed between the A－eXCiton and the B－   

exciton and above the B exciton？ Theinduced absorption observed   

between the A－eXCiton and the B－eXCiton may come from the   

broadening o王 both the excitons． Theinduced absorption observed   

above the B－eXCiton may come from the broadening of the B－   

exciton． The time dependence of theinduced absorption observed   

above the B－eXCiton structure is different from that observed   

below the A－eXCiton as shownin Figs．26 and 30． Two explana－   

tions come to our mind as an origin of theinduced absorption   

Observed above the Bqexciton．  

One is a band gap renormalization （BGR）． The BGRis   

COnSidered as an origin of theinduced absorption not only belov  

the unperturbed band gap， 72）but alsoin the band－tO－ban  

absorption． The otheris a B－eXCiton broadening． However，the   

former explanationis omitted as follows．  

Figure 47 shows the p11re red－Shift of the unperturbed ab－   

SOrPtion spectrum．In this figure，theind．uced absorption above   

the B－eXCiton is not observed． The result indicates that the   

induced． absorption observed above the B－eXCiton can not be ex－   

plained by BGR．  
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Figure48shows the excitation density dependence of ASB and  

aSA at the time origin. Figure 49 shows the same data obtained 

at 150 fs time delay． Theintegration was done betweenl．814 eV  

andl・828 eV for ASB・ ForムSA theintegration was done between  

l．885 eV and 2．000 eV． As shownin Figs．32 and 33，the positive  

reglOnis taken to be theintegration range for AsB and the  

negative region for ASA，reSPeCtively・In Figs・48and49，the  

SOlid circles represent △SB  and the solid squares AsA・  

respectively・ The results shov that，ASBin both figures obeys  

the expression as 
73）  

α 
1  

（4．4．1）  
α＝α2  

＋   

1＋Iex／Is   

Here，Iex  and Is denote the excitation density and the saturation 

density， reSpeCtively・  The sum， α＋ a repreSentS the  
1  2  

′  

unperturbed absorption coefficient，and a2is the absorption  

COefficient at high density excitationlimit． This resultindi－   

CateS that the bleaching at O and150 董Sis ve11explained by the   

us11al absorption sat11ration caused by the phase space filling．   

The bleaching area at O fsis smaller than that at150 fs． This   

is q11ite reasonable，because the absorption saturationis caused   

by theleading edge of the excitaLtion pulse at O 董S．  

The absorption area of the B－eXCiton．is estimated to be  

between 300 and 600eV・Cm－1from the unperturbed spectrum●If  

the induced absorption comes from the broadening of the B－  

exciton・AsA  Should be smaller than this value・Fi即reS48and  

49 show thatthevaluesof△SAarebetweenlOOand200eV・Cm－1・  

The values are reasonable．  
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The broadening of the 早ⅩCitonicline tells us a scattering   

time of the exciton． The spectralshape of an absorptionline   

CauSed ●by the collisional broadening is represented by a  

Lorentzian function． 74）In this case，the relation between the  

energy width，AE and the mean scattering time，Tis expressed by  

AET ～ 2蕎  （4．4．2）  

From this equation，We Can eStimate the exciton－eXCiton scatter－   

ing time．In order to obtain 七he energy broadening，AE we 王itted   

the calculated spectr11m tO the experimentalspectrum，－△α。 エn   

the fitting， Ve did not obtain the sufficient agreement when we   

take acco11nt Of only the B－eXCiton broadening． The agreement was   

improved when both the broadening of the A－e不Citon and the B－   

exciton is takeninto account，aS Shownin Fig．50．lnitially，   

the broadening of the A－eXCiton was observed below the A－eXCiton   

Peak， aS Shownin Fig．19． Therefore，the broadening of the A－   

exciton surely occ11rS． The broadening below the A－eXCiton   

di＄apPearS aS SOOn aS the bleaching becomeslarge． However，the   

broadening observed above the A－eXCiton probably remains andis   

independent of the bleaching． Therefore，itis q11ite reasonable   

to take account of the broadening of the A－eXCiton．  

As a re＄ult of fitting， the energy broadening of the B－   

exciton and the A－eXCiton were found to be about 42 and 27 meV，   

respectively．Inserting these values to eq．（4．4．2），We Obtained   

the mean scattering time between the B－eXCiton and the A－eXCiton，   

31 fs． We also obtained the mean scattering time between the A－   

exciton and the A－eXCiton，49 fs．  

－41－   



The exciton－eXCiton scattering rate can be estimated from a   

Simple theory． Excitons have no charge，SO that we consider the   

SCattering mechanism of excitons oh the mode10f rigid－SPheres   

SCattering．  Initially， the photoexcitation generates the A－   

excitons with zero translational moment11m．   Then，  the   

photoexcited A－eXCitons are thermalized at thelattice tempera－   

ture and obey the Boltzmann distribution． The B－eXCitons   

generated by a probe p111se collide with the A－eXCitons．In this  

CaSe・the A－eXCiton and B－eXCiton mutualscattering ratel／TA－B  

is represented by，   

2 
1／TA－B 

1／2 
＝2nex（aAB＋aBB）（2軸BTL／pAB） ・（4・4・4）  

Here，nex，FLex，aAB and aBB denote theÅ－eXCiton density，the  

reduced mass betveen the translational mass of the A－eXCiton and   

that of  七he B－eXCiton，Bohr radius of the A－eXCiton and that of   

the B－eXCiton，reSPeCtively．In the experimentalcondition，the  

value ofnex andTLarelxlOlgcm－3andlOX，reSPeCtively・The  

Calculated scattering time is ll fs．The agreement between the   

Observed 31 fs and estimated ll fsis good． There王Ore，the   

broadening of the B－eXCiton resonanceis wellexplained by the A－   

exciton－B－eXCiton collisional broadening． As already mentioned   

in the previous subsection， the B－eXCiton bleachingincreases   

With 400 fs rise time，aS Shownin Fig．27． As an origin of the   

rise time， tWO eXplanations are considered as fo1lovs． Oneis   

ascribed to the thermalization time between the exciton，s motion   

and bath temperature． The’Otheris the chaLnge O董 the exciton  
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Phase－SpaCe． In order to solve the prob・1em，f11rther studies are   

needed．  

With theincreasein the excitation density，a Smallstr11C－   

ture is observed just above the A－eXCiton energy，aS Shownin   

Fig． 32． We took a derivatives of the curves，the energy of the   

StruCtureis fo11nd to bel．842 eV． This energyis covered by the   

pump pulse． This s七ructureis diminished as soon as the excita－   

tion pulse t11rnS Off． Ac七ually，the structureis not observedin   

Fig． 33， Where the time delay is150 fs． The origin of the   

StruCture may COme from the spectralhole bllrning．  
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4．5 B－eXCiton resonant excitation  

In case of the resonant excitation of the B－eXCiton，both   

the B－eXCitons and the free carriers are generated． The free   

Carriers are excited from the A－hole band to the conduction band．   

Therefore，We muSt COnSider the ef王ects d11e tO both the carriers．  

There are several characteristic features in case of the   

resonant excitation o王 the B－eXCiton． Oneis aninduced absorp－   

tion with a rise time o王1．7 ps observed above the B－eXCiton，aS   

Shown in Fig． 26． When we determine the rise time，We Omitted   

the spikelike structure around the time origin． Theinduced   

absorp七ionis explained as follows．  

As soon as the pump pulse comesin，the transient broadening   

Of the B－eXCiton occurs． At that time，theinduced absorption at   

the time originin Fig．26is observed． Next，the photoexcited   

Carriers spread outin the momentum－energy SPaCe by the carrier－   

Carrier scattering． Therefore，the bleaching was observed above   

the excitation energy． This phenomenon corresponds to a tran－   

Sient recoveryin Fig．26． Åfter that，the carrier cooling takes   

Place・ As a res111tI the bleaching disappears・and only the   

broadening of the B－eXCiton remains． Therefore，the rise time（   

1・7 ps）in Fig．26is considered to be carrier cooling．  

Figures 28 to 30 show the time dependence of the changein   

the absorption，－ムa observed below the p11mP energy．In contrast   

With the results under the band－tO－band excitation as shownin   

Fig・17， the bleaching at both the A－eXCi－ton and the B－eXCiton   

energies after the pump takes place promptly． Here，Ve refer to  
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the mechanisms of the exciton bleaching before we consider about   

this results．  

In 3D system， the dominant contribution on the exciton  

15）  
bleaching comes from the screening of the Coulombinteraction．   

There is another contribution to the exciton bleaching caused by   

the phase space fi11ing effect． The screening of the Co11lomb  

interaction depends on the carrier temperature． 3，75，76）The cold  

Carriers screen the Co11lombinteraction m11Ch e壬fectively compared   

With the hot carriers． Thereゴore，SOme part Of theincreasein   

the exciton bleaching comes 王rom the phase space 王illing，and   

Other part comes from the screening e董fect and the carrier   

COOling． The most plausible reason why the gradualincrease of   

the exciton t）1eaching is not ob＄erVed under the B－eXCiton   

resonant excitationis suggested as follows．  

Under the resonant excitation of the B－eXCiton，nOt Only the   

壬ree carriers b11t also the B－eXCitons are generated． The A－ and   

the B－eXCitons have a common conduction band，SO that the phase   

SPaCe filling on the conduction band is considered to be   

effective． Therefore， the bleaching at the A－eXCiton shows no   

rlSe．  

Figures 27 and 28 show that the bleaching observed around   

the time origin shows the flat time dependence． Such a flat   

region was not observed at the A－eXCiton energy，aLS ＄hownin Fig．   

29．   Ås already mentioned， the bleaching observed at the A－   

exciton under the B－eXCiton resonant excitation takes place   

PrOmPtly． This resultis different from that observed under the   

band－tO－band excitation． Therefore，the flat time dependenceis  
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not explained by a simple carrier cooling． We cannot understand   

the acutual origin of this structure．  

The recovery time of the B－eXCiton－s bleaching was faster   

than that under the A－eXCiton resonant excitation and that under   

the band－tO－band excitation． FigllreS 16，21and 25 show this   

feature． More cleaLrly，Fig＄．1B and 31show the results． Under   

the band－tO－band excitation the time delay where the bleaching   

becomes the half ofits maximum value vas 5．3 p＄，aS Shown at the   

l．87 eV time tracein Fig．18． Under the resonant excitation of   

the B－eXCiton，this time wasl．8 ps，aS Shown at thel．86 eV time   

trace in Fig．31． This timeis muchlonger thanlO ps observed   

under the resonant excitation o王 the A－eXCiton，aS Shownin Fig．   

31．  The reason vhy this time constantis so fast under the B－   

exciton reson鱒．nt eXCitation i＄ COnSidered as follows． The   

Photoexcited carriers quickly ＄pread outin the moment11m－energy   

SPaCe．  In case of the B－eXCiton resonant excitation，the p11mP   

Photon energy is the same with the B－eXCiton resonance，SO that   

the carriers spread out from the B－eXCiton energy． The other   

explanation is a fast scaLttering process from the B－hole band to   

the A－hole band．  
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Ⅴ． ConelⅦSions  

In this work， ultrafast p11mp－and－Vhite－COntinuum－prObe   

SpeCtrOSCOPy WaS adopted to study the dynamicalbehavior of   

Photogenerated carriers in a CdSe thin ゴilm． As a result，   

the dynamics of the photogenerated carriers in CdSe is clarified 

as follows．  

Under the band－tO－band excitation，nOnthermalized hot car－   

rier distribution was observed when the pump pulse turns on． The   

d11ration of the nonthermalized feature co111d not be resoIvedin   

the experiment，but the ratio of the nonthermalized distribution   

to the totalone gives the thermalization time of 20q40 fs．  

In the cooling process of photogenerated hot carriers，hot   

Carriers loose their excess energy by emitting the LO phonons   

keeping the thermalized distribution． From the time resolved   

absorption spectra， the time dependence of the distribution   

function was determined． Ås a result，the carrier－LO phonon   

SCattering time is estimated to bel．5－2．O ps． The value are   

S10Wer than those estimat■ed from Fr冒1ichinteraction by an order   

Of magnitude． The observed slow cooling timeis due to the hot   

Phonon ef王ect of the electrons and rapid thermalization between   

the electrons and holes．  

In the p11mp－andpprobe experiment，the pump photon energy was   

Videly changed and the pump energy dependence was studied．   

Through the study， the common and different features are   

Clarified．  One of the commorlfeatures is the coherent oscilla－   

tion aro11nd the exciton resonance before the pump pulse hits the   

SamPle． Another is a transient broad．ening of the A－eXCiton  
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aro11nd the time origin． This featureis diminished as soon aLS   

the bleaching becomeslarge． The third oneis aninduced absorp－   

tionin the band－tO－band absorption region．  

Under the resonant excitation of the A－eXCiton，the small   

bleaching with 400 fs rise time and the broadening were observed   

for the B－eXCiton． From the observed broadening，the A－eXCiton－   

B－eXCiton scattering timeis estimated to be 31fs． This val11e   

is well explained by the rigid－Spheres scattering model。 This   

ゴact clarifies theinformation about the exciton dynamicsin the   

femtosecond domain．  

Under the resonant excitation of the B－eXCiton，theinstan－   

taneous induced absorption andits prompt recovery was observed．   

This spikelike temporal str11Cture is well explained by the   

broadening of the B－eXCiton and the fast carrier scatteringin   

the momentumlenergy space． The scattered carriers cooldovn to   

lower energy and only the broadening of the B－eXCiton was   

remained． The cooling time was aboutl．7 ps．  

The time dependence of the bleaching at the A－eXCiton ob－   

SerVed under the B－eXCiton resonant excitation was different 王rom   

that observed11nder the bandqto－band excitation． The difference   

SuggeStS the phase space fi11ing of the conduction band．  

F11rther experimentaland theoreticalworks are necessary for   

the full understanding of the111trafast scattering processesin   

SOlids．  
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Appendix  

Opticalabsorption coefficient α（E）is represented by  

α（E）＝  Im X（E）．   （a．1）  
n（E）蕎c  

Here， E， n（E），C and X（E）denote the photon energy，the refrac－   

tiveindex of the material，thelight ve10City andimaginary part  

Of susceptibility． Theimaginary part of the susceptibilityis   

represented by  

Im X（E）＝2Ⅳい≡Ⅴ豆【トfe（k卜fh（k）】∂（E－Eg，一 皿）                             紬 

Ⅴ  

，  （a．2）  

in the case ofinterband transition． The sum vis done through   

all the valence bands concerning to the photoexcitation． Here，  

r 
cv  

and 8（E）is the matrix element of theinterband transition  

aLnd the delta－function，reSPeCtively． Other notationis the same   

as used in the text．  

Equation （a．2）is the simplest expression forIm X（E）． We   

must take into account of Cou10mb interaction between electrons   

and holes． As a result，the excitonic enhancement at band edge   

appears． At zero temperatureIm X（E）is represented by  

ImX（E）＝2甥r 2 …，真一㌔（言＝0｝l∂（E－㌔，－E入）・（a・3）  

→ Here，r，中人，and EA denote the coordinate of the relative motion  

between an electron and a hole， the eigen董unction and the  
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eigenenergy of a Wannier equation． This formulais well－known as   

an Elliot formula．In the generalcase，One Should take account   

Of this Colllornb interaction at the finite temperaLture and the   

finite carrier density． To solve the Wannier equation at the   

finite temperat11re and the finite carrier density，One muSt uSe a   

Bethe－Salpeter equation for the electron－hole pair f11nCtion．   

However， there is a simple analyticalform which evaluate the  

imaginary part of the susceptibility． 65）In this formalism，eq．  

（aL．2） and（a．3）are simply combined． The eqs．（a．2）is replaced  

by27rrcvA（E），Where A（E）is represented by  

A（E）＝ tanh（  （a．4）  

In this approximation，the formula，   

ImX（E）＝2nrcv A（E）覧．中人（言＝0）l26（E－Egv－E入），（a・5）  

is obtained．  

In order to get an analyticalform ofIm X（E），We replace   

the screened Coulomb potential in the Wannier equation by the   

Hulthen potential，and obtain a ゴinal form  

ImX（E）＝嘗tanh【（即腎一芯e一芯h）／2】x  

32 

ng （1≡1隼（登十侶卜1／gコ2）x2（g－12）（212－g）／1gx  

2 
・  

。12＿）  

J：dxx lノ2 
g 

2 22 
】∂r（Ⅹ射｝（a・6）  

n1 （ngⅩ  
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Here， all the parameters are writtenin dimensionless units as   

representedby，  

＝ rcv／27ra邑ER・署＝（E－Eg）′ER，腎＝kBT／ER・ 昔i＝〃i／kBT（i＝e，h  

）， reSPeCtively． A parameter g is derived 王rom the H111then  

POtential・andis described by g＝12／7raBK・The screening vec－  

tor，JC is a function of the carrier distribu七ion and is   

represented by，  

4Tl／2  l′之  J：dxx  ∑嵩ヲ／2f（Ⅹ一芯．）［トf（Ⅹ一昔．）コ， ．  1          1                1 1  
（a．7）  

〟2 ＝  

Where・蒜iis the e王fective mass nomalizedby the reduced mass・  
Theline broadening餌nction∂r（Ⅹ一）is chosen asl／【灯cosh（Ⅹ／r  

） コin order to prod11Ce an eXPOnentiallov－energy tail，Whichis   

Called Urbach tail． The r・eSults of the calculation are shown in   

Fig．40．  
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Figure captions  

Fig・1 Time delay vs．wavelength caused by the group velocity   

dispersionin the experirnent（1）．（See teXt）  

Fig・ 2  Time delay vs．wavelength caused by the group velocity   

dispersionin the experiment（2）．（See teXt）  

Fig・ 3  Time delay vs．wavelength caused by the group velocity   

dispersionin the experiments（3）to（5）．（See teXt）  

Fig・4 Theill11Stration of the hoトWall－ePitaxy equipment．  

Fig・ 5  Time－reSOIved absorption spectra of CdSe observed11nder   

the 2．12 eV excitation at 4．2 Ⅹ． The spectrum denoted．by．†NO   

PUMP’一 shows the spectrum without the p11mp． The pump－and－PrObe   

SpeCtra at O ps，5 ps and12 ps time delays are shown．  

Fig． 6  Time－reSOIved absorption spectra of CdSe observed under   

the 2．12 eV excitation at the room temperatⅥ．re． The speetrⅦm   

denoted by ††NO PUMP一†shows the spectrum without the pump． The   

Pump－and－prObe spectra at O ps，5 ps and12 ps time delays are   

Shown．  

Fig． 7  The changein the absorption coefficient divided by the   

unperturbed absorption coefficient，－△α／a observed under the 2．12   

eV excitation at 4．2 Ⅹ． Theleft part ＄hows －ムα／αin thelinear   

SCale， and the right part ＄hows －Aa／ain thelogarithmic scale．  
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The effective temperature of the hot carriers Tc is estimated 

from the distribution and the fitting shown by dashedlines・ The   

Values of T for ＄peCtra at O ps，0．6 ps and 5 ps are 970 R，850                C  

X and 540 Ⅹ，r，eSPeCtively．  

Fig． 8  The changein the absorption coefficient divided by the   

unperturbed absorption coeゴficient，一△a／α Observed11nder 七he 2．12   

eV excitation at the room temperature． Theleft part shows －ムa／a   

in the linear scale， and the right part shows －Aα／αin the   

logarithmic scale． The effective temperature of the hot carriers  

Tc is estimated from the distribution and the fitting shown by 

dashedlines． The val11eS Of T for spectra at O ps，0．6 ps and 5 C  

ps arellOO E，860 Ⅹ and 560 Ⅹ，reSPeCtively．  

Fig． 9  The changein the absorption coefficient divided by the   

unperturbed absorption coefficient，－ムa／α Observed11nder the 2．12   

eV excitation at 4．2 Ⅹ． The 王igure shows the spectra observed at   

thelate time（SOlidlines）． The verticalscaleisIogarithmic   

One． The fitted Fermidistribution functions are shown by dashed  

lines・ The effective temperature of hot carriers・Tc for spectra  

at 4 ps，8 ps and12 ps are 580 E，440 E and 390 Ⅹ，reSpeCtively．  

Fig．10 The changein the absorption coefficient divided by the   

unperturbed absorption coefficient，－ムa／α Observed under the 2．12   

eV excitation at the room temperat11re． The figure shows the   

SpeCtra at thelate time（SOlidlines）． The verticalscaleis   

logarithmic one．  The fitted Fermidistribution functions are   

Shovn by da＄hedlines． The effective temperature of hot carriers  
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Tc for spectra at4ps，8ps and12ps are590E，460E and400  

Ⅹ，reSPeCtively．  

Fig・11 The absorption change normalized by the unperturbed  

absorption coef董icient，－△α／a as a function of the time delay  

Observed 11nder the 2．12 eV excitation at 4．2 E． Alldots repre－   

Sent the experimental data and the solidlines represent the   

fitting curves． The probe energy of each traceis shownin the   

figure．  

Fig・12  The absorption change normalized by the unperturbed  

absorption coefficient，－Aa／a aLS a function of the time delay   

Observed under the 2．12 eV excitation at the r・00汀巨temPerature．   

Å11 dots represent the experimental data and！the solidlines   

represent the fitting curves． The probe energy of each traceis   

Shownin the fig11re．  

Fig．13  The changein the absorption coefficient，－△α Observed   

under the l．99 eV excitaLtion at lO X． Each curveis normalized   

by the respective maximum value． The time delay of each spectrum   

is shown in the figure． Thelowest curve shows the pumplaser   

SpeCtr11m．  

Fig．14  The changein the absorption coef王icient，－ムa observed   

under the l．99 eV excitation atlO X． Each curveis normalized   

by the respective maximum value． The time delay o董 each spectrum   

is shown in the figure． Thelowest curve shows the pumplaser   

SpeCtrnm．  
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Fig．15  The changein the absorption coefficient，－ムα Observed   

under the l．99 eV excitation at lO X． The time delay of each   

SpeCtrumis shownin the figure．  

Fig．16  The changein the absorption coefficient，－ムα Observed   

under the l．99 eV excitation in lO X at the late time． The   

SpeCtra at 2 ps， 5 ps，andlO ps time delays are shown． The   

lowest curve shows the pumplaser spectrum．  

Fig．17  The change in the absorption coefficient，－Aα aS a   

f11nCtion of the time delay observed under thel．99 eV excitation   

atlO X． The probe energy of each traceis shownin the 王igure．  

Fig．18  The change in the absorption coe王王icient，－ムα aS a   

function of the time delay observed under thel．99 eV excitation   

at thelate time． The probe energy of each traceis shownin the   

figure．  

Fig．19 Time－reSOIved absorption change，－Aa observed under the   

resonant excitation of the A－eXCiton at lO X around the time   

Origln． The vertical scale of each curveis normalized by the   

re＄PeCtive maximum value． The10WeSt CurVe Shows the pumplaser   

SpeCtrum．  

Fig． 20 Time－re＄01ved absorption change，－Aα Observed11nder the   

resonant excitation of the A－eXCiton a王ter the pump． The verti－   

Cal scale of each curveis normalized by the respective maximum   

Value． Thelowest curve shows the pumpla＄er SpeCtrum．  
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Fig． 21 Time－reSOlved absorption change，－Aα Observed under the   

resonant excitation of the A－eXCiton at the late time． The   

Vertical scale of each curve is normalized by the respective   

maximum value． Thelowest curve shows the pumplaser spectrum．  

Fig． 22 Time－reSOIved absorption change，－Aa observed under the   

resonant excitation of the B－eXCiton before the time origin． The   

Vertical scale of each curve is normalized by the respective   

maximum vaLlue． The10WeSt CurVe Shows the pumplaser spectrum．  

Fig． 23 TimerresoIved absorption change，－ムa observed11nder the   

resonant excitation of the B－eXCiton around the time origin． The   

Vertical scale oゴ each curve is normalized by the respective   

maximum value． Th畠10WeSt C11rVe Shows the pumplaser spectrum．  

Fig． 24 Time－reSOlved absorption change，－△a observed under the   

resonant excitation of the B－eXCiton after the p11mP． The verti－   

Cal scale oゴ each curveis normalized by the re＄peCtive maximu   

Val11e． Thelowest curve shows the pumplaser spectr11m．  

Fig． 25 Time－reSOIved absorption change，－△a observed under the   

resonant excitation of the B－eXCiton at thelong time delay． The   

Vertical scale o王 each curve is normalized by’the respective   

maximum value． Thelowest curve shows the p11mPlaser spectrum．  

Fig．26 PIots of the absorptiorlChange，－Aa as a f11nCtion of the  

time delay around the time origin・The probe energyEisl・91  
pr  

eV．  A solid line shows the data taken under the B－eXCiton  
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resonant excitation and a dashedline shows the data taken under   

the A－eXCiton resonant excitation．  

Fig．27 Plots of the absorption change，－△α aS a function of the  

time delay around the time origin・The probe energy Eisl・86  
pr  

eV．  A solid line shows the data taken under the B－eXCiton   

resonant excitation and a dashed line shows the data taken under   

the A－eXCiton resonant excitation．  

Fig．28 PIots of the absorption change，－Aα aS a function o王 the  

time d・elay around the time origin・The probe energy Eisl・84  
pr  

eV．  A solid line shows the data taken under the B－eXCiton   

resonant excitation and a dashedline shows the data takやn under   

the A－eXCiton resonant excitation．  

Fig．29 PIots of the absorption change，－ムa as a function of the  

time delay around the time origin, The probe energy E is 1.82 
pr  

eV．  A solid line shows the data taken under the B－eXCiton   

resonant excitation and the dashed line shows the data taken   

under the A－eXCiton resonant excitation．  

Fig．30 Plots of the absorption change，－△α aS a function o王 the  

time delay around the time origin・The probe energy Eisl・81  
pr  

eV．  A solid line shows the daLta taken11nder the B－eXCiton   

resonant excitation and a dashed line shows the data taken under   

the A－eXCiton resonant excitation．  

－64嶋   



Fig．31 Plots of the absorption change，－Aa as a function of the  

time delay at the long time delay. The probe energies E are 
pr   

Shown in the figure． The solidlines show the data taken under   

the B－eXCiton resonant excitation and the dashedlines shows the   

data taken under the A－eXCiton resonant excitation． The horizon－   

talshort bars represent the respective zero point．  

Fig． 32  The changein the absorption coefficient，－△α Observed   

under the resonant excitation of the A－eXCiton at lO K． The   

excitation density of eaLCh spectr11mis shovnin the figure． The   

time delayis O fs．  

Fig． 33  The changein the absorption coefficient，－△a observed   

under the resonant excitation of the A－eXCiton atlO K． The   

excitaLtion density of each spectr11mis shown the figure． The   

time delayis150 fs．  

Fig． 34  Temporalchangesin the spectrallyintegrated value oゴ  

the bleaching, aSg （SOlidlines）and that of theinduced ab－  

SOrption，△SA Observed under thel・99eV excitation at the short  

time delay． The left part shows the datain thelinear scale，   

and the right partin thelogarithmic scale．  

Fig． 35  Temporal changein the spectrallyintegrated value oゴ  

セhe bleaching・ASB （SOlidlines）and that of theinduced ab－  

SOrption，ASA  Observed under thel・99eV excitation at thelong  

time delay． The le王t part shovs the datain thelinear scale，   

anヰ the right partin thelogarithmic scale．  
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Fig． 36  Temporal changein the spectrallyintegrated value of  

