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WhenphotoiJluminatjonislnlerruP(ed,theexoeIectronemissionfromscratchedmetal
samplesdecaysqujckIy.WhentheLJluminallOnisresumed,however,therecoveredexoeZecETOn
emissionshootsuPtOaVa一uesJgn7RcanHyhigherthanbeforeandthendecreasesgraduaHy-a
factoverlookedbypreviousresearchers･Toexplainlhis`̀storageefTecIHinPSEE(photo･
S(imulatedexoelecけOnemlSSion),theauthorshaveproposedarnodeJ,accordlngtOWhichthere
aretwoeXCitationprocessesCOmPellngduringPSEEioneislhephotoexcllalLOnOrthe
eleclronsatenergylevelswithinlhebandgapofsurfaceoxidelayers,andtheotheristhe
tunnelinglransilionoreJeclrOnSinbulkmela)stooccupythevacan日evelsoftheoxJde一ayers.
FromtherateequationsbasedonthlsmodeJandalsofromthePSEEdataobtalnedfor
scratchedaluminumandzinc.(hreekindsofquant)tleS,le,thenumberofexo-actlvesites,the
emlSSIOnrateFrom lhesitesandtherateOraClivatlnge大o-1naCtlVeSlles,aresuccessru=y
estimated.OtherPSEEphenomenasuchaslhepecullaremlSSionln(ensityversustlmeproR】es
canalsobee)ucidatedinviewofthismodel.

1.Inlroduclion

ExoeJectron emission (EEE)isknown to beac.oncomitanceofthe
reJaxation ofperturbationsofvariousthermodynamlCequHibriall].In

contrasttothec.aseofthermal】ystimulatedexoe]ectronemission(TSEE),
however,relaxatlOn-kineticstudiesseem tohavescarcelybeencarriedout

onphotostimuJatedexoeLectronemission(PSEE).Theaim ofthepresent

paper is to show thatsome ofthe confuslng time-dependentPSEE

phenomenacan successruHy be descr)bed by reJaxation kinetics,ifthe

competitionbetweentwoprocessesoEelectronexcitationistakenintocon-
sideration.

2.Two-processmodeJoFPSEE

Toexplainourdata,whicharepresentedbelow,wehaveproposeda

PSEEmodelinwhichsuchsymbolsandnotationsasHstedbelowareused:
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So(t):numberoftotaJemissionsitesinaspecimenaHlmeI((heoriginof
whichistakenatthemomentofscratching).

S'(I)‥numberofexo-ac(ivFsite.sin.aspecim.enatL･
S"(I):numberofexo-inactiveSHesI.naSPeClmenatL･
N(I)‥exo-emやio.nyidd(perunittlme)fromaspecimenatt･
α:rateofemlSSIOnfrom exo-activeslteS(Orrateofphotoexcitationof

electronsato.ccupied一evels)･
β:rateofactlVatingexo-inactivesites(orofexcitingtowenergyeJectronsto
thehigherunoccupiedleveJs).

γ:creationrateofemissionsites.

TheconceptofourmodelisiLlustratedinng.1.1tistheessential

assumpn0nOfthemodelthaHherearetwocompetIngexcitingProcesses

relevanttoPSEE.OneisthephotoexcitationbywhichelectronsareemiHed

asexoeleclronsatarateα.Theotheristheexcitationof一owerenergy

electronsatarateP.Eqs.(1)to(4)describedbelowform thebaseofour

analysIS:

So(I)-S'(I)+S''(I),

〟(∫)-α∫′(∫),

dg'(∫)

df--αS,'E)+βS"(E)I9禁
--αS,'E)+β{S｡(I)-S･(I))+響 ,

S.(I)-S.[1IeXP(-γE)]

Themeaningofeqs.(1)and(2)shouldbeobviousfromthedefinitionsof

exoemlSSLOn N=cIS'
(emissionyield)

Fig･LSchema(icexoelectronemlSSIOnfromexo-ac(ivesItesatarateαandeJeclronsupplyto
exo-1naCtLVeSitesatarateβ
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thenotation･Eq.(3),arateequation,iscentraJtothepresenttreatment,

whHeeq.(4)hasbeenderivedfrom asomewhatarbitraryassumptionthat

thenumberofexo-emissionsitesgrowstoSo,aconstant,exponentiaJlywith
timeafterscratching;thisisprobablylnaccordancewiththeoxidationora

rreshlyscratchedmetalsurface.

3.Applicationofthetwo-processmodel

3.1.StorageeHectofPSEE

Previouslytheauthors【21performedexperiments.inwhichEEEyields
from polycrystallinealuminum sheetsof99.99% purllywerecountedina
vacuum (aboutlO~8Torr)asafunctionoftimeaftersera(Chingthesheets
withasteelneedle.TheAIspecimenswerephotostimulateduslngamercury

dischargelampandoptJCalfners,thela(terbeingselectedsothatphoton

energiesofthestimulatingHghtwouldbesu用cientlybelow4･2eV,thework

functionofaluminum.Fig.2illustratesthetypICalyieldbehaviorafter

scratchingthespecimens:atto灯,thephotoiHuminationisinterruptedandthe

immediateextinctionofyieJdfo)Jows･Atton,thetimefrom whichthe
specimensurfaceisilluminatedagaln,thePSEEyieldshootsuptoavalue

distinctlyhigherthanthatatthepLateau,andthendecaysgraduaJJytothe

stationaryvaluethatcanbeobtainedbyextrapolatlngthecurveinRegionI

beyondf｡∩･Fig･3Showsthatthetransientincrementