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＜はじめに＞   

半導捧ヘテロ界面を通しての電子・正孔系のトンネル過程の実時間領域での様棺を   

明らかにする事を冒的として、以下の3っの研究を推進してきた。   

＜垂直電場引加下でのGaAs－Al。．29Ga。．TIAsの非棒型発光分光＞ 垂直電場引加下で、   

Ga触一角l。．29Ga。．71Asの励起子発光、およぴ、光電流の光非棒型性を勒超レーザー光を   

二つに分け、別々の層波数でON－OFF変調をかけ、和苛竣成分を選択的に検出する事に   

より研究した。この研究により、垂直電場引加下で競合する二つの過程一助電子生   

成と電子のトンネル過程－の競合の律子が初めて明らかになった。   

＜混晶量子井戸AIxGaトX福一AIAsの光学的研究＞ 混晶量子井戸AIxGa卜Ⅹ鮎の系は、Ⅹ   

を変化きせる事により、AIxGaトXRs井戸中の「点と鋸Asバリア中のⅩ点を交差きせる   

事ができる。この交差に伴い、井戸中の「点電子がバリア申のⅩ点へ、へチノロ界面を  

通してトンネル過程がおこる事が期待できる。この「－Ⅹ交差の光スペクトルへの反   

映を、研究する事をねらってルミネッセンスおよぴ、吸収飽和分光の研究を行った。  

■ この研究により、井戸厚が100A程度のと・きⅩ＝0．2程度で「－Ⅹ交差がおき、ル   

ミネッセンスに顕著な変化が観潮された。   

＜刑。．3▲Ga。．銅板－AIAsの超盲速ポンプ・プローブ法により層間「－Ⅹ散乱の研究＞   

約200まsの時間分解能巷もっポンプ・ブロープ分光計を作成し、Rl。．3▲Ga。．66A5－   

Al触の最低エネルギー励起子の吸収飽和の時間特性から、層間「－Ⅹ谷間散乱のダイ   

ナミクスを初めて研究した。吸収飽和の1．2ps程度での遠い回復の棟子から、層間r   

－Ⅹ散乱が、1．2ps程度で行っていると結論した。この時間は井戸申の「電子のバリ   

ア層へのわずかなしみ出しに起因すると推論したっ   
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WiththeincTeaSeintheappliedclectTicYOltage．Thcshifts  
do not varywi（h further reduction ofthe excitationlight  
levcl．Thcbuilt－involt喝e Vhwasdeterminedtobel．8V  
丘om the cuⅣe Orthe mrrenトVOltage characteristics．The  

SamPle hasnobu汀erlayers．Therefbre，theneldis5imply  

也Iculatedtobe∫一（れ1．＋侮）佃where㌔x．i5theexteト  
nallyapplicdYOItageand d－1．78FLmisthetotalthickness  
Ortbe MqW．F01lowing the alculation orB娼也rdね一肌  
in爪nite well，the energy 5hift or thelowest transition  

bctwcentheelectronandholesublevels，A昂isproportional  

totbe5quareOrtbeel亡Ctric爪ddf■asrollowsグ  

ムg一一之．135×10‾ユ（イ＋椚品）㌔βエ〟が．  （1）  

Where gisthechargeorelectron，theヱaXisisalongtbe5u・  
berlattice direction，L，is the welllayer thickness，and  

椚J（一0．‘‘5〝Io）and〝Iふ（－0．45／打○）areerrectiYemaSSeS  
Or tbe モ1ectron and the beavy hole，re5peCtively．me  

Changeo（theexcitonbindingenergyisneglectedbecauseit  
issmallerthanAEbyanorderormagnitude．IInract，Eq．  
（l）explain5theen叩y●sbir【ort申exciton5inas雨kingly  

COmPIcte m＆nner，aSis showrLin Fig．1，Conyersely，thc  

CIcctricE；eldintheMQWcanbedeterminedf（Ornthepeak  
Shinorexcitons．   

Under the picosecond hscr excitation，the exciton－  
1umine5CenCeene柑ySbi侮towardlowerenergywitbaniか  
訂eaSein t加externally applied YO地名e asis shownim．th¢  

ipsctofFig・2・Then，ho心ever，thepeaksh肌isnotso  

hrge鱒eXpeCted．We attribute this disasreement to the  

SCreeni喝Ortheelec扇c椚eldbythebigb（knsityorphoto－・  
generatedca汀iers】b棺uSeWeOb5eⅣethatthe匹aksbir亡i5  
reducedYithanincreaseinthccxdtatiorLintcnsity．There－  
fbre，Wedonotestirnateth占electricneldffomtheapplicd  
VOItage．Instcad，We deterTnine the electric neld ftom the  

peak shirt on the．basis ofEq．（l）．In Fig．2，both the  

exciton－1umine鑓enCeintensi甘and thephotocu打entaCrOSS  

the supcrlattices are plotted as a function bfelectric爪eld  
thus estimated．A5uddenchangeisobserYedataneld or  
省一5．0×10ユⅤ／cm．Åt thi5 Valuモ，the exciton・lumin一  
モSCenCeinte耶ity decreasesahd thモ】巾O10Currentincreases・  

These fhctsindicate that theexcitons dissociate at this neld  
andthatelectron50rhole5tunnelthrol唱hthepotentialbarこ  

riers and contribute tolhe photocurrcnt．At the neld or  
ろ－5．0×10ユv／cm，the鮎1dgainrort叫electronsorholes  

arnoumtsto9meVwhenthcymovebyasu6erlatticeperiod  
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ELECTRIC FtELD（V／cm）   
口G．l．Peakshirtorthehe8VyeXdton50b5モⅣedinphot∝On・  
ductiv卸S匹traa5a」山nctionortheapplkd eleぐけicv01t相e㌔柑  
Ex匹rime爪はl血t且are5hownbysoliddrcles・mebuilt・inY叫叩e  
㌦i壬＋1．8V・Elec雨C鮎1diれthe MqWi5（alculated to bモ  
（㌔．t＋侮）〟L T触りOlidlinモii血alcuktモdoneoれ血b孔Sisor  
Eq．（1）．Inthein鍾t，Phot∝Onductivily5pモCtraund亡rtheextern811y  
＆PPliedYOlta8亡＆teShown・Thelove＄t－en叩yPeakcorrespondsto  
h亡▲YyeXdton5．  

nG．2．Lumin亡父enCeiten5i【yOrheaYyeXdton5（0）andphoto・  
00汀ent（●）貼ahnctionortheモ鹿tric鮎1di爪theMqW．Solid  
anむdashモdline5are糾idesねrtbe町田・mein5e【5howshモaVy・  
exdtonlumin亡父enCe5匹dmund餅eXtern811y8ppliedY01ta8e．The  

匹8k5hirbOrhea叩eXdton5hdiqte血tappliモdY01ta8田0，一っ，  
－‘，and－9V co打出叩爪d to elect血鮎l由5．OxlO】，9．慮×lが，  
ユ．5×l叶indユ．さ×1〆Ⅴ／c爪，reS匹diYely．   
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● （一178A）・The鮎1d専血i5almoslequaltotheexdton  
bindin8energyin120・A quantumw¢115（10meV）derived  

什om the magneto・OP【icalmeasur引Ⅲm烏．IThe爪eld gain  
COmp¢nSateSねr the bindin各号n即gy．．Thモーeねre，itisquitモ  

ー亡a50れable ねr exciton5 tO di5S（）Ciate at■a rield or差  

－5．0×■10】Ⅴ／cm．CuⅣe＄Orpbotoくu汀ent弧dlumines－  
亡enCeint亡掴ity5how a，plateau bモ佃een －l．0×1がmd  
－ユ．0×10■Ⅴ／cm．Witbthe餌nberincrea5畠inthモモl餌けic  
neld up to－ユ．塁×lかⅤ／cm，the pbot∝u汀モntincre出eS  
andtbeexcitonluminモ5CenCedecrea5e5．   

The廿ansie爪t re5pOn5e．Or the excitonlumino餌enCei5  

5bowninFig．3．Atthe点eIdorろ－5．0×1がⅤ／m，血e  
t亡mpOralprorileortbeexcitonlumime∝enCeChaI唱e5dr出ti・  

qlly．Belowろ，tbeモXCitonlumine部enCeeXpOnentiallyd亡・  

qy5Witb a time 00n5也n【orl．5ユ n5．Above－ろ，也e  

exciton・1umin瑚enCe de仏y5eem tO COm5i5t Or tWO COm－  

ponent5．nモh5td∝ayba5atimeconぬntor430p5．Tbe  
S10WOnehasalongtimeconstantwhichhasnotbeendeter・  
mi爪モdintbi5eXpモdment．．Wedeteminet加ttbechangeor  

lhele爪p8ralprorilecome5丘0汀l丑ほtunneliI鳩Orthモモlec一  

打Om50r boles becau5モtbelurninそSC亡nC∈decrease and tbe  

pbotoくu汀enlincrea父hke p18Ce at the common electric  

fkldorろ－5．OxlO】Ⅴ／cm．nen，tbeね5tde仏yOreXCiton  
luminescenceis dominatedbythetunnelingofelectronsor  
holesacross thepotentialbarriers．Therefbre thetunneling  
m地租nbe瑠timatedtobel／（ヰ30p5）－ユ．3×1095‾l．At1  
月eldor－2．8xlOヰⅤ／m，址e5low－deqycomponentortbe  
exdtonluminescence Yani5bes complモ【ely and the exdton  

luminescence exponenぬ11y decays with a tjme constantof  

430p5．  
1ti5nOte鮎ytOeStimate thedissociationra旭OreXdtons  
王ntheMQW．Toestima（eit，WemuStCalcu）atetheratcsof  

atle胡ttWOprOCeS5鴨，tbediぉ∝iationorexcitons，andthe  

tunneling orelectrons orholesacross the barrierpo（Chtial．  

IrtheexcitonsarセムOtintbequantumwel15anda代inthe  

elモCtric鮎Id苫也edissodationrateorexciton5，呵，15裏Yen  

bytheね110Wing・ねmulawbicbalsodescribestheioniヱation  

rateorhyむOgenatOm5．tO  

〝l－（1朗巧胤げ毎）¢Xp（－4月／3♂わ），  （2）  

2 

13tbt。 

rate托aChe52．き×101】s‾1atan electric鮎1dorろ－5．O  
XlO3v／cm・ 
rate．   

Compa－由with tbe above・mentioned di55∝iation rate，  

the餌nneling rate orelectron50r bole5aCrO5S the ba汀ier  

potentialis expectedtobcslowbecausethe Ab．21Ga。．TIAs  

b＆rrier potentiali5muChhigher thantheCoulomb barrier．  

T触＝Ⅲperimentalresult5鱒m卿Ond¢XaCtlywitbtbi5eXpモC一  

也血n・‡n tbe Wentヱel・塩町er5・Bri110uin approximadon，  

the tunneli喝rat¢Or elec加鵬Or heavy bole5aCrOS5the  

ba血erpotentialレユi5憬timatedto加11  

wユー（加打2ガ加〟）expト（ヱル）イ融二面4】，  

（3）  

iftheCoulombinteractionbetweentheelectronsandhcavy  

hole5i5neg止cted．Here，∫i5tbebanddiscontinui【y，Ⅳ通  emtノrg 
（ar 
2叫てh＾）L〟訂正istheclassicalperiodortheelectron（heavy・  
bole）motionim tbe quantumwell，11bモCauSe tbe；com一  

匹nent Or tbe velodけOrelecはOn5（beaw hole5）in tbe  

lowest5ublevelis柏／Jポ鵬一¶オ／J城址）ち．Equation（3）is  

the expressionin the case of zero applied electric neld．  
HoweYCr，thisequationapproximatelyholdsurlderthecon－  

ditione付くくび一員evenwhentbeelec雨ヒneldi5applied．   

TheratecalcuhtedonthebasisofEq．（3）isnotaltered  

muchwhenfhe・COn蝕ementenergy打短negl亡CtedbeQu5e  
ぴi55maller than tbe．b8nd discontinuitygbyanorderor  
magnitude！Therefbre Uisneglectedfbrsimplicity．1fthe  

band－Pp discontinuity 叫it of 85：15is correct，lユ the  

COnduction・band・discontinuity 烏is 307 meV and the  

Yalence－banddi5COntinuiけ札短54meV．men，the山nnel－  

ing rale or electronsi53．9×10，5－1and that orhole5i5  
2・7×10Is－1・Ontheotherband，thetunnelingrateorelec・  
tronsisl・3×1010s「landthatofholesis4・3×105s－l，if  
the b＆nd・gap discontinuity split of57：43（長一206heV，  

ち－155meV）iscorrecttl】lnbothtbe00丘eS，．tunnelingor  

electrorlS domiふates the neld dissociation rate o［excitons  

acro55the ba汀ierpotential．mecalculated tunneling rate5  

arcfisterthantheexperimentalvalue．However，disagree－  

mentis・Withinanorderormagnitude，althou帥themlcula－  

tionisthesimple5tOne．   
The simple 飴1culation wellexp18ins tbe・eXpモrimen也1  
CharacterきStics that the tunLIClingrateisnotafftctedbythc  

elecけicfkldbモⅣeen5．0×10Jand2．さ×10■Ⅴ／cm．In触t，  
unlike the earlier experiments，コ・】the condition efy＜くU  

一方hold5in our experiment．Nev¢nbele5S，eXCiton5ar亡  

5けippモdorelectron5andelectronstunnelacTO5Sba汀ierpo－  

tentials cri正弘11y at the nddろ－5．0×10j v／cm，be也uSe  
thc爪cldgaincancompensatefbrthebindingener8yOfex・  
Citon5．Itisnotea5ytOCOn5iderthetunnelingorelectrons  
throughboththcCoulombbarrierandthebarrierpotential．  
Innct，thereisnoavailabletheoreticalstudyo［血isprob・  

1em．The・Slow・（k仏y COmpOnent ObseⅣed betw亡en  

－5．‘×10】and－2・8×1伊Ⅴ／cmmaybeduetonongモm－  

inate excitons made o［stripped elcctTOnS and holes．With   

0
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1000  
TIME DELAY（p＄）   

円G・3・TモmPOralpronleorlbeheaYy－eXd10nlumin亡父enCモh・  
temilyinlhe匹ー匹ndi00加eledTic rkl血 mモ倒dmatモd el∝山c  
紬由in血MQWar＝・OxlOコ，5・‘×1吼9．8×10】，andユ．8可が  

Ⅴ／印nね一触叩pliedv01b苫瑠OrO，一1．－3，弧d－9V，reS匹tive・  
1y・D廻hモdlin亡‡血owex匹爪モn血de也yWithr亡5阿山モtim亡00n・  

弛爪tT・D礼Sh－dot一也伽モSShowlon如iYd∞爪印れent．neねdト  

鮮Ound ob光Ⅳed加ゎreOp5∞me5加m the slray or‘・n計1ivd  
lumin亡部印∝W損亡hi5卿Iiartotbe5ynChro陥れ5treakamera．  
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theincreaseintheelectricneld，thes10W・decaycomponent  

decre粥e5andthephotoぐu汀entiれCrea5eS．Wemayattribute  

thiscba叩etOtheonsetorsucce55ivetunneli叫Orelectron＄  
血rougbmanyba汀iers．However，the5eprOCeSSモSremainto  
beclarinedby山turestudy．  
In summaⅣ，the tunneli喝dyna爪ics or photogeneraト  

ed carriersin GaAs・Ah19Ga4．TIAs multiple・quantum・We11  

sけuctureShavebモen5tudi由inanelectricfieldpモーpendicu・  

lar to tbe welllayer5．Dra5ticcbange5，5uChasanincre鮎e  
inthephotocurrent，adecreaseintheexcitonluminescence，  
乱nd acba喝e Ortbe excitonl汀etime take place5imu他nモ・  
ouslyattbe血ticalelec出c鮎Idor－5．0×lがⅤ／cm∴ne  
changesareaS∝ibedtothモdi550Ciationorexciton5andthe  
tunnそIi喝Orモ1ectron5througb the Alo．ユ9Ga侶IA5pOtenlial  
barricrs．Thescprocessestakep18CeWhenthefieldgairlCan  
COmPenSatefbrtheexcitonbindingenergy．ThetunrLeling  
！a旭Ortbeelectron5i5determinedtobel／（430p5），Slower  
thanthe5implee5timation．  
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pre5ent WOrk・ContraⅣtO tbe present化Sult5，tbey havモ  
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Locali2：edindirectexcitonsinashort・periodGaAs／Aussuperlattice  

F．Minami，■K．Hirata，andK．Era  

胸血〝dJ血〟i畑♪′点胱d打点山九叩口血肋一山海乃止血り抽山川鴫句卿  

T．Yao  
且k⊂加Iec加加Jエ■由柁わ仇乃打払如，J鮎川たりOi句四川  

Y．Ma5umOtO  
血一触一相伴恒也仇血画日付緑血小加紬れ臓血机明諭卿  

・（ReceiY亡d31D∝em率r198占）  

●  Weh＆V亡StudiedtheopticaIpropcLtiesof＆Short－PCriodsupedatticecompo＄edor20・もÅGaAs ●  
arld14・7－AAIA5hyers・neSuPerlattic亡behaYCSaSanindirect・gapmaterial．Aslowandnonex・  

POnCntialdecayofthelumin亡虻enCeCanbeinterpretedastheemissionEh）mthe＾indirect亡XCitons  

localizedattheGaAs′AIA5inte血ces・Thetemperaturedepcndenceoftheexcitond∝ユydm亡Can  

bebxplainedint亡mOfatransitionbyphonon・aSSistedttlnneling，followedbyaLlOnradiatiYetranSi一  

日on．   

Recentad叫nCeSincrystalgrowthteclmiqucs，SuCh  

themolecular・beam＜Pitaxy（MB王）method，havemadeit  

POSSibletoproducesemiconductorcrystals consistingof  
altematlnglayersoftwodi鮪rentsemiconductors，i．e．  

Perlattice struc亡ures．Thesesupcrlattices areexI光Ctedto  

fbrm a ncw dcviceand have been extensiYely studied，  
甲p由iaIlytbeGaAs／AIAssy5te爪．Anumberorex騨n－  

ments on GaAs／AlAs superlattices oflargelayer thick・  

nesshavebecncarriedoutandanalyzed successfb11yby  
m鱒nSOftheKronig－Pehneymodel．1nerehaYebeena  
few・WOrksonultrathinlayeredGaAs／AIAisupedatdccs．  

HoweYer，COnSidefable confusioTleXistsintheinterpreta－  

tionortheelectronicstructureofthe5CSuPCrlattices，eSPe・  

Cial1yofthe5hort－Periodsuperlatticeswithnearlyequal  
GaAsandAlAslayeてthicknessandwithperiodsranglng  
倉om－10to－60A・Some groups haveclaimedthat  
the5eShort・Periodsuperlatticesbehaveasindirect－gaPma－  

terials，2・3whileothershaveconcludedthatthe5ematerials  
aredirectgap．4－7InordertoclariLytheelectronicstruC－  
tureorshort－periodsuperIattices・WehaYeStudiedthec甘  

ticaIpro門出ies or a superlattice composed or20・4・A ●  

GaAsand14・7－AAlAshyers・SpecialatteTltionisglYen  
tothedynami？SOfphotoexcitedcarriers・Theexpenmen－  
tal tesults indicatc that our sample behaves as an 
indirect・gaPmaterialandthattheemissionneartheband  
edgeisduetolocalizedirldirectexcitons．   
TheGaAs／AlAssarppleusedinthisstudyconsistedof ●  
250periods of20・4－A GaAs／14．7・A AIAs grown by  

MBEat550’Cona（100）semi・insulatingGaAssubstrate．  

TheAIcontentinthesamplewas42％，Whichisnとarthe  

direct－irldirect crossoYer Yalue or ＿4O％ in the  

Al＆Gal－XAsalloysystem・8－10Inordertomakcabsorp－  
donmea5urementS，tbe G乱A5Substratewa5remOVedby  

pre氏rentialetcbingoYerar喝10n Orlxlmmヱ，leaYmg  
Only the MBエーgrOWn丘lm・The cw photoluminescence  

and excitationmeasurementsweremadebyaDCMdyc  
laser pumped by an argon・ionlaser．For time－reSOIvcd  

3‘  

Sp∝tra，the sample was cxcited by a caYity－dumped  
mode・lockedcwdye（DCM）1asersynchronou？1ypumped  
byamode－lockedargon・ionlaser・netranSmittedlight  
aJldlumiIleSCenCeWeremOnitoredbyadoubldmono  
matorequippedwithacooledphotomultiplier．Lifとtime  

measurements werezhadeby thetime・COrrelated single・  

photoTICOuntingtechnique．Thesamplewasimmersidin  
liquidhelium・AtelevatedtemperaturesIitwas exposed  
toanatmospbereorbeliumgas．   

neabsorptionspectrumat4．ヱKispresentedinFig．  

1・The absorption coefRcient a（私）was obtained丘om  

the opticaldensity by takinginto account multiple  

re丘ections．Thesp∝trumShowsthecharacteristicbehaY・  

iorofindirect・gapmaterials：Noftatureduetodiscrcte・  

StateeXCitonabsorptionisobservedandanabsorptiontai1  
isseenatlowenerglCS・FromthekinkinthecurYe，the  

directgapちkme出urd狙〔1・975eV・Weest血ated  
theindirectgapちErOughlyas－1・88eVthroughthere・  
lationa（血）・∝（ちf一男b）2．2Theluminescenceandexcita－  
tionspectraat4．2KarealsoshowninFig．1．ArdatiYe・  

1y sharpline，labeledbyI．x，is obserYed at－1．873eV  

anddominatesthenearやpemission・Onthebasisofthe  
SPCCtralpositionandtimedependenceshownlater，Webe－  
1ieYethat theIc＾linecomesfromthedecay oflocalized  

indirect excitons・Althoughweak and broadband emis－  

SionsareobservedatlowereIlergleS，herewecon負neour  
attentiontotheZexline・Theexcitationsp∝trummOni・  
tored at the Zexline shows a well－de丘ned peak at the  

direct－gaP energy・Thisalsoindicates thatthesampleis  
indirectga．p．Further，thisconclusionisborneoutbythe  

temporalbchavior ofthe Z亡エemission described below．  

Thcse results support．the conclusions orRe危．2and3，  

Whilctheyareincon郎ctwiththoscmadeinReE5．4－7．   

Figure2showsthetimceYOlution・OftheZeJemissionat  
4■2TK・Theemisiiondecaysslowlyandnonexponentially・  

Thistemporalbchtiorcanbeinterpretedwe11intermsof  
theemission Etomindirectexcitonslocalizedbydisorder  

之さ75  ◎1987TbcAmericanPhysicalS00icty   
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Ⅹ1ein e（aZ．11Accordi喝tO their theory，1l・1ユthe time  
respoTISeOftheemission丘omlocalizedindirectexcitons  
isglYenaS  

EHERGY（■V）  
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fbrindirectexcitons at the2：One boundary，Where w，is  

theaverageradiativedecayrateduetorandompotential  
SCattering，andw〝isthetotaldecayrateduetoa1lother  

PrOCeSSeS．Thcexperlmentaldata丘tthetiTnedepcndence  

Predicted丘om this model．Theoreticalcurves derived  

丘omEqs．（1）and（2）arealsoshowninFig・2・Thebest  

触wereob亡扇ned如叫支9×10‘5亡仁一1and比，〝＝け5eC－1  
竺・ 

．。l 
A better負tis obtained to Eq．（2）．Fromthis result，  

howeYer，One CannOt COnCludeimmediatelythattheIex  
emissionis duc tothe zone・boundary excitons，because  

thetheory9fKleinetal・WaSdevelopedfbrindir亡CteXCi－  

tonsinanal10ySyStem 
tributed．h superlattices potential触ctuations are con－  

sideredtocomeEtomtheinhomogeneityofthcinterfhce  
andscattqrerstobcdistributedintheinter払ceplanes▲In  
suchacase，tbesummadoninEq・（6）orRe£11must 

PerfbrmedoYerthepositionvectorsLofthescatterersin  
theinterfhcesspannedbytheexciton．The亡XCitoninthe  
presentsystemencomp乱SSeS Onlya氏wi爪teぬce●plan亡S・  

mephasefhctore［k・LinthisequationthendoesnothaYe  
manydi舵ren亡YaluesfbrindirectexcitonsatwaYeVeCtOr  
knormaltothcinterfhce（i．e．，OTt’the＾line）．Thctheory  
should thus bc modi鮎d Ebrthesc cxcitons sincethe as・  

SumptionofthepTlifbrmdistribution ofphase，uSedin  
Re仁11，isnblongeragoodapproximation．Bymodify－  
1ngthemodelofKleinetaL，itcanbededuccdthatthe  

decay ofindircct excitons onthe＾1inefo1lows Eq・（2）  

mtbertban軸．（1）．13Ⅰもtbe5uperlattices，tberめーちeXCi－  
tonsbothatthe2：Onebo叫ndaryandonthe＾1ineshould  
decayaspredictedbyEq．（2）．   

TodetcrminetheonglnOfthetelemission，itisneces－  

SarytOknowwhichpcintsoftheBri1louinzonearelikely  
Candidates fbrposlt10nSOfthebandextr亡ma．Sinceitis  

We11establishedthatthetopmostoftheYalenccbandslies  
at r，WCwi1lsearch fbrとheloぐa亡ion ofthe conduction・ J  

band minimum・Followlng Re仁 3，We take thc  

Al0．4ユOao．5＆Asalloybandsasunpertu血dstatcsandtreat  
thes11PCrlatticepotentialasaperturbation・Ⅰ爪theparent  

alloy theminimumoftheconductionbandoccursatthe  
Xpoint・10Inthesupcrlattices，theX（001）pointisfblded  
backtotherpointduetothesuperlatticepotential，and  
throughthe・COuPlingwithotherrstates，itislowertiian  
theunmixedX（100）aTld X（010）points・This poInfis  

then expected tobecome thelowest．stateofthe conduc－  
tion band．Actually，in th亡alloy the cotlduction・band  

min血umis not atズ，but di如1aced丘omitもy tb亡  

“caTnel，sこbackいe魚沼t．This camel，s－back struCtureWOuld  

bclreaeCtedinthcbandstruCtureOfth亡SuPerlattice・The  
COnduction・bandminimuTnisthenexpectedtoZieonthe   
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FIG・1．Å鵬orptlOn，CWluminesc亡nCちandexcitationspectra  

Ebrtheshort－PCdodGaAs／AlAssuperhttice・ThcdiTeCtlaPIS  
denotedbyち．TheexcitationspcctrumWaSmOnitorcdatthe  

′tlline．  

inthesample．h thepresenceofpotentialauctuations，  
no－Phononradiativetransitionsofindirectexcitonsareal・  
lowed because these 触ctuations break the k・Selection  
ru1e．Reaectingtherandomnatureofthescattenngpo－  
tential，theradiativedecayrateisnotwellde丘ned，buthaLS  
aprobabilitydistribution・Theno－phonon transitionsof  
indirect亡XCitonsin such a case have been studied by  

（
u
〓
U
コ
．
一
】
一
ニ
ー
ト
】
S
u
〓
三
 
N
0
1
S
S
】
王
山
 
 

0  0．6▲  l．Z8  

TIME DELAY（JLS）  

FIG．ユ．Temporal亡V01utionorthtJ．．emi泌ionat4ユK・n亡  
純1idlin＝hows theex匹nm亡nlalcurYe・Cross銭Tep化S印tEq・  
（1）with叫芸9×10一班仁一1andl〟〝ヨOs∝－l・Circl亡Srepr6ent  
Eq」ヱ）with叫＝8×10占sec－1and軌＝ヱ×1が弼一l・  
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＾linc．】onthebasis ofthis considera．tionand thetime  
dependcnccobcying王q．（2），WethinkthattheZexemis・  
sionisattributabletoindirectexcitonsonthe＾line，iふ，  
thecamel’s－backexcitonsneaftherpoin（．   

Theone－Photontransitiontothelowestrstateofthe  
COnductionbandisconsideredtobeweaklyal1owed，Since  
thisrstateisderived丘omtheXpointortheparenta1loy  
andisonlyslightlymodi負edbythesupcrlattic亡POtential．3  
Further，itcanbeshownthatthedecayofthis”pseudo－  
direct’’excitonfbllowsEq．（2）．Thusonemaythinkthat  

thereis皿O Camel’s－backstruCturenearthe r point aJld  

theZelemissionisdtletOthepseudodirectexcitonconsist・  
lngOfarholeandanelectronattherpcintwhidlhas  
thefblded・XcharadteroftheAk4ユGao．58Asalloy．How・  
eYer，thisisnotourcase．Attherpoint，thesupcrlattice  

potentialmakesamoreappreciablecontributiontothera・  
diatiYe decay rate than theinte血ce disorder does，and  

thiinohstochastic contribution should beincludedinthe  
decay rate wn．This asslgnment thenis not consistent  
withtheresultthatw．．ismuchsmallerthantheaverage  
radiatiYedecayratew，，Whichisameasureofthemagnl・  

tudeofiTlterfhcedisorder．   
ThereisanotherpossibilitythattheZexcmissionisdue  
toexcitonsboundtoneutraldonorsoracceptors．Howev・  
er，thisasslgnmentisveryunlikely，because，bycontribu－  

tiontononradiativeAugerrecombinatior！，theboundexci－  

tons cand亡CayeXPOnentiallywithlifttimesless than20  
nseceYeqinindirect－gaPmaterials・lLt4Furtherevidence  
thattheemissionisnot丘omexcitonsbcund．toimpurities  

isproYided bythetemperaturedependenceof・theemis・  
Sion．Sincetheboundexcitonhas abindingenergyofa  
ftwmeV，thermaldissociationoftheboundexcitontothe  
ffeeindirectexcitonshouldoccur卑bove－20－30K．The  

杜ee＜ⅩCiton emission should then dominate the bound－  

excitonemissionat●hightempcratures．However，theex・  

PCnmentalresultshowsthatZezemissionispredominant  
above60K・Thispossibilitythereforeisruledout．   

netemperaturedepモndenceor也edecayortbeJ既Iine  
isshowninF享g．3．nereisaconcomitantdecreaseinthe  
emissiorLinten5ity．Atlow temperatures，the emission  

Shows a slow and nonexponentialdecay．With thein・  

Cre鮎eOrtemperaturちthedecaybecomes鮎terandap－  
proachesanexponentialfbrTn．Achangeovertoexponen－  

ti山d亡CayOCCurSめove■－11Ⅹ．netemperaturedepen－  

denceofthedecaytimeisshowninFig．4．HerewehaYe  

de丘nedthedecaytimeastheslopeoftheexponentialdc－  
CayCuⅣ亡abve～11K．Intbe丘gurewealsoshowtbe．  
temperatllredependenqeofthesteady・Statelllminescence  
intensity・The paralleldecreasesinthe decay time and  
the emissionintensity showthat nonradiatiYe prOCeSSeS  
aredominantabove～11K．Thedecaytiふe（orlumines－  

CenCeintensity）doesnotexhibitA血enius・tyPCbehavior．  

AreiLSOnable最tisobtainedtoanexpressionoftheform  
－T／Tb 

rcee ，withコ㌔－10K・Thistemperaturedepcn－  

denceis払miliarinamorphousmaterials，SuChasAsユS3  

（Re仁15）and a－Si：H（Re仁16），and bclieYed to be a  
Characteri＄tic oflocalized systems with a ＝皿Obility  

edge：・17Further，thisdependencehasrecentlybeenob－  
SerVedin seYCralmixed crystals andis considered tobe  
associatedwiththemobilityedge・t8 wethusthinkthat  
thee－T／7b dependenceinoursanPleindicatestheex・  
istence ora mobility edgeand excitonslocalizedin the  
Andersonsense・19Inthispicture，thetemperituredepcn－  
denceisexplainedasfbllows・・Atlowtemperaturesonly  
theprocesseswhichlowertheenergyarepossibleandthe  
localizationisEhstandirreversible．Thelocalizedexcitons  
thendominatetheemission・Theyrespondtothepoten－  
tialRuctuationsand・decaynonexponential1y・Thetemper・  

atur亡dependencecarlbeunderstoodasaresultofthermal  
delocaliヱationofexcitons．Asthetempcratureisr㌫sed，  

theexdtonmobilitylnCreaSeSViapho？OrL－aSSistedtuTlnel－  

1ngandthe prob8bility ofreaching nonradiatiYe reCOm－  

binationcentersincreases・AsnonradiatiYeprOCeSSeSare  
dominant，thedecaybecomesexponcntialandtheradia－  

dYe亡覿ciencydropso覿   

Final1ywcmakea．shortmentionofthelatestworkon  
thesames叫∝tpe血叩dby下inbnmgrαJ．ユO From  
the tempcralrcsponse ofphotoluminescence，they con－  

Cludedthatth亡lowestexcitedstateofthe＄hort－periodsu－  

PCdatticesisanX・POint（zone－boundary）exciton．Onthe  
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TIHE D∈LAY（〃5）   

FIG・エ Lu∫ninぢCmCe decay curv領Or theJ亡11ineぬr  

di脆代nt【亡m匹mtur亡S．  

0  20  ▲O  

TEIIPERATURE（K）   

nG・4・Tempcraturedepend亡nCeOrthede皿ytimeandorthc  

CWlumi爪6CmCein【亡nSityortheJ以Iine．   
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indirect－gap matedalいTbe emission atヰ．ヱK sbows a  

Slowandnonexponentialdecay．Thisbehaviorcanbein－  

terpretedbythedecayofindirectexcitonsonthe＾1ine  
madepartia11yallowedbydisorderaLttheGaAs／AIAsin－  
terfhces・Thedecaytimeoftheexcitonsexhibitsae－T／To  
temperaturedependence，Whichis explainedin terms of  

Phonon・aSSisted tunneling of excitons to nonradiatiYe  

CenterS．  

WearegratefultoProftssorJ．NakaharaofHokkaido  
UniYerSity fbr Yaluable di5CuSSions on the tempcrature  
dependenceortbeemissi血．  

otherhand，WeSuggeStthatitisanindirectexcitononthe  

nii。。i  
＾line，3wethiTlkourassIgnmentismorereasonable・Ac・  
cordingtoRe£20，however，thereseemstoexistatheory  

PredictingthattheunmixedXminimaarethelowest・A  
知11understandin＄OfthisstatemustinYOIveamorecom・  
PleteinYeStigationincluding，fbr cxample，the e触t of  

uniaxial・Sけ6S．  

tbt  
and14．7・AAIAslayers．ThesuperlatticebehaYeSaSan  
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OpticalnonIinearitiesofexcitonsinCuCIrnicrocry＄tals  
YasuakiMasurTlOtO，Makoto Yamazaki，andHideyukiSugawara  
血血山gげ坤也仇血打吋q「乃止以如．乃打払毎血相たJJ8エー騨川  

．（Received16March1988；aCCeptedfbrpublicationlOAugust1988）  

Nonunearopticalpropertie50fexcitonsinCuClmicrocrystal＄inNaClhostcrystalswere  
Sttldiedbyth亡absorptionsaturatioTlmethod．Prominentabsorptionsaturationofexcitonswas  

dbservedto＆etherwithablueshi軋Optical710nlinearitywasfbtmdtoincreasewithanincrease  

inthesizeortheCuClmicrocrystals．TheobservednonlineariticsareYerylaLrgeCOmParedwith  
thoseinbulkCuCIcrystalsandGaAsqua・ntuTnWells・   

dcn5ity丘1ters．AboxcarintegratorwasuscdforaYeraglng．   

Intheweak－1imitabsorptionspectra，allthesampIcs（1－  

5）sbowcIe∬血so呼tionp亡ak5おC伽toろandZl．ユeXd－  

tonsat77K．neabsorptionpeakpositionsofZ3eXCitonsof  

弘mpl亡S2，3，ヰ，and5shi氏towardbigberenergiescompared  

withtheろexcitonenergyofbulkCuCl・Itohstudiedboth  
th亡ろexdtonenergyandthesiヱeOfCuClmicrocrystals・  
ThesiヱeWaSmeaSuredbymeansofsmal1－anglex・raySCat－  
tering．OTlthebasisofhisstudy，thcろexcitonenergyE；．is  

best亡Xpr岱Sedby也亡払muIa   

も1＝阜1（bulk）＋（ポ）2／【ム甘（〃＋0・5〃‘．）ユ】，  

wbereち．（bulk）m飽nStheろexcitonenergyorbulkeuCI  
C巧Stals，〟（＝Z・3椚。）istbeろ亡XCitontranslationalmass，8  

istheaverageradiusofCuClmicr∝ryStals，anda．A（＝0．68  

nm）istheろexcitonBohrradius．neequationcanglYe  

Valuesorα什om仙eYaluesor＆ス．Thu5theaverageradiiof  

CuClmicrocrystalsinsamples2，3，4，and5asdetermined  

areshowninTableI．neshiftoftheろexcitonabsorption  

peakin samplelis much smal1erthan the absorption  

linewidth，SOthattheshiftisnotdefinitelyobtained．nere－  

fbre，theradiusofCuClmicr∝ryStalsinsamplelisjudged  

tobelarger也anlOnm．・   

InFig．1，nOnlineaTabsorptionsp∝tTaarOundろexci－  

tonsinCuCITnicr∝ryStalsareshown．neabsorptioncocト  

丘cient ais calculatedbytheformula．a＝－ln（T）〃才，  

whercJ7stheYOlurnefhctionofCuClinsaTnPks，dissample  
thickness，andTisthetransmittanceofthelaLSCrlightinten・  

Sity．Theabsorptionspectraunderthelowcstdensitylascr  

CXCitonalmostagreewiththeweak・limitabsorptlOnSPeCtra．  

Withtheincreascofthcexcitationdensity，theabsorption  

PeakdecrciLSCSPrOminentlytogetherwithablu亡Shift・Thcse  

nonlinearabsorptionfhturesaresimilaTtOthos亡ObserYed  

insemiconductorquantumwells・5Jneexcitationintensity  

Recently opticalproperties ofsemiconductormicrか  

CryStah（quantumdots）haveattractedmuchinterest・This  

isbecausesemiconductormicrocrystalsareexpcctedtohaYe  

noYelopticalpropcrtiesinawaysimi1artosemiconductor  

quan血mwd15．A150，Semicondu亡tOrmicr∝ⅣStalsar亡瓜・  

PeCtedtohavehighopticalnoTllineanty・Therefbre，thcy  

haveapotentialfbrbecomlngnOVeloptoelectricdevices  
whicharcuse餌Iinopticalinfbrrnationpr∝eSSlng・Inthis  

sense，thesearchfbrnewmaterialiincludingsemiconductor  
microcrystalswhichhaveahighopticalnor11inearityisim・  

ponant．So如，manyautborsbaYerepO正dtbequantum  

siヱe e触ts fbr excitonsin semiconductormicroぐryStals．  

Basedonth亡ClassiRcationmadebyEkimoveLaL．，thequan－  

ttlmSi之ee駄ctsareclass摘edirltOtWOCategOries：electronor  

holecon丘nementand亡XCitoncon丘nement．1Hanamuraex－  
pectshighopticalnor11inearityforexcitonsinsemiconductor  

microcrystalswhereexcitoncon触ementtakesplace・：・3  
quantumsizee爪にtfbr亡XCitonsinCuClmicrocrystalsis  
typicalexampleorexcitoncon触亡ment∴nほrdbrちeXCitons  

inCuClmicrocrystalsarecxpec（edtogiveahighx（3）（the  
third・Ordernonlincarsusceptibility）．nepurposcofthis  

letteristo亡エaTnineopticalnonlin飽rityasa知nctionofthe  

siヱeOfCuClmicrocrystalsbymeansofnonlinearabsorp－  
tion，andtoexamine‡hnamura’5prediction．  

SampIcsofCuClmicrocrystalsinNaClhostcrystalsare  

grown丘omhighquality，ZOne－refhedCuClandYaCuum・  

distilIedNaCl．nctransverseBridgmanmethodwasusd  

fbrthegrowthfbllowedbyYarioush飽ttrCatmentS・Theheat  
treatmentdcterTnine5thesizedistributionofCuClmicro－  
CryStals．Wedetermin亡dthesiヱeOrtheCuClmicrocrystals  

bytheabsorptionpeakenergyorZiexcitonsat77Kfb1low－  

1ngthemetbod亡St血IisbdbyItoh・■n亡mOlarぬぐdonor  

CuCIwasdeteminedbytheinductivelycoupledplasmaop－  

ticalemissionspectroscopy・Thespectroscopyanalyzcsche－  

micallytheconcentrationratioofCuandNaions．TheRYe  

Sampl亡SuSedi71thisstudyarelistedinTablcI．Forthetrans－  

mission expenTnentS，SamPl亡S Were directlyimmcrsedin  

bubble－fteeliquidnitrogen・Weusedanincandescenthmp  
fbrth亡Weak・1imit血orpt10neXpCrimentsa．ndadyelaser  

pump亡dbyanitrogenla5er（6（旧kW，10n5）ねrth亡nOnliか  

eぴabsorptionex‡把dmeれ也・Ady亡閑l血on，ももqindioxatlち  

WaSuSCdasth亡aCtivemedium．nepulsedurationwas7ns  

andthepulsモmergyWおm亡粥urdbyu封ngapyrOel∝壇亡  

energyde（ector（Gentec，EDl∝）ÅandED・X）．nesiヱeOf  

theexdt＆tionspotwasmeasuredundcramicroscope．ne  

transmittedlaJSCrligh（WaSdetecteddirectlybyaphotomul・  

tiplier（HamamatsuR453）withacalibrateds亡tOfneutral  

TA8LEI．Li5tOr弧mpl亡l．Jiitht羽打れplモthiくkn鰯，♪sthevolume付紙tioれ  
OrCuCliれ払叩Iqand旦．hthモろeポiton亡ner‡ya【77Xoh托〔diれ【he  
ih氾呼ion5匹tmSi訳mqれ1也亡狛モmgtndiusorCuqmicro叩ぬk・  

Sa爪pl亡  

N0． J（mm） パ％）  阜．（eY）1t了了K Siヱ亡（¶m）  
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FIG．3．Satura【iondensityaェi餌nctioれOrth亡■Ye和名emdiu5dOrltlモCuCl  
micr∝叩血LA幻1idli爪‥how5th…－1■血叩d亡nC亡  

CreaSCSWithanincreaseofthesiヱeOfthcmicrocrystals．The  

relationbetween小n山isktexpr亡路モdby圭∝d－1‘．n∈  

SaturationdensityLcanberehtedtothethird・Ordernonlin＿  

eaTSuSCeptibilityx（3），Whenweconsiderthelow・densityeェー  
Citationlimit・Therelationiswrittenby  

120  3．22  ま2ち  126  

PHOTON ENERGY（eV）   

FIG．l．Nomlin亡8rab叫叩ti（〉nOrろモエCitonさinCuClmicroc甲はkinNaCl  
ho暮IqγStlk（1，3，andヰ）．Thモ姐爪pl亡【亡m匹ね【urei～¶K．Th＝㍑dねIion  

血肘ili亡I00汀匂匹ndingtoYidou51in匂arモShowninth亡in絨Itibl仁  

dependenceoftheabsorptionintensityISWC）ldcscribcdby  
thcabsorptionsaturationfomulaa＝CrI／（1＋［／ム）＋a2  

（ShowninFig．2），Wherealanda2areRttingparam  

amdJandLarethclaserlightdeTISityandsa（urationdensity，  

resp∝tiYdy．InFig．2，YadoussymboIsindicateexpenmen－  

talpointsandlin蛍Ieast－SquareS一飢tedresults・neeXPeri－  

men血poin也訂eWe11exp一缶Sdbytb亡ぬmulaexc印tintbe  

highcstpowcrdensityregion．nesaturationdcnsitythus  

Obtaincdisplo（tedasafunctionofthesiヱeOftheCuClmi・  

CrOCryStalsinFig．3．Herc，theCuClmicr∝ryStalsareas・  

5umdtobespher啓andthe5鹿e叩ean5tberadiu50ftbe  
叩hcres，a・●Figure3showsthatthesaturationdensityde・  

句〝孟㌔αl．何（α1＋αヱ）  
叫γt】〉＝－   

の上（l一叩【一（叫＋αz）βり  

WhercE。isthedielectricconstantinYaCuum，l（。thelinear  

refractiveindex，andcthelightvelocityinYaCuum．9The  
third・Ordernonlincars心Ceptibilityx刷increaseswiththe  

increaseorthesizcorCuClmicrocrystals，b亡CauSeitisin－  

YerSelyproportionaltol；．nercsultsalmostagr亡亡With  

Hanamura，scxpcctationofthea3dependence・   

Amorcdetai1edanalysisfbrsiLmple2isshownhFig．4，  

WhcrewederiYetheexperimentalchangcsintheabsorptiorI  

Aa（a？）andthecorrespondingr亡丘actiYeindexA11（A））．nc  
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anexcitationdensityofll．8m〝cm2（1．7MWcm2）．ne  

ObtaincdAtF（w）ishrgerthanthatobs亡rVedinbulkCuClby  
twoorders・Ormagnitude．11Figure3indicatesthatthesatu－  

mtiondensities払ー弘Inpl亡Slandヱ訂el．9〟J／ml（ユ70W′  
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thesizeorCuClmicrocrystals，areductionofopticalnonlin・  
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nec邸a丹ぬracompleteunderstandhgortheopticalnoか  
IirLearityduetQeXCitorLSinCuClnicrocrystatsandremains  
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Tunneling and Relaxation oE Photogenel・ated   

Carriers in Semiconductor Quantum Wells 

Fumio．Sasakiand YasuakiMasumoto  

Institute of Physics，University of Tsukuba，Tsukuba，Ibaraki3O5，Japan   

Abstract  

The competition between tunneling（Verticaltransport）and relaxation  

（exciton formation）oL photo－generated carriersin GaAs－A10．29Gao．71As   

quantum we11s in an electl・ic field has been st11died by using population   

mixing and time－COrrelated single phoLon counting’teChniques．In this   

Study，a COnCePt Of a non－geminate exciton（NGE），Vhichis made from a pair   

OL an electron and a hole excited by different photons，isintroduced to   

explain the experimentalresults．The nonlinearluminescence and photocul．－   

rent signals are qualitatively explainedin terms of the competition beLween   

tunneling and relaxation．Furthermore，the heavy excitonluminescence show   

tvo exponential decays when the electric fieldislO－29kY／cm．The s10W   

COmPOnent is ascribed to the luminescence of NGE formed as a result of   

COmPetition be．tween tunneling and relaxation．Under the resonant elcctric  

field Fr＝29kV／cm・Where the electronsequentialresonantしunnelingoccurs・  

the slow conponent diminishes because ofincrease of the electron tunneling   

l・ate．   



The study of semiconductor quantum vellstructures under the electric   

fie王d lies in one of the most attractiveinterdisciplinary fields of fun－   

damental physics and application． Many interesting phenomena have been  

discovered concerning resonant tunneling l－10）．lnparticular，relaxation  

and tunneling oE photogenerated carriersin the semiconductor quantum ve11s   

al●einterestin＆and attractivein terms of the opticalspectroscopY，because   

We Can give artificially a variety oL circuTnStanCeS tO Photogenerated car－   

riers by designing the semiconductor micl．OStruCtureS．In this work，Ve   

pl－eSent the results of the study to revealthe competition betveen tunneling   

（Vertical transpol、t） and relaxation （exciton formation） of the   

photo＆enerated carriers． Zn the presence of the el占ctric Lield along Lhe   

quantum wells， SOme Photo－generated electron－hole pairs are dissoIved and   

Ea11into di王王erent wells． Then，SOne Of Lhem form excitons，While others   

move 王urther to the next wells．The competition and the dynamicalaspects   

OE the above－mentioned processes al●e OPen prOblems and should be clariゴied．   

ln this papel・，We tried to soIve the problems by means oE po9ulation  

mixing ll・12）and time－COrrelaヒedsinglep帖OnCOunting techniques．   

In 抽e experiments，photoexciヒed GaAs－Alo．29Gao．71As semiconductor   

quantum wells vere studied in an electric field along the quantun well  

growth（乙direction）at4・2K・Samples areGaAs一＾10．29Gao．71As quantumvells  

（100alternateperiods oL12nm－GaAswells and5・8nm－A10．Z9Gao．71As barriers）  

embeddedin the pin diode structure grown by molecular beam epitaxy．  

For the photo－eXCita＝on source，a 7ps cavity－dumped dye laser   

◆ SynChronously pumped bY a nOde－locked Kr laser vas used．The excitation   

photon energy was l．76eV 両IicIl eXeiles lhe GaAs wells selectively．   

Population mixing tecllnique va亭 adopled to sしudy ttle heavy exciton   



PhoLoluninescence（lpL）and the photocurrenし（1pc）as alunction of the  

externalelectric voltage（Vext）・The techniqueis suitablc to detect the  

Snall nonlinearity in the photoluminescence and the photocurrent．Two  

equallysplitlaserbeamswerechopped atdi王ferent frequencies・ulando2・  

By using an optical delay，both thelaser－ beams vere adjusted tt）hit thc   

SamPle simultaneously． By using thelock－in technique，Photoluminescence  

and photocurrent modulated at ol・O2・ul＋O2andol－O2 frequencies・Were  

analyzed．1n the popula＝on mixing expel’iment，the spectra11yintegl●ated   

intensity of the eコくCitonluminescence vas detected by using color Liltel・s   

and a photomultiplier （HAMÅMATSU R1477）． In the time－COrrelated single   

photon counting experiment， the exc＝onluminescence peak was tempora11y   

analyzed with spectralYidth of about O．2nm．  

Here weintroduce a concept of non－geninate exciton（NGE）tointerpr－et   

the nonlinearityin photoluminescence and photocurrent．Under sufLiciently   

low density excitation，an eXCitonis formed fron a geminate electron－hole   

Pair whichis generated by a single photon．The population oE such geminate  

exciton くGE）阜S mOdulated at frequencies olando2’in our experimental   

COndition． On the other hand，an eXCiton can be forned fl■叩a nOn－geninate   

pail・Of an electron and a hole which are generated by different photons，if   

Pair dissociation or exciton mutual co11isionis present．We callthis  

exciton non－geminate exciton（NGE）・TheNGE formation gives ol＋u2andol－O2  

COnpOnentS aS Vellas oland o2 COmPOnentS tO photoluninescence and  

photocurrent13）・Inothervords，bymeasuringtheol＋u20rOl－O2COmpOnent，  

We Can detect theNGEsignalselectively，because theol＋ひ2andol－ひ2COm－   

ponent sensi＝vely reflect the nortlinearity・   



The detection oL the popt11ation nixing components gives us the   

knovledge abo山 the compeヒiしion t）etVeen tunneling and relaxaヒion，aS   

described be10V・When an electr’On－hole pairis dissoIved from an excit叩by  

the electric field，it11ndergoes two processes，NGE formation and tunneling．  

Then，theNGEphotoluminescenceintensity（l崇三E）isexpressedbythebranch－  

ing raLios of two processes，and described by  

Ⅰぎ≡E三晶ne・  （1｝  

Wherel／TL・l／Ttand n denote theNGE王Ormation rate・theelectron tunnel－                        e   

ing rate and the photo－eXCited electmn density，reSpeCtivelγ．The NGE  

formationratel／Tfis considered tobeproportionalto theholedensity・SO  

thatl／Tfis pl・opOrtionalto theexcitationdensity，Iex・On theother  

hand・1／Ttdepends on the electric field・but not on theexcitaliondensity・  

Therefore，One Obヒains  

‾三三≡ 

予二  

（1／Ttくく1／Tf），   

（1／Tt〉〉1／Tf）・  

（2．a）  

（2．b）  

Intuitive explanation of power dependenceis as fol10WS．▼Supposing the  

inequalityl／Tt くくl／T王 holds・almosta11photo－generatedcarriersLorm  

excitons． Therefore，  is proportionalto the excitation density．On   



the contl．ary・if theinequalityl／Tt〉〉l／Tfholds・the photo－generated car－  

riers arelikely to go to the tunneling process・ThereLore・Iぎ≡Eis  

PrOPOrtionalto thesquareof theexcitationdensity・Inorder to varyl／TL  

artificially， We Chan＆ed the overlap of two beams as we11as the excitation  

density． 14）The measurementswereperEormed underしhreeexcitation cond卜  

Hons described belov．  

（1） The excitaLion pulsel●epetition fl、equenCyis 4MH乙，and spot centers of   

twolaser beams are spaciallY aWay fron each othel－ by abouL 300FLm．   

（2） The excitation pulse repetition frequencyis 4日Jl乙，and tvolasellbean   

SPOtS are COmPletely overlapped．   

（3） The excitation pulsel、epetition frequencyis 41MHz，and twolaLSer beam   

SpOしS are COmpletely overlapped．  

ln allcases，the spot size was about150FLmin diameter．The spot size and   

the beaTn OVel・1ap configuration were cal・efully checked by using the   

StereOmicI●OSCOpe．  

Figures l and2show the results under the excitation conditions，（1）   

andI（2），reSPeCtively．Here，the electric field，F，eStinated by the Stark   

shift of the heavy exciton luninescence peakis shovn as the11PPel■mOSt  

scale． 2J5）photuluminescencespectrawere the same that alreadyreportedin  

reL5・The toppal・tsin Figs・land2sho…1COmPOnentS OflpLandIpcvs・  

Vext・  
Two step－1ike changcsareobservcdin thecurves oLIpLandIpc・  

The step－1ike changes，B（F＝28kV／cm）and A（F＝8kV／cm），al’eidentiLied to be  

electron sequenLialresonant tunneling and exciton dissociation Lollowed by  

electron tunneling，reSPeCtively． 3・6）Between twostep－1ikechanges theI・e   



is a plateau・With theincreaseof the excitationdensity，IpLincreases  

SupralinearlYJWhileIpcincreases sublinearly at theplateaul・e＆ion・Ilere・  

Ve nOte that the nonlineal－ity for the excitation densityis observedin the   

COmmOn electric field． Thel▼eLore，the nonlinearity can not be explainedin  

lO） terms oL the Lield screening・lfaconstantmultipliesIpLSOaStO  

equali之e theIpL maXimum value to theIpcmaximumvalueJthesumof both  

Signalsis almostindependent  of Vext，aS Shovnin Figs・1and2・This  

7）  
neans that phqtocurrent behaves as a complement of pl10tOluminescence．   

Taking account of the absorption and reflection of incident tight at the cap 

laYer， the carrier number excitedin allthe quantun wellsis estiLnated to  

be 2 xlO13s－1in thecaseofl・igh卜handsideofFig．2．Thevaluecol・－  

responds to3JJA・This agl・ees WiLh the measuredlpcmaximumwithin an order  

Of magnitude． This means that almost allthe photo－generated carriel．S   

COntribute to photoluninescence or photocurrent．  

The niddle parts of Figs・1and2show the山1＋O2COmPOnent OfI 
pL・   

Prominent structures CandI）areseenin theol＋O2SpeCtrainbothFigs・1  

and 2． A strLuCture Eis seenin Fig．2．vhile notin Fig．1．ln the ex－  

Citaヒion condition く3），tlle 心1用2 SpeCtraOfI几are almost tl－eSameaS  

thosein the excitation condition（2）・As alreadyreported，theol＋O2  

COmPOnent  OEIpchas almost the saneprofilevithIpL，because theincrease  

Of photoluminescence col・reSpOnds Lo decl・eaSe Of photocurrentin theol＋u2  

component・ 7）By moving the opticaldelay，We CanObtain the temporal  

inLormation about the山1＋O2COmpOnent・Theol＋O2COmPOnentS OflpLandlpc  

Vere Lound to chan＆e ＝＝1e vithin3ns oL the p111se separation．   



ExcilaヒiQn density dependences of sし1、uCtureS，C，D and E，al▼e diHerenヒ   

from one another．TheY depend on the excitation conditions．In the excita－   

tion condition （1），theintensity o王 C was Lound to be almost proportional  

toIex● and thatofDwasfoundtobealmostproportionaltoIex2・7）Two  

asymptotic expressions in eq．（2）hold for C andI），reSPeCtively．In the   

excitation condition（之），On the other hand，the excitation density depend－   

ences oL each structures are more complicated，and do not follow the simple   

POWer law．The excitation density dependence oL structul●eS，C，D and E，in   

tul・n groWS StrOn＆er．In the excitation condiLion（3），theintensitic＄ OL C  

and D are found to be almost9rOPOrtionaltoIex・The excitatiundensity  

dependence of Eis siLnilar to thatin the excitation condition（2）・  

The electl・On tunnelingratel／TtlS eStimatedbyusingdoublebarrier  

しransmission coe＝icien‥Tb）inWXBapproximation 15，16）・＝erewene＆1ect  

the hole tunneling，because hole effective mass is much heavier than  

electron effective mass・We use theformulal／Tt＝VzTb／2Lz・WheTe2Lz／vz  

corresponds to the classical period of the electron motion in the quantum 

Well，V tO the z component o王 the electron velocity and L to the we11        Z Z   

Width． The result is shownin the bottom parts of Figs．1and 2 fol▼ eaCh   

CaSe． ln the calculation，We uSed the Lollowing assumptions． We used thc   

5了：43 band gap split，COrreSPOnding to the conduction－band discontinuity of   

ZO6meV． We ass11med ヒheinput electron kineしic energy as 55meYin ol、der しo   

fit the calculated value of resonant elecLI－ic field to the expel●imental  

One．  

On the oしIlerl－and・しo esしimaしe抽eNGE formation ratel／Tf・WeuSe tWO－  

dimensional collision model LoIこrigid disk． An electl■On tunneling to the   



next wellJnOVeS along thelayer，COllides with a hole and forms the NGE．In   

this modelthe NGE formationl－ateis expressed by  

1ノTf三2neaBVo，   

VoコVe‾Vh  ，  

（3）  

Where aB andve（Vh）denote the exciton Bohr radius（＝13・6nm）and electron   

（hole）velocity，reSPeCtively．In the equation．the hole densityis assumed   

to be equal tt］ the electl，On density．1f the electron－hole systemisin  

thernalequilibrium vithlatticesJVi（i＝e，h）corresponds to thez・mal   

Velocity．In the presence of electric field，hovever，the carrier systemis  

1／2 considered to be hotandviisassumedtoberepresentedby（2eFd′mi）・  

Where d and n．（i＝e，h）denote one period oL superlattices and efLective mass l  

（me＝0・067moforanelectronand㌔：0・34moforaheavyhole）・reSpeCtively・ 9）  

This assunption is vrong if the NGE formation rateis ＄ma11er than hot   

Carrier cooling rate．1lowever，the upperlimit of the NGE formation rateis   

esヒimatedinlhis way．  

In the excitation condition（1）．two beams are spacially avay Lrom each  

Other，SO that theNGE王Ormationratel／Tfis considered to bes10Wer than  

that in excitation condition （2）．In this case，the NGE formation rate  

Observedin Lheo＋uCOmPOnentis estimatcdbyusing thecarriel・densityat  
l2  

the center position of two beamsin the excitation condition（1）． We as－   

Sumed spatial carl■ier distl－ibution to have a Gaussian proLile，because the   

laser beam has a Gaussian profile．   



In the excitation condition（1），＝le Carl－ier densitY COntl●ibuting しo  

the 山1＋U2 COmPOnentis smallcnough● SO that ule NGEformatiun rateis  

Slower than the tunneling rate，aS Shownin bottom part oL Fig．1．Then，   

the eq．（2．b）holds around the＄truCtul・e D．In the excitation condition  

（2）・the cal・1・ier density contributing to しhe o＋OCOmPOnentislal・ge  
1 2 

enough，SO that the NGE fol●mation rateis comparable with the tunneling rate   

under low density excitation and faster than the tunneling rate under high   

density excitation， eXCePt for the case around the resonant tunneling．   

Then，the eq．（2．b）nolongel、holds around the structul・e D．ln the resonant   

tunneling case the NGEis not Lormed as al●eSult oLlthe resonant enhancement   

OL electron tunneling l■ate． Therefore the dip betveen D and Ein Fig．2   

arlSeS．  

In the excitation condition （3）．the carrier density excited by one   

Pulse is snallel，than the excitation condition（1）and（2），but tenporalas   

Well as spatialoverlap of two beams was good，because the excitation pulse   

repetition rate is more than ten times lal、ger than・thatin other two   

COnditions． Ttlen，NGE is 王ormed！rom an electron（a hole）generated by a   

Pulse and a hole（an electl●on）generated by the next pulse．so that ＝1e NGE  

formation ratel／Tis considered to be faster than electl・On tunnelingrate  
L  

l／rt when theelectric fieldisbelov28kV／cm・ThereLore・theinしensities  

OE C and D are proportionaltoIexin the case oL condition（3），fo‖owing   

ヒhe eq．（2．a）．  

When the excitation densityis high enough，the sしrucしure Eis observed  

in the olandol＋O2COmpOnentS（See theright part of Fig・2）・This means  

that the NGE Lormation rateis Laster than the tunnelingl、ate at F＝4之kV／cm，   

as expected fron the calculated results（See the bottorn parts of Figs．1and   

2．）． Therefore，SOme NGE－s are10rmed at Fニ42kV／cm，and ule StruCtul・e Bin   



theoCOmPOnent has apeakshapein thehighdensityexcitation・Underlow  
I  

density excitation the NGE Lol’mation rateis much slover than the tunneling   

rate．so that the structure Eis not observed．  

We note that theNGELomationgivesolando2COn90nentS tOIpLand  

IpC 13）・In order to seethisfeature・WedefineLhecriticalelectric  

field Fcat which theh）1COmpOnentS O王1pLandIpcare equalto each other・  

The criticalLield Fcdepends on theexcitedcarrierdensity，aS Shovnin  

Fig・3・With theincreaseof theexcited carrierdensity，Fcincreaseslike  

a step・The oICOmPOnentS O王IpLandIpcatFcvere王Ound to bepropor－  

tionalto the excitation density，independent of the excitation conditions．  

At the criticalfieldFc，the electron tunnelingprocess equilibrates   

With the exciton formation process，SO that the ratio of the electron tun－   

neling rate to the exciton ゴOrmation rateis considered to be constant．  

Therefore・itis reasonable that oICOmPOnentS O王IpLandlpcat F are C   

PrOpOrtional to the excitation density，aSis expected from eq．（’1）．The  

increase of F asvellas supralinearityofIpLLor theexcitationdensity                C   

is explained by the Lornation of NGE． When the excitation densityislow，   

the NGE formation is small． Then，itis considered that the once formed   

excitons do not dissocia．te and go through radiative reconbination at about   

lOkV／cm． On the other hand，the higher the excitation density．the faster   

the NGE Lormation．ThereLore．the high fieldis requiredin order to equal－   

ize the carrier number contributing to photocurrent to that contributing to   

photoluminescence． The reason why the F does notincrease beyond20kV／cn C  

is ascribed to the resonant enhancement oLl／Tt・   



So farlWe have ＄een the results of population mixing experimentin  

tel・ms oL the NGE model，but anothel・poSSibility yielding the popula＝on  

mixing component exists・ ＝・is the field screening effect by the photo－   

excited cal●riers．Ⅰ王 the slight electric Lield difLerence between undeI・   

irradiation oL two beams and under that oE one bean exists．the diLferenc  

f。rm．押  is reLlectedin the population mixing component as difLerential  

（P＝PL，PC）． Here，F denotes the electric Lield and 6F denotes the field   

diEゴerence．respectively．The Lield difLerence was estimated expel・inentally   

and quantitatively． As a result，it was found to be sma11er than that of   

Our detection limit－ whichis aboutlkV／cm．Thus we omit the possibility．   

Anyvay．itisimpossible to explain our results qualitatively and systemati－   

Ca11yin terms of the field screening．  

Fi＆ure  4 shovs the’results oL time－reSOIved heavy exciton  

photoluminescence．7）1t vas obtainedin theexcitationcondition（2）．When  

the electric Lield Fis betveenlOkV／cm and29kV／cm，the temporalchange oL   

the heavy excitonluminescence consists of two decay components．The fast   

One decays in severalhundred picosecond，and the slov．onein severalten   

nanosecond，depending on the electric field and excitation density．The   

Slow componentis considel●ed to be ascribed to theluminescence of the NGE▼s   

formcd as a result of the repetitions of exciton dissociation，electron   

tunneling and exciton Lormation．In fact，in the王Iat band condition  

（Vext＝1・6土0・2V）theslovcomponentis not seen・Theresults al、eCOnSistent  

Vith those of lime resoIved population mixing experiment． Because of the  

SIow decay constant oL NGE－s，POPulationmixingcomponenls ofIpLandIpc  

changelittle vithin3ns・Attheresonan＝ieldoLFr＝2・9×10JIY／cn・Wher  

the electron sequentialrcsonant tunneLゝng occurs，the slow decay componcnt   



dininishes・ Thi＄is because electron tunneling rateis fast enough not to   

如rm NGE as expected fromヒhe calc山aヒion shovninもottom parts of Figs．1   

and 2． The same phenomena were also observed consistentlyin the same  

sample by the time－reSOIved photocurrent measurement・ 8）AboveFrJthe  

Single long decay componentis observed only under high density excitation．   

ln this condition the NGEluminescence a10neis observed，because the NGE   

formatiorl ratei＄ faster than the tunneling ra．te．On the other hand．under  

thelow density excitation theexcitonluminescenceisnQt SeenaboveFr・  

This is because the NGE formation rateis much slower than the hlnneling   

rate． These time－reSOIved results are consistent with the results obtained   

by the populaとion 爪ほing5peClroscopy．  

In summary，Ve investigated the competition betveen tunneling and  

relaxation ofphotogenerated’carriersinGaAs－Alo．29Gao．71As multi－quantum－  

Vellsin a perpendicular electric field by using population mixing and time－   

COrrelated single photon counting・Weintroduce the concept of non－geminate   

exciton （NGE） to explain the results．The NGE gives the slow decay com－   

ponent to the heavy exciton luminescence． The slov decaY COnPOnent   

diminishes at the condition of the sequentialresonant tunneling because the   

electron tunneling rateis overwhelmin＆ly faster than the exciton forTnation   

rate． The change of population mixing component as a function of the ex－   

citalion density is explained in terms of the competition between tunneling 

and relaxation． The time－reSOIved results are also explained consistently   

in terns of the competitiort between tunneling and relaxation．  
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Figure CapLions  

Fig．1．Heavy excitonluminescenceintensity and photocurrent observedin  

GaAs豆10．29Gao．71A＄Superlattices as a function of exLel・nalelecけicvoltage  

in the excitation condi＝on（1）（4MH之，bad overlap）describedin the text．  

The upper parts represent oICOmpOnent OflpL（brokenline）・lpc（SOlid  

line）and（IpL ＋Ipc）／2（dottedline）・Themiddleparts representol＋O2  

COmPOnent OLIpL・ The bottom partis thecalculatedresult oL theNGE  

formation ratel／TL and the tunnelingratel／Tt・Dotted andbrokenlines  

showl／TL at26mW／cm2and330mW／cm2excitation・reSpeCtively・Thesolid  

lineshovsl／Tt・  

Fig・2・Heavy excitonluminescenceintensity and photocurrent observedin  

GaAs－Alo．29Gao．71As superlattices as a function of externalelectricvoltage  

in the excitation condition（2）（4MH之，gOOd overlap）describedin the text．  

The upper parts represent oICOmPOnent OfIpL（brokenline）・Ipc（SOlid  

line）and（lpL＋Ipc）／2（dottedline）・The middleparts representol＋O2  

COmPOnent OL 
IpL・ 

Thebo＝ompartis the calculatedresult of of theNGE  

formation ratel／Tf and the tunnelingratel／Tt・Dotted andbrokenlines  

2 2 
shovl′Tf at7・7mW／cmand120mW／cmexcitation，reSPeCtively・Thesolid  

lineshowsl／Tt・  

Fig・3・CriticalLield F vs．the excited carrier density．C10Sed circles C   

COrreSPOnd to the excitation condition（1）（4MHz，bad overlap），OPen Circle   



to the excitation condition（2）（4HHz，gOOd overlap），and closed squares to   

tlle eXCi【ation condition（3）（41川上l乙．gOOd overlap）．re5peCtively．  

Fig． 4． Temporal pl．OLile of the heavy excitonluninescence obtained by   

time－COrrelated single photon counting．The estinated electric fieldsin   

the MQW are O．22，28．42kV／cm Lor the applied voltages ofl．4，－3．2．－6．1，   

－8．さⅤ，reSpeCtively．   
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Interlayer r－Ⅹsca・tteringin staggered－alignmentAlo．34Gao．66As－AIAs  

ternary alloy multi－quantum－Wellstructures  

YasuakiMa5umOtO，ToJnObumiMishina，Fumio Sasakiand Mit＄uhiro Adachi  

Institute of Phy8icsIUniversity of TsukubaITsukubaIIbaraki3051Japan  

Abstraet  

Th古interlayer r－Ⅹscattering rate of photoexcited electrons was mea・Sured  

in 5taggered－alignment Alo．34Gao．66As－AIAs ternary alloy multi－quantum－We11  

structures for the first time．The scattering process va，S directly probed by   

the femtosecond pump－and－PrObe spectroscopy・The mean r－Ⅹscattering time of  

electrons across theinterface betweenAlo．34Gao．66Aslayers andAIAslayers a・t  

4．2Ki8determined to bel．2ps，Whichis20time8Slower than that observed in   

bulk Ga．A＄at295K．The sIoving mechanismis ascribed to the small penetra・tion   

of the evanescent．r electronsinto the AIA8barrierlayer8．   



The reeent femtosecond spectroscopy has opened the possibility to explore 

l the ultrafast relaxa・tion processes of photoexcited carriersin semiconductors．   

Especia11y，ultrafastintervalley scattering of photoexcited electrorLSin bulk  

Semiconductors，GaAs andAlxGal－XAs，WaSinvestigatedby the ＄tate－Of－the－art  

lasertechno10gy．1－4）oneofthenexttargetsoftheultrafastla8erteChnoIogy  

is to extend its versatility to a variety of materials and to explore new   

physics・In thi＄WOrkIVeinvestigated theinterlayer r－Ⅹscattering proce 

Of electrons im staggered－alignment Alo．34Gao．66As－AIAs terna・ry al10y multト  

quantum－We11structures・エnAlxGal－ⅩAs－AIAs temary alloy multi－quantum－We11  

StruCtureS，r electron statein the AIxGaトⅩAs ve111ayer crosses X electron  

stateintheAIAslayeratacertainvalueofx・5－8）when．theAIxGaトⅩAslayer  

thicknessislOnm，the crossover vas expected to occur at the AIcompo＄ition of  

o．2andwas・Verifiedexperimentally．8）Aroundther－Ⅹcrossover，theinterlaLyer  

r－Ⅹ scattering processes are expected to occur． Therefore，We Can Study   

dynaJnica11y theinterlayer r－Ⅹsca，ttering processes of electrons，by measurlng   

the tenporalchange of the number of photogenerated r－electronsin AlxGal－ⅩAs  

layers around r－Ⅹerossover．  

In this vork，tWO SaJnPles vereinvestigated．Onei＄100a．1ternate layers  

Ofll・8nmAlo．12Gao，88A＄and4・2nnAIAs・The otherislOOalternatelayers of  

9・2 nm Alo．34Gao．66As a・nd 2・T rLm AIAs・Theluminescence and nonlinear  

absorption study of them were already reported by one of us. The study informed 
l  