the bleaching，ムSB （SOlidlines）and that of theinduced ab－  

SOrPtion，ASA Observed under the B－eXCiton resonant excitation at  

the short time delay． Theleft part shows the datain thelinear   

SCale，and the right partin thelogarithmic scale．  

Fig． 37  Temporal changein the spectrallyintegrated vallユe Of  

the bleaching，ASB（SOlidlines）and that of theinduced ab－  

SOrption，ASA Observed under the B－eXCiton resonant excitation at  

the long time delay． Theleft part shows the datain thelinear   

SCale，and the right partin thelogarithmic scale．  

Fig． 38  Temporal changein the spectrallyintegrated value of  

the bleaching，△SB （SOlidlines）and tha七Of theinduced abh  

SOrption，ASA Observed under theかexciton resonant excitation at  

the short time delay． Theleft part shovs the datain thelinear   

SCale，and the right partin thelogarithmic scale．  

Fig． 39  Temporal changein the sp’eCtrallyintegrated value of  

the bleaching・ムSB（SOlidlines）and that of theinduced ab－  

SOrption，ASA Observed under the A－eXCiton resonant excitation at  

the long time delay． Theleft part shows the datain thelinear   

SCale，and the right partin thelogarithmic scale．  

Fig． 40  A caLIculated absorption spectr11m based on the general－   

ized Elliot formula． The detail of the caLIculationis described   

in the appendix． The solidline shows the result for thelow  
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carrier density（～1014cm－3）and the dashedline shows the  

result for the high carrier density（～1017cm－3）．  

Fig・ 41 Calculated absorption spectra of theinterband transi－   

tion in direct－gap Semiconductors． A solid line shows the   

isotropic case，and a dashedline the anisotropic case．  

Fig． 42  The electron arld hole distribution functions simulated   

by means of the Monte－Carlo method． The dashedlines show the   

electron distribution function， and the dottedlines show the   

hole distribution function． The solid lines show the sum of both   

the distribution f11nCtions． The bottom curve shows theinitial   

distribution．  

Fig． 43  The electron and hole distribution f11nCtions simulated   

by means of the Monte－Carlo method． The dashed lines show the   

electron distribution function， and the dottedlines show the   

hole distribution function． The solid lines show the sum of both   

the distrit）ution functions．  

Fig． 44  Temporal change of the effective temperat11re Of hot  

Carriers  Tc at 4・2 Ⅹ・ Solid circles show experimentally es－  

timated temperature． A solid line is the best fitted result  

based on eq．（4．2．2）in the text． Here，the verticalscale of T  

is replaced・by Th＝（f）／mh）Tc・COrreSPOnding to the case that  

hot carriers are hotÅ－holes・TheTl，initialtemperatⅦre O王This  

220Ⅹand the phonon emission time Thisl・5ps・  
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Fig． 45  Temporal change of the effective temperature of hot  

Carriers Tc at the room temperature・Solid circles＄how ex－  

Perimentally estimated temperature． A solidlineis the best   

fitted result based on eq．（4．2．2）in the text． Here，the verti－  

Cal scale of Tis replaced by Th＝（iL／mh）Tc・COrreSpOnding to C  

the case that hot carriers are hot A－holes． Then，initialtem－  

perature of  This200Ⅹand the phonon emission time This2・O  

pS．  

Fig． 46  The relaxation time constants of the bleaching as a   

function of the photon energy observed under the 2．12 eV excitaL－   

tion at 4．2 Ⅹ（solidline）and the room temperat11re（dashed   

line）in thelogarithmic scale．  

Fig．47 The changein the absorptioninduced by the rigid energy   

Shift of the unperturbed absorption spectr11m，ad（E）－αd（E－8E）．   

The rigid energy shift 8Eis taken to be 4 meVin this figure．  

Fig． 48  Excitation density dependence of the spectrally  

integrated bleaching, nSg （SOlid ci－rcles）and the spectrally  

integratedinduced absorption・△sA （SOlid squares）observed  

under the resonant excitation of the Å－eXCiton at O fs．  

Fig．  49  Excitation density deperldence of the spectra11y  

integrated bleaching，ASB （SOlid circles）and the spectra11y  

integratedinduced absorption，ASA（SOlid squares）observed  

under the resonant excitation o王 the A－eXCiton at150 王＄．  
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Fig． 50  Fitting of theline broadening． The solidline shows   

the experimental spectrum observed under the A－eXCiton resonant   

excitation at  560  fs．  The dashed line shows the calculated   

SpeCtrum based on the broadening of two Lorentzians．  
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