us the band cffset ratio and the relevant energylevels for our saJnPles・Energy  

level diagrams corresponding to two sample5are8Chematically＄hown in Fig・1・  

Two samples are representatives situatedat both the sides of theinterlayer r－Ⅹ  

crossover・In・the 8amPle Alo．12Gao．88As－AIAs・the r electron statein the  

Alo．12Gao．88A81ayerislower thantheX，Landr electronstatesin the AIAs  

2   



layer． The sampleis nested alignment，typeI，multi－quantum－We11 structures．   

In the A10．34Gao．66Aさ－AIAs sample，On the other hand，the X electron state in  

the AIA＄1ayerislower than the r electron sta・tein theAlo．34Ga，0．66Aslayer・  

The saJTLple is staggered aLlignment，Sta・ggered type II，multi－quantum－We11   

StruCtureS・ Comparing two saLmPles．the additional relaLXation path， the  

interlayer transfer of r electronin the Alo．34Gao．66Aslayer to the X statein  

the AIAslayer，is expected for the electrons at the bottom of the wellsin the  

8amPle Alo．34Gao．66As－AIAs but notin the 8amPle Alo．12Gao．88As－AIAs  

Therefore，Our eXPeriments are motivated to cla．rify the differencein dynanics   

Of photoexcited electronsin two samplesand the mecha．nism of theinterlayerトⅩ   

intervalley seattering．  

Samples directly immersed in liquid helium were inve＄tigated． The   

experiment was performed using femtosecond pump and probe spectrometer developed  

by us，Thelaser systernvas composedofaCWmode－10CkedNd3＋：YAGlaser，the  

first－8tage pu15e eOmpre∬Or，a SeeOnd barmonie generator，a Synehronously   

PumPed caLVity－dumped dyelaser．the second－Stage Pulse compressor and a dye  

amplifierpumpedbya・q－SVitchedNd3＋：YAGlaser．Thepowerofthelaserpulses  

（583 nm）vas 400pJYith the pulse duration of260fs，Which easily generates   

Vhite continutm pulses・Pump and probe experiments were performed by using 583   

nm pump pulses going through an opticaldelay and the vhite continuum pulses．  

pump pulses（583nm）hittedthesaJnPlewiththepowerdensityof 700 pJ／cm2・  

The white continuum probe pul8eS tranSmitted through the center of the pumped   

reglOn Of the saJnple Yere SPeCtra・11y a・nalyzed by a25 cm monochromator，an   

OPtical multi－Channel analyzer and a computer・The tempora・l change of the   

absorption vas observed by the monochromatorJa Photonultiplier and a Boxcar   



integra．tor with the variation of the opticaldelay controlled by the computer．   

In theinset of Figs．2a．nd3，the absorption8PeCtra arOund thclowest energy   

exciton resonance（r－r，n＝1）are shown．Asis shovn，the exciton structure is   

Clea，rly observed without the pump．However，the ＄truCtureis bleached under the   

Pump． The temporalchange of the a・bsorption coefficient AcL a．rOund the lovest   

energy exciton resonance for two samples are plotted in Figs．2 and 3，  

respectively・In the sample A10．12Gao．88As－AIAs，Aa decreases at a time  

COnStant Of l・7・pS・a・nd thenis kept consta・nt－In the saJnple Alo．34Gao．66Ås－  

AIAs，On the other hand，△αdrops at a rise time ofl．2ps，and therlincreases   

at a decay time ofl．2ps vith a，SuCCeSSive constant tail．The constant tail   

remains until1400ps． The fittingis a convoluted result with the convolution   

Of squa．res of sech functions，Where the half vidth of the convolutionis400fs・  

This。b8。rVati。nissimilart。theres。1tsbyBecke，etalチ）ifthetim。SCale  

Of their resultis expanded by about two order80f magnitude．  

Here，We muSt nOte the mechanism of the exciton bleaching and what the   

bleachingintensity＄ta．nds for．In our experimentalsituation，the band－tO－band   

excitation a，t4．2K，the exciton bleachingis considered to occur as a result of  

the phase－SPaCe fillingandexchangeeffects・9・10）Therefore，the bleaching  

intensityis mo＄tly proportionalto the r electron population a・t the bottom of   

thewell．   

IrL the sampleA10．34Gao．66As－AIAs，the r electron statein Alo．34Gao・66As  

is higher than the X electron state in AlAs by 100 meV. Therefore the 

interlayer transfer of the r electronsin theAlo．34Gao．66Aslayer to the X  

electron state in the AIAsla．yeris possible．We estimated the interlayer   

relaxation rate by the penetration of the r electron vavefunction to the AIAs   

layer a．nd the r－Ⅹscattering rate of electronsin AIAsJaS Shownin the next   



paragraph．Fortunately，the r－Ⅹphonon scattering rate of electronsin GaAs has  

beenaeurrent targetofthestate－Of－the－artultra・fastlaser spectroscopy．1－4）  

The mean トⅩscattering time of electronsin GaAs vas measured to be 55f＄ at  

295Kbythefemtosecondpumpandprobe spectroscopy．4）Thetimealmost agrees  

With the calculated one on the modelof theintervalley scattering with the  

emissiQnandabsorptionofopticalphonons・1）Thescatteringrateis governed  

by the deformaLtion potentia．1．Because the deformation potentia．10f AIAsis not   

known，the r－Ⅹscattering rate of electronsin AIAsis a，SSumed to be equaLl to  

thatinGa如．11）  

To interprete our observation，We eStirnated theinterla，yer r－Ⅹ transfer   

rate by the simplest method described belov．The penetra，tion of the r electron   

VaVefunction to the AIAs layer i5 eStimated by the envelope fllnCtion  

approximationofBastard．12）wesoIvedthe effectivemass equation  

【嬬2∇2／2m＊（ヱトE－Ⅴ（幻】封ヱ）＝0，  

Vhere z is the the di工・eCtion of superlattice grovth，F（z）is the envelope  

function，V（z）thepotentialprofileandm＊（z）the electroneffectivemass．The  

bounda．ryconditionsaregivenbythecontinuityofbothF（Z）andl／㌔（Z）（aF／∂z）．  

N皿ericalcalculations for Alo．34Gao．66As－AIAs vere carried out vith the  

fo1loving parameters，the electron effective TnaSSinA10．34Gao．66As O・095 mo，  

thatinAIAs O・15no，the potentialenergy gap O・丁83eVand thewe11width 9・2  

nm． 8・11・13）Thepotentialenergygap5foroursamplesweredetermined by the  

band offset ratio ofO．66：0．340btained experimentally．8） The calculated  

resultis shownin Fig．4・The penetration probability of the r electronsJthat  

is the square of the evanescent r wavefunctionin the AIAslayeris estimated   



tO be O・68X of the total・Theinterlayer r－Ⅹscatteringrateis estimated by  

the r－Ⅹ ＄Cattering rateinAIAs divided by the probability of the r electron  

Va・Vefunctionin AIAs・ Thus the meaninterlayer r－Ⅹ scattering timeis  

estiEna・ted to be4・9ps by dividing S5fs by O・0068and the ratio of the phonon  

fa・CtOr［2N（295）＋1】／【2N（4・2）＋1］＝1・66，Where N（T）is thelongitudinaloptical  

phonon occupation number at temperature T・The observed deca．y time of the  

exciton popula，tion agrees vith the estimationvithin an order of magnitude・  

Although the envelope function approximationis simplest，We believe that it  

Welldiscribe8 the real＄itua・tion at theinterface・ The more sophisticated  

Ca・lculationJfor exampleIthat on the basis of theinterfa・Ce Tnatrix approach or  

the interface roughness scattering approa・Ch may be useful for the better  

understandingoftheinterlayerr－Ⅹinterva・11eyscattering．14・15）  

Comparing our results vith those by the preceding authors who investiga・ted  

the ultrafastintervalleyscatteringl－4），WeCanfu11yunderstandthe rise as  

Well as decay of the exciton bleaching in two samples．In the sarnple  

A10．12Gao．88As－AIAs・the Xand Lelectron8tateSinAIo．12Gao．88A8are higher  

than the r electron statein Alo．12Gao．88As by O・34 eV and O・21 eV，  

respectively．The X electron statein AIAsis higher than the r electron sta，te  

inAlo．12Gao．88As by O・06eV・Thepumplaser energyis2・12eVwhichis higher  

tha・n the X electron＄tatein Alo．12Gao．88As by O・1eV・Therefore，the electron－  

electron scattering，Fr6hlich－type LO phonon scattering，r－Ⅹ，r－L，r－Ⅹイ and r－  

レr intervalley＄Carttering take place frequentlyin theAlo．12Gao．88As ユayer・  

TheirlterValley scattering ncchanism works to slow down the cooling of relectron   

temperature． Because the exciton bleachingis proportinal to the r electron   

POpula．tion at the bottom of the well，the rise of the exciton bleaching at a   

time constant ofl．1psis understood consistently vith the results by Shah et   



a13）．Then，the electron popula，tionslowlydecrease5aS a reSult of the  

COmpetiton between the electron cooling and the radiative and nonra，diative   

annihilations・In the saJnple A10．34Ga・0．66As－AIAsJOn the other hand，the X  

electron stateinAIAsislover tha・n ther electron＄tateinA10．34Gao．66As by  

O・12eV・The X and L electron statesin the Alo．34Ga・0．66Asla・yeris higher than  

the r electron sta・tein the Alo．34Ga・0．66A＄la・yer by O・111eV and O・078 eV，  

respectively． The pump laser is higher than the r，L a．nd X states in  

A10．34Gao．66As layer・Therefore theintervalley scattering alsQ WOrks・  

However，the additiona．1decay channelof the electron population，interlayerI㌧   

Ⅹ scattering，arises．This additionaldecay process contribute5 the l．2 ps   

decay of the electron popula，tion a・t the bottom of the well．The slow tail part   

COneS from the cooling of electron sy8tem．  

In stma．ry，Ve Observed theinterlayerトⅩ＄Cattering of electrons for the   

first time．Theinterla．yer r－Ⅹscattering time vas determined to bel．2ps by   

the femtosecond ptmp and probe experiments．The scattering rateis explained by   

taking account of the r－Ⅹinterva・11ey scattering rate and the penetration of   

the r electron wavefunctioninto AIAslayers．  
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Figure Captions  

Fig・1Schema・tic energydiagrams fortwosamples，tyPeIAlo．12Gao．88As－AIAs and  

Staggered typeIIA10．34Ga・0．66As－AIAs・   

Fig・2 Temporal change of the absorption change of thelovest heavy excitons  

denoted by an arrowin the Alo．12Gao．88As－AIAs8amPle・The dashedline ＄hows  

the fittingbyl－eXp（－t／てr）convoluted by the convolution of thelaser puls  

Shape，Vhereてr＝1・7ps・In theinset the a・bsorption spectra with and vithout  

pump pulses are shown，by dashed and solidlines，reSPeCtively．  

Fig・3  Temporalchange of the absorption change of thelowest heavy excitons  

denoted by an arrovin the Alo．34Gao．66As－AIAs sample・The dashedline shows  

the fitting by【1－eXP（－t／てr）］．［exp（－t／てd）＋ C］convoluted by the  

COnVOlution of thelaser pulse shape・Whereてr＝1・2ps・てd＝1・2ps and c ＝  

0・29・In theinset the a・bsorption spectra vith and vithout pump pulses are   

Shown，by dashed a．nd solidlines．   

Fig・4 Square of the r electronvavefunctioniTIAlo．34Gao．66As－AIAs calculated  

by the envelope function approximation．  
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Pulse distortionin GaAs quantum wells studied  

by light gating technique 

Mitsuhiro Adachi＆nd Y＆Suaki Masumoto  

Institute of Physics，UniYerSity of Tsukub  

Tsukuba，Iba．raki壬05，Jap且．n  

Abstr且¢t  

The pulse distortion in GaAs quantwn wells was studied by means of light 

gating technique．In the experiment，Ve uSed theincoherent picosecond pulse to   

Observe今CCuratelythechangesofthecoherentspikeaLnditssurroundingenvelope．  

The e耶rimentalresults clearly shoved that the pulseis not anomalously delayed   

butis strongly distorted around the exciton resonance．Vealso compared the   

results Yith the computationalsinulation based on the absorption saturation   

medlanism：The sinulated results Yellagreed vith experimentalresults．The   

Simulationshoved that the recoverytimeof theexcitonsaturationis90psaround   

tbe tailpart or the excitonibsorption．Ve also ob5erVd tbe reduction or the   

・COherenトミpike around－the exciton＿reSOnanCe．meOreticalealculationindicate5   

tぬt the coherent propagation erredLin thelinear absorber eauses the reduction  

Of the coherenヒ5pike．  

－l－   



il． Introduction  

There areJnanyintere5tingphenomenain the physies of pulse propgationin  

theconden5dmatter．Espe亡ially，a550eiatedvitbtheexcitonsinsemiconductors，  

pu15edi5tOrtioni5eXpeCtedtooccura5a re5ult or the exciton polariton errect  

Or tbe nonlinear optiealerreet5ueh a5the bole burn土ng．In t血e亡a5e Or bulk  

Semiconductors，time－Orイ1ight measurements have血0Vnlarge pulse delay due to  

tbep〇1aritonerfectl・2．血theotberb弧dintbe亡びeOFthetvo－dimen5ionalG血  

multi－quantum－Ve11s，eXCitonsis spatially confinedina direction perpendicuユar  

to tbelayers，and tbe vaveveetor normalto tbelayersi5quantiヱed．mererore  

iti5nOt膵5ible to e御t pOlariton d、rectin a direction perpendicular to  

tbelayers．Instead，tbe nonlinear opticalerfeetisimportantin excitonsin  

Semiconductor quantum．．vells．‥Hegarty‥investigated the pherlOTnena，but only  

crudely3．  

In this study，Ve uSed theincoherent picosecond pulse to observe the pulse   

propagationin GaAs quantum vells around the exciton resonance．The propagated   

Pulses Yeremea5uredbycorrelatingvithincidentpulsesinthenonlinear crystal．  

The experiment clearly demonstrates the distortior10f both the pulse shape and  

the coherentspike．Vediscuss pulsedistortion due to the absorption saturation  

and reduction of the coherent spike due to the coherent propagation effect in 

SeCtion52and3，re5peCtively．  

‡2． Experiment且1proeedⅦ一色S  

一2一   



Ther＄amplerapplied－iTlthis－eXperiment－VaS gr・0Ⅷ・by themolecular beamepitaxy   

（HBE）onaGaAssubstrateand consists of200alter－nate periods of theGaAslayer  

亜Å thi亡k and the Al由1ayer役Å tbick－．A vindov va5etehdin tbe G血  

5u由tratetoallovpasさageOr thelaser beam．ne4傲1a5er pu15e5VereObtained   

from a cavity dumped u汀00dyelaser synchronously pumped by a mode－loeked Kr’   

laser．In order to generate optirnu皿incoherentlaser pulses，the realtime   

autocorrela亡Or Va5u5ed to monitor thela5er pu15eS．  

ne veak－1imit absorption spectrum or the5ample at2．1K and threela5er   

5peCtra u5ed are5hovnin Fig．l．ne ab50rption peak atlov energy part5bovs   

tbelove5tl5beavy exciton，and that at higb energy part repre5ent5l51i如t  

exeiton．ne absorptio爪印杷Ctrum Or tbe beavy exeitoni5Centered atl．6g∋eV   

and has a皿inhomogeneouslinevidthoflO miV due to the fluctuations of thelayer   

tbieble55．ne5peCtralvidth orla5er pu15e5Vere2．g m畠Ⅴ．  

The schematic experinentaldiagramis shovnin Fig．2．The outputlaser beam   

VaS5eparat由into tvo beams by a試淡－㍑beam splitter．One beam pa55d tbrou由   

an opticaldelay vas continuously attenuated by a neutraldensity filter and vas   

rocused on the sa皿plein tbe cryo5tat．ne SpOt Size of thela5er b乏an On tbe   

SanPle surface YaS about150坤in diameter．The pover density of thelaser vas   

COntinuou51yvariedby七山e variableneutralden5ityfilter．血otber b治mVa5knt  

bythemiてrOrS・tObeJnixedviththebeBLmprOpagated throushthesampleinan打P  

Cry5tal．ne correlation prorile betveen tbe5e tVO beam5 Va5 0b5erVd by the   

noncollinear second－harmonic generation．The＄eCOnd－harⅢOniclisht vas detected   

by a photomultiplier a550Ciated vitb tbe monocbrolロatOr Vbose re501utioni5  

adjustedtobel且．Thesignalva5amplifiedbya－lock－inamplifierandprocessed  

by a computer．me opticaldelay va5COntrOlled vith an aceuracy or10I皿by  

the5ame COmputer．mus theintensity of tbe seeond barmonicli如t vas meぴured  

ぴa function or the delay time．Fbr the purpQ5e tO meaSure the coherent spike  

－3一   



viththeuppermo5t－time－re501ution，Veadopted tbeelectroniemicrometer（Feinpr吐r   

Hillitronl犯C andl斑氾）ror tbe emtrolor tbe optiealdelay．ne computer   

5ynCbroni之edtbepulsemotor5teppingvitbtheoutputof t血色electronicnicrometer   

vhicb can deteet the5patialseparation dovn to O．2pm．nu5，tbeintensity of－   

the coherent spike was investigated as a function of the optical delay with the 

enou如time re501utionand aceuracy．  

§ 3． Effeet o一 久bsorption satur且tion  

The autocorrelation traces of thelaser pulse，repreSented by the dashed   

linesin Fig．3，COnSist or tbe sbarp centraleomponent，tbat is a 50－Called   

COherent spike vhose correlation Yidthis 520 fs，and aL SyⅦmetrically broad   

COrrelatiQn bad喝rOund envelope vhosecorrelation vidthis19p5．nein亡Oherent   

la5er pu15e5Vbicb give the autocorrelation tracesin Fig．3are easily generated   

by adjusting a dyelaser cavity．The broad correlation envelopeis cIose to a   

brentヱian runction．  

ne cro55COrrelation trace50r tbela5er pu15e5，repre5entd by501idline5   

in Fig．3，COnSist of the broad asym【netric correlation envelope azld the coherent   

Spike．ne cros5eOrrelation shovs pu15e di5tOrtion．meleading dge or the   

pulses vas strongly absorbed，Yhile the trailirlg edge vas absorbedlittle．The   

Pulse distortion decreases vhen the excitation pover density decreases to  

～10－8J／00之・pulse（Fig．3（C））orincreasesto～10‾8J／00之・pulse（Fig．3（a））orvhen  

the excitation photon energy increa5e5． me pu15e di5tOrtion completely   

disappeared vhen the excitation photon ener訂 Or thela5erislocated at the   

transparent energyregionbelov theexcitonresonance．Theseexperimentalresults   

are understoodirltemLS Of the absorption saturation of exciton state5in Gab  

－4－   



quantum vel15，a5de5Cribd belo甘．  

The shift of the coherent spikeis constant to be30fs and does not depend  

On both the excitationphoton enersy and the excitation pover density．The shift   

Or the coherent5pike come5rrOm tbelinear rerractiveindex of the5ample2．1   

FJn thick and the thirL epOXylayer．The factindieates that thereis not aLny   

detectable anomalous dispersion due to exciton．Therefore the coherent spikeis   

regarded as theヱerO tine standard so that the peak delay of the base cor・relation   

trace could be accur・ately decided regardless of the long term drift．   

Cros5eOrrelation trace5in Fig．8are di5play由by5etting tbe coberent5pike to  

the zero time staLndard・Further，for the reliable deternination of the peak  

delay，tbeおe eorrelation traeeva5rittd by an a5ツⅦ皿etrie brentzianfunction   

∫（りin tbe vay orlea5t－5qUare5  

αモ ＋ C  

bモ2＋c，  
∫くt）－  （l）  

ぬere a，b and c are ritting parameters．ne匹止delay relative to tbe coberent   

5pikei5plottdinFig．4a5afunctionortheexeitationpoverden5ity．Notethat   

the delayis atits maximuzn at a certain excitation pover density．The maximum   

Shifts tovard the highexcitation pcver density together vith theincrease of   

tbe excitation photon energy．  

Selden have presented an equa・tion vhich de5Cribes the delay of puls  

propagating throu由5aturable aおorねrl．  

彗・1nト的（t′）（ト丁）・1れrい  （2）  

t′ － 
，  

Vbere Ti8the tran5血ittance at timeモ′，Toi5tbeinitialtran5mittance at tbe  

Veaklimitintensity，βis the ratio of the peakincidentintensity to the  

Saturationintensity，g（t′）is the nonnalizedinput pulse function，and t′is  

d土men5ionle55timein unit50r T，，the relaxation time ror excited state or tbe  

一5－   



absorber．  

mltbe basis or tbi＄mdel，tbe peak shif－t or the correlation trace va5   

Caleulated． me runctiく）n Of the erosさCOrrelation trace5in disregard or tbe   

亡Oherent5pike5（T）are expreミミed by tbe convolution  

エ  
dモ9（t／で，－て）r（t／T∫）9（t／亡．）．  （3）  5（T）－  

me temporalebange or r（t／T∫）vith a eerta土n Tぎi5 given by501ving eq．（2）．   

The pulse function g（t／T．）usedis a Lorentzian function beeause the convolution   

Of Lorentzian functionsis alsQ a Lorentヱian function．In Fig．4the calculated   

result for the excitation photon energy ofl．6766eVis plotted as a function of   

the excitation pcver density by the solidline．  

mi5Caleulated re5ultisin g∝通agreement vith the experimentalone vhen   

the relaxation timeis Ts＝90ps．The calculations qualitatively describes the   

experimental featllre．In particular，the calculations ve11describes that the   

delayis atit．s maximum at a certain excitation pover den5ity．By the further   

Calculation forl．6791eⅣ andl．6862 d「，the relaxation time て亨 VaS found to   

decrea5e tOgether vith theinerea5e Of tbe excitation photon energyin agreement  

Yiththepreviousstudy5．TheobtainedrelaxatiorLtimesforl．6791甜andl．6862  

eV are60p5and40ps，re5peCtively．  

Hegarty tr・eated the pulse delay observedin the pulse propagationin GaAs   

quantum ve11s as follovs．Vhen the pulse passes through the material，the early   

part of the pulseburns ahole andis strongly attenuated．The burned hole，Vhich   

Canbe vievedas anegativeabsorptionsittingontop of anuch broader resonance，   

gives rise toits ovn anomalous dispersion vhich can alter the group velocity of   

the remainder of the pulse．Hovever our experiment shovs that the early part of   

the pu15eisさtrOngly attenuated，but thereis no evidence of the pu15e delay   

due to anomalous dispersion．Therefore，Ve believe that thephenomena are mostly   

explained by the Sel丘en▼s model．Thereis another defaultin Eeg＆r七y－s model．  
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Eegar七y－≦－mdelca皿Ot eXplain tbat tbe peak delay attain5it5maXimum at the   

certain excitation density，but Sel且enIs7nOdelcan．Nevertheless the calculated   

delay basd on tbe SeldenIs equationi5nOt rully亡On5i5tent Vith tbe experiment   

Oneぬu5e theclear derivationi50b5erVd at tbehigb excitationlevel．ミklden   

de5Cribd t血色saturation pbenomenon a5a prOCe5Sinvolving tv01eve15．In order   

toimprove the eon5i5tenCe betveen tbe experimentalre5ult and ealculated one，   

eq．（2）may be necessary to be extended to theinhomogeneously broadened excited   

5tat色S．  

§ 4． Coherent propagation effect ofincoherentlight  

Theobservedcoherent spikeshovedas7na11but remarkable change of amplitude   

Vith tbe variation or tbe excitation pboton energy．Figure55hov5tVO eOherent   

5pike prorile5COrreSpOndingtocase5tbatthesampleiさab5ent OrpreSent．Here，   

the base correlation traceis normali2：ed to be unity．The excitation photon   

energy bits tbelov energy tailpar亡or thels heavy exciton ab50rption．In the   

tran5paren亡 photon energy region tbe ratio or the coherent spike to tbe ba5e   

COrrelation trace doe5nOt depend on Yhether the sa叩Ieis absent or present．  

The peak amplitude ratio of the cohererlt Spike to the base correlation trace   

is plottedin the absorption spectru皿in Fig．6．Itis shovn that t．he ratio   

decreases to beits minimum vhen theincident photon energy hits thelov energy  

tailpart of the exciton absorption．The ratio vas found to beindependent of  

tbe exeitation pover den5ity，a5Shovnin Fig．7．mi5mean5tbat tbe ef－fecti5  

not the nonlinear butlinear opticaleffect．In or・der to simulate the result，a  

5imple theoreticalamly5土s va5perf－orlnd a5follovs．  

The coherent spike is represented by a squared function of the field 
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COrrelation prorile，  

l〈亘■（t）吉（t＋て）〉l2，  （4）  

VhereE（t）represents amplitude of the complexlight fieldand〈 〉tneans the  

Stati5ticalaverage・Moreover the vidth or the coherent spike（琵氾 rs）i5  

COmparable to the reciprocalof thela5er5peCtrum Vidth and the eorrelation time  

tc of the field．The maxi皿皿PCVer density usedis3．0×10べJ／002・pulse．This  

corr・eSPOnds to theRabifrequency撤Of2．3xlOlO rad／5forls heavy excitonin  

tbe5a皿ple．Ve evaluated撤，u5i喝the relation，  

一出」け（りl，  
a10館む  

馳一旦吐ほ（t）l－e  
＃  

Vhere F11h repreSentS the electric dipole matrix element of thels heavy exciton，  

11h－A・2xlO－3istheexperitnentallytneasuredoscillationstren＄thofthelsheavy  

既Citon6，eis electron cbarge弧d mois electron ma5S．men撤Xt亡，Ⅴ損亡h  

COrre5pOn申to an．area or pulse during the eorrelation time，become5冗／；ら0．  

知au5e慮（t）isincoherent，飢t）change5it5pha5ein randomvay betve飢O  

anda【inthedurationofthecorr・elationtime tc．Thereforeitis reasonablethat   

the opticalfield envelope satisfies the folloving condition臨cause the time   

integrals of the electric field vhose phaseis randomly modulated are cancelled   

eaeb other．  

1晋エdt′町中l・  （5）  

for any t．me condition（5）mean5tba亡tbe area of a puユ5ei5Very5mall．men，   

itis pcssible to apply thelinear－dispersiorltheory developed by Crisp to the  

present pulse・prOPagation phenomenon7．The electricfield envelopevhich Crisp  

pre5entedisglVenby   

g（・い去工血エdt′慮肝）e頼（t′項印卜Å（姉  （6）  

Yhere A（む）and z represent the a叩1itude modulation factorin the medium and the  
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pro押gationlengtbin tbe mdium，re5peCtively．Tbe amplitude mdulation raetor  

A（Q））is vrittenby theabsorptioncoefficientQ（む）and therefractiveindexTt（Q））  

Or tbeさample a5follovs，  

Å匝）一拍）－iれ匝）告・  （7）  

丘（0，t）meaⅢthe envelo匹Or anincident pu15eat tbefront ra亡e Of the5弧ple．  

Replaeing the variable t′－モto5in eq．（6），g（ヱ，t）i5reVritten a5  

1  
古くヱ，士）－J由慮（0，∫十t）F（三，ざ），  

工血叩いむいÅ（函ト  拍，ざ）一去  

In rer．〔7ト言（0，りva5given by a5hort coherent pu15e Vitb5mallamplitude．  

In the pre5ent Cぴe，bovever，g（0，t）i5nOt a COherent pulse but anincoberent  

One・ナbrita et al．re卯rtd tbe ealculation or anineoherent pu15e prOpagation  

in the study cf the pulse propagationin an Na－VaPOr Cel18．Their calculation  

ba5an a55Ⅶ岬亡ion a5rOlldvs，  

g（0，り－γ（t）郎士），  （10）  

Vhere R（t）is the Gaussian－distributed random variable of2：erO mean and Y（t）is  

tbe5lovlyvaryingenveloperunetion．只（t）ineq．（10）rerlects thedlaraeteri5tie  

reature or the eoberent5pike．Ve a150adopt tbe same a55umption．men，tbe  

crosscorrelationtraceJ（て）isgiv飢by9  

㌘（d，t）g（d，り㌘（0，トT）g（0，トて）  

lγ（りl之lγ（トて）暮之打（て），  

J（て）－  

（11）  

dぎ〝F＋（d，∫′）F（d，ざ‾）  g（T）一  

×く紆（∫′＋り即ざ”＋t）財（モーて）只（トT）〉，   （12）  

Vbere dis the5ample thic血郎5．me autOCOrrelation function or只（t），Vhicb  

represent5the coherent5pike，is given by  

九（で）－ 〈紆（t）即t十T）〉．  

Itis aFourier tra皿Sform of thelaser spectru皿P（u）  

九（て）一去工血P（む）印（一iれ  

（13）  

（14）   

－9－  



By usin＄ eq．（12）and the fractoriヱation propertyin higher－Order moments of  

払u55ianrandomvariable5，粥．（12）i5redueed to tvo阿rtS10．  

粕）－は由甑）九（て＋∫） 
I Z 

・エ由′エ  由〝F■（d，ざ′げ（d，ざ‾）h（∫‾－∫′）九（0）．  （15）  

Another for・n Of K（て）is obtained by substituting eqs．（9），（14）into eq．（15）．   

2  

粕）－（去）21上二血P（む）叩トム（辟i叫  

・（去）2エ血P（む）exp卜叫A（q）1d】エ血′p（む′），  
By5ub5tituting eq．（7）into eq．（6），Ve Can Obtain   

2  

灯い）一（去）2は血P（む）印トα（瑚c。S【頼・軌†1  

2  

＋（去）2Ⅰエ血P（再叩iぺ…1最【頼十字】1l  

・（去）2エ血P（む）印卜糾函†エ血′p（q′）・   

（16）  

（17）  

For the simple calculation，Ve a551皿eα（q）and7t（む）as follovs based on the   

Lorentz model．  

4冗句叫m  
（18）  α（山）～  

（叫一日）2＋（ーン2）2   

4冗α脚0（叫－む）／2  
（19）  ＋l  れ（匂）－  

（叫－む）2＋（〃2）2  

Vhere ao represents the exciton－Phonon coupling str・ength．The valueis adjusted   

to describe approximately the absorption spectrumin Fig．1．They aLIso satisfy  

Xramer5一敗onig relations．SincelV（トて）tZis a5lovly varying function or T  

亡Ompared vith打（て），g（で）repre5entS the coherent5pike prorile．ne a爪plitude   

ratio or the coherent spike to tbebase correlationtraceisobtained by comparing   

g（0）vith the ving or the打（て）prorile．  
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In order to clarify vhich dominates the reduction of the coherent spike，   

れ（む）or α（む），Ve CalculaLd打（て）by artiricially5etting one of n（匂）andα（む）   

to ヱerO． Figure 8 shovs the calculated ratio，COrreSpOnding the case5 Of  

iれ（匂）－0，q（む）■0〉弧diれ（Q）←0，α（山）－0），Vhen tbela5erさ匹etrum P（む）  

ba5a払闇5ian prorile．In the亡びe Orlれ（む）→0，q（む）一0‡，the calculated  

result does not shov the reduction of coherent spike．On the other handin the  

C誠eOflれ（q）－0，α（山）〆0トiti5Sati5raCtOrytOaCeOuntrOrtbeex㌍rimental  

featurein Fig．6．ne 亡alculation clearlyindicate5 tbat tbe absorption q（山）   

CauSeS the reduction of coherent spike but the refractiveindex n（む）dose not．   

nepre5ent VOrkpre5entS therirst ob5erVationor tbe eoherent propagation erfect   

Ofincoberentligbtin5emiconductor5due to tbe absorptionα（む）．  

§ 5． Con¢lu5ions  

The remarkable pulse distortionin GaA5 quantl皿Ye11s YaS Observed around   

the excitorL reSOnanCe by means cflight gating technique．Ve demonstrated the   

usefulness of theincoherent pulses to obser・Ve the distortion of both the pulse   

envelope and the coherent spike．The pulse YaS StrOngly distorted，but vas not   

anomalously delayed． The pulse distortionin GaAs quantum vells around the   

exciton resonance is vell understood by taking account Of the absorption   

Saturation． The relaxation time てs ＝ SX）ps obtained by our experimentsis   

COmparable to the result or pl皿p and prok experiment previously pre5ented．ne   

Sm crosscorrelation techniqueis conventionaltechnique to knov the ultr・afast   

temporalehange or the absorption5aturation under the certain eondition5．me  

reduction or the coherent5pike ob5erVed experimentally va5eXplaind by taking   

account or the coherent propagation efrectin theliれear ab50rber．The erfect  
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VaS Observedin semiconductors for the first timein the present experiment．  
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Figure C乱ption5  

Fig・1Absorption spectr・un Of thesample and three excitationlaser spectra．  

Fig．2Sthematic diagram of experimentalsystem．The magnifiedinset shovs the  

detailor the sample surrQundin名声．  

Fig．3SⅢcorrelation traces．In the each figure，SOlidlines and dashedlines  

eorre5pOnd to ca5e5tbat5a血plei5preSent Or absent，re5卿tively．me  

excitationpoverden5ities cor・reSpOndingtoFig．3（a），Fig．3（b）andFig．3（C）  

are 2×10－8J／cm2■pulse，4×10－7J／CZn2・pulse and 5×10－8J／002・Pulse，  

respectively．Note that the crosscorrelation traces are shift by30fs so  

as to set the coherent spikes to the2：erO time standard．  

Fig．4Peak delay of the basecorrelation envelope5relative to the cohererlt Spike  

a5 a runCtion of the excitation pover denさity．Experimentalre5ult5are  

Shovn by syTnbcIs together vith the caLculated result forl．67e6畠V denoted  

by the solidline．  

Fig．5 The typical coherent spikes corresponding to cases that the sampleis  

PreSent Or absent are shovn．Sminten5ityis normaliヱed by the peak  

aLnPlitude of the base correlation trace．  

Fig．6The peakamplitude ratio of thecoherent spike to the base correlation trace  

as a function of the excitation photon energy（symboIs）． The solidline  
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血0VS the absorption5peCtrum．  

Fig．7ne抑止amplitude raヒio or tbecoherent spiketo tbeおe correlationtra亡e  

as a function of the excitation pover density．Theincident photon energy  

i5l．ざ花絵島Ⅴ．  

Fig．8The calculated result of the peak aJnPlitude ratio of the coherent spike to  

the t）a5e COrrelation trace as a function or tbe excitation pboton energy．  

Circle5L ＝and croさS璽 COrreSpOnd tbe c出田 Orln（q）一0，α（揖）■0〉 弧d  

iれ（匂）■0，α（q）－0‡，re5peCtively・ 鮎re れ（q）弧d α（匂）are the  

refractiveirldex and the absorption coefficient，reSPeCtively．The solid  

line and the dashedline represent the modelabsorption spectrun and the  

COrre5pOnding refraction spectrum，re5pe亡tively．  
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Homogeneous vidtb of exeiton ab80rption5peetrain CuClmieroery5tals  

YasuakiぬSⅥmOtO，Tet5urO Wa血qra and At5n5biIwaki  

Institute of Pby5ies，Vnive一石ity of T引止血ほ，T8ukqba，Ibaraki305，Japan  

Abstraet  

Homogeneous vidth of Z3eXCiton absorption spectrain CuCl microcrysta18  

WaS meaSured for the first time．It vas deternined to be O．15meV atllE by the  

laser saturation spectroscopy・The temperattlre dcpendence of the Z3 eXCiton  

ibsorption lin盲vidth also supported the restllt． The measurements of the  

Saturation density，the homcgeneouslinevidthand thelifetitne of Z3 eXCitons  

infomed us the transition dipole monent for a CtlClmicrocrystal．The obtained   

transition dipole moment for a CuClmicrocrystalis16ti皿eS Of that for an tユnit   

Cellin bulk CuCl．   



R¢eently nonlinear optiealpropertieさOf semまeon加etor mieroery5tals bave   

attracted nuch inteTeSt．Especia，lly，CuClmicrocrystals，giving the typical  

exaLnPle cftheexcitonquanti2aticnl），areeXPeCtedtoshovthelarge optical  

nonlin¢arity2，3）．In our pT帥lou5 paper，Ve demon5trated 蝕e optieal  

ncnline＆rity Qf Z3eXCitonsin CuClmicrocrystalsinNaClhost crystals by the  

laser saturationspectroscopy4）．Hovever，thebasicopticalchara，CterOf CuCl  

microcrystals・SuChas the homogeneousvidth of Z3eXCitons－ their transition  

dipole noment and so on，are nOt yet knovn．Homogeneous vidthis nasked by the   

lnhomogenecus broadening due to the slヱe distributiozlOf CuCl microcrystals．   

Ecmogemeous vidth is one of the皿OStimportant pa．rameters ch＆ra，Cterizing the   

linear and nonlinar optiealpropQrtles of exeitons，beeaⅦSeit determines tbe   

COherent length vhich doninates the excltonllfetlme＆nd the tra．nsition dipole   

mく）ment for a miero（汀yStal．Tbi＄i5beeause tbe transition dipole moment of  

モズeitonsintbeeoberentv01um色are引呼eTpOSedtobe enbaneedone5－7）．In tbis  

Vqrk，VelユVe琉igated the bomogeneou8Vidthof the Z3eXeitonぬsoTption speQtra  

in CtlClmicrocrystals by thelaser5atura．tion spectro＄COpy．Simultaneously ve  

observed the temparature dependencs oi tha sbsorption linevidth oi ZJ excitons 

to cla．rify the mechanism of the homcgeneou5broadening as vella5 tO a．SCertain   

the hotnogeneous vidth obtained by thelaLSer5atura．tion spectroscopy． We．also  

measured thelifetine of Z3eXCiton5・The8aturation density，the homogeneou＄  

1inevidth and thelifeti皿e Of excitonsinformed us the transition dipole moment  

ofexeiton5foraCuClmieroerystal，血1ebtbeeurrenttbeoryreferedto2・3）．  

SaLmPles of CuCl microcrysta．lsin NaClhost crystals vere grom by the  

transverse Brid卯antnethodfo1lovedbyheattreatment4）．Thesizeofthe CuCl  

nicrocrystals YaS deterninedby the absorptionpeak ener訂Of Z3eXCitons at T7E  

folloving tbemetbodestabli8hedbyItob8）．Intbisstu軌Weu5ed a tTpieal   



8ample O．035em tbiek eontaining CuClmi¢rOery8talsl血05e mean radiu5is6．1nm．   

The CuClmolar fraetionln the sampleis detemined to t柑0．16％by tbe plasma  

emissionspeetroseopy4）．  

T0 0btain the temperature dependence of the absorption spectra，Ve uSed a   

temperature variable eryostat・l旭 a150 q5ed an incande5亡母nt lamp， a   

monochromator，a phctomultiplier and alQCk－in amplifier． For the la．＄er   

Saturation speetroseopy，VをuSed a dyelaser pⅦ叩ed t）y a nitrogen laser． Tbe   

Sample was direetlyimmersedinliquid nitrogen．Tbe dyelaseri5eOmpOSed of   

an output mirror，a dye eellfilled vitbモモQin dioxane，a beam expander made of   

tvo prism＄and an eebelle grating（316grooves／m）．Seleeting tbe order of tbe   

grating and adjusting the beam expander，Ve COuld easily change thelinevidth of   

thela，Ser OutPut quaSi－COntinuously．The peak photon energT Of thelaser light  

Va・S Set tO be 3・223 eV（384・5＆nm）血ich corresponds to the Z3 eXCito  

ab50rption peak of tbe sample at T7E．Tbe pu15e dⅦration vas3．6ns and tbe   

pulse pover va5mea＄ured byⅥ51ng a pyroeleく：trie energy deteetor．Tbe8iヱe Of   

the excitation ＄POt VaS meaSured under a nicz－OSCOPe． The transmitted la．ser   

light va．s detected directly by a photomultiplier vith a．calibrated set of   

netltraldensity filters．The slgnalva8aVera・ged by uslng a Boxcarintegra，tOr．  

In Fig．1，te皿pera．ture dependence of the absorption spectra of CuCl   

tnicrocrystalsis shovn・Atlovtempera・tur色S，SPeCtraare COmpOSed of sharp Z3  

and Zl，2eXCitonabsorptionlines・Viththeriseoftempera・ture，the exciton  

StruCture broadens together vith the blue shift． At elevated temperatlユreS，   

exciton absarption spectra have the Lorentzian shape. The lInewidth of the Z3 

exeiton absorptionls plotted a5a funetion of tempera加rein冨ig．2．  

Asis shcwn，thelinevidth cha．ngeslittle belovlOX．The size distribution   



Of CⅥCl mieroerysta15 eau5e＄ tbeinbomogeneou5 broa由ning of tb¢ eXeiton   

ab50rp七ion． Tbe linevidtbl鵬lov 70E almost eomes from tbe inbomogeneous  

linevidth・ The te叩era・ture dependence of thelinevidth of the Z3 eXCiton  

absorptlonr（T）1svを11叩reS＄edbytbeequation9）  

r（で）＝rinb十A／【exp（BルBT）一1】，  （1）   

Vbere rinb 三 8・O meVis theinbomogeneousbroa由ning・Tbe best fittingi5  

0btained vitb para血色ters A＝474meV and B＝55．7meV，a5i3玉山0Vn in 冨ig．2．   

甘ittlng 155atlsfaetory． 冨ittingls not good，if ve u5e tbe fitting fun¢tion  

r（T）＝rl血＋ロ2，血色reCi5afittingpara加ter・SofaT，tbe e昭汀e53ion bas  

been usedto explain the temperature dependence of the Z3eXCitonlinevidthin  

cucllO）．Intbisea5etbelinebroadeningis血etointeraetion8 0f exeitons  

vi蝕long一VaVelengthaeoⅦStiepbononsll）．  

Instead．the validity of eq．（1）implies that theline broadeningis due to  

interactiaas oi IJ excitons with optical phonons. Bnergies oi loagitudinal 

OPtical（LO）phQnOTl＆nd tran5VerSe OPtical（TO）phoncn at the r point in CuCl  

are 25．6 meV and20．Om帥，re5peetiγely12）．T血合ab50rption of one optieal  

pbonon ean not explain eq．（1），beeau5e tbe value of Bis abo11t tViee of the LO   

pbonon ener訂． Sueee51ve ib50rption of tvoI。O pbonons ean explain eq．（1），  

be¢au5e nn，三【呵（伽1〆kBTト1】‾1【exp（餌1。／kBTト1】‾1と（呵［卜田山1。・  

五山，1。）／k8Tト1）‾1bold5Vhen叫。，加，L。－kBT・Heren（n，）and¶㌔。（か，1。）are  

th8phonon oeeupation number and tbe工．O pbonon energy，reSpeetively．Tberefore，  

a possiblo broadening mochanism ior the Z3 excitons at olevated temperaturas is 

the scattering of the Z3eXCitonstotheZl，2eXCitonsas a result of the  

SuCCeSiveabsorptionoftvoLOphonons，because the Zl，2eXCitonヨtateishigher  

than the Z3eXCiton state by70meV・Excitorlthermalioniヱaticn can not be  

4   



takenintoaccountincontrasttothe caseofGaAsqua．ntt皿Ve11㌔），because the  

binding ener訂 Or tbe Z3毛玉eiton5i5213n甜，Vhiぬis mueblarger tban tbe  

Value of B・Tbela摺e bindingener訂and tb¢TO meV ener訂Splitting of Z3 and  

Zl，2 eXeltons my eause thepe001iar t加malbroadening me¢banism of Z3  

exciton＄・Ourexperimentalob5erVationabout tbe pbononbroadeningof tbe ヱ3  

excitoTt absorption is li皿ited to the elevated tempera．tures．becalユSe the   

inhomogeneous broadening dotninates the broadening at lov temperat11reS．   

Therefore ve can notinfer the phQnOn broadening mecha．nisn atlcv teEnPeratureS．  

Next，homogeneous vidth of the13eXCitonabsorptionvas studied by the  

laser saturation spectroscopy13） on the basi8 Of thelaser saturation  

SPeCtrQSCOPy，the saturation densityIsis expre5Sed by  

Is＝god2／（2回2TIT2），（2）   

Vhere ∈ois the dielectric constantin va・Cutm，C thelight velocityin vacuⅧ1  

tbe transitiom dipole moment，Tlthelongitndinalrelaxatlon ti脈and T2 tbe  

transverse rela．xation time．This equa．tion holds vhen thelaser lin色Vidth is  

Sufficientユy na・rrOVer than the homogeneousvidth，rh：電／T2・Vhen thela・Ser  

lin帥idtb rllS eOmparable to orlarger tban tbe bomogeneous widtb rb，eq・（2）  

i8reVrittenas14）  

Ⅰ5三∈oe玉reff／（2回2Tl），（3）  

reff王rb＋r 
l・   

Here reffis the effectivelinevidthwhichis the convoluted result of the  

homogeneouslinevidth and thela．serlinevidth．Ve assuJTLed thela．ser spectra，tO  

be Lorent五ian for simplieity・Tbe homogeneons vidtbrbis Qbtaimed，ifIsis  

き   



inve5tigated as a function of rl・Figure 3 8hovs the fitting of the  

experimental res111t of theintenslty－dependent absorption coefficient by the  

母野re85エon 仏；㌔／（1＋Ⅰ／Is）＋q2，血ereαi5tbo ab80rptioneoeffieient，工is  

thelaserintensity and cLla・nd82 are fitting p＆rZLJneter5・ The obtained  

Saturation den＄ity・Isis show71by arrovsin Fig・3・The satura・tion densities  

thqs obtainedaTe plotteda5a funetion of tbela5erlin帥idtbIlinFig・4・Tbe  

8a山一ation density inerea古色＄ Vitb tbelneT給与e Of tbe laser linevidtb，aS   

expect8d． By fitting eq．（3）to the experimental results．ve obtained the   

homogeneouslinevidth of the Z3eエCitonin CtlClat71Ⅹ・Itis O・15meV・  

Ve can easily obtain the hotnogeneous bro＆dening at elevated temperatures，   

because the phonon broadeningis dcninant．Reversely．ve nu8t eStimate the   

homogeneous broadening at low temperatures by extraporating the phonon   

broadening eontribution．Tbe ealeulation ba8ed on tbe eq．（1）gives O．1meV to   

the hoTnOgeneCuS Vidth of the Z3eXCitons＆tllEin fairly vellagreement vith  

the result of thelaser sattlration spectroscopy．TherefQre the experiments on   

the teJnperature dependence of thelineYidth5uPPQrtS Our dicision on the   

homogeneous vidth・Atlov temperatures，the hcmogeneotlS Yidthis expected to   

（k¢Teaさe 肌・く血 more，beeauso tbe pbonon broadening is 一合dueed． Experimental   

demonstratiQrL that the saturation density depends on eq．（3）5uggeStS that it   

deerea5閃肌eb more atlov tempモーatur色名．  

Equaticn（2）informs us tha．t the transitiondipolemomentIytis deternined，  

if ve obtainIs・電／T2andTl・TbelⅦnineseeneelifetime of Z3 eXeiton5 Va5  

meastlred to be610ps at17E under the band－tO－band excitation by using the   

ultra▼iolet pieoseeond pu15朗（3．42eV）and a5ynebrosean streak eamera． ロSing  

t血色 ▼alueso＝8＝4・5M′em2，電′T2＝0・15meVandで1＝810p5，Ve ean Obtain   



tbe valueof 回 tobe6．3Ⅹ10‾18esⅥem（6．3Debye）foraCuClmieroerystal．  

Tbe oseillator strength ffoTaunit eellinbqlk CuCli5 5・8Ⅹ10－3・Tbis  

corresponds tothedipolemomeTltOfO．40Ⅹ10－18esucm（0．40Debye），because the  

transition dipole tnonent回＆nd the osci11ator strengthfis relaLted to each  

other bytheequati。n，f‡2m♂u（lpf／虎）2，Vherenoistheelectron血aSSand e  

is the electron charge．Therefore the transition dipole tn（）ment for a CuCl   

microcrystalis enhanced by16．The coherent vQlumein a．CuClmicrocrystalis   

250 ti皿eS Of the unit cellbuti8nOt eXtented for the vhole microcry8talvolume  

as theory expected2，3）．Infact，thevholemicrocrystali8COn8idered to be  

COherent，becalユSe the energy split betveen the first and second quantum levels  

ina CuClmicrocrystalvhose radiusis6・1nnis15meV andislarger than rh＝  

0・1S meV・Ve can not explain this discrepancy・Ve may have to measure Tlunder  

the resonant excitation of the Z3eXCitons・  

In sumary，bomogeneous vidtb of Z3eXeiton absorption 5peCtra in 伽Cl  

microcrystals vas neasured by uslng thelaser saturation spectroscopy for the   

first time．It vas O．15meV at17K for CuClmicrocrystals vhose mean radius is   

6・1nm・ The extraporation of the tempera・ture broa・dening of the Z3 eXCiton  

a．bsorption linevidth to77E also supported the result■ Thelaser sat11ration   

SpeCtrOSCOpy a．1so informed us the tra．nsition dipole moment for a CuCl   

microcrystalto be16times of tha．t for an tlnit cellin bulk CuCl．  

The authors vouldlike to express their sincere thanks to Prof．E．Hanamura・   

at the University of Tokyo for the criticalreading of the nanuscript and   
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Figure eaptions  

Fig．l．Absorption spectra of CuClmicrocrystal3in Na．Clat variQuS tenPeratureS．   

Tbe mean radins of tbe CuClmieroery5talsi86．1nm．   

Fig・2・ Temperature dependence of thelinevidth of the Z3 eXCiton a・bsorption・  

でhe fittingiミSbovn by tbe solidllne de5eribed by eq．（1）in tbe text．   

Fig・3・ Laserinten＄ity dependerLCe Of the absorptioncoefficient at the Z3  

exeiton re58nanee at T了R．Experimentalpoints areぬ0Vn by various symboIs  

COrreSpOnding to tbela5erllnevidth rl（meV）・Tbelea5ト5quareS fitted  

re5ult5are Sbovn by solidlines．   

Fig．4．The saturation density as a．function of thelaserlinevidth．The solid   

lineis the fitted result based on eq．（3）in the text．   
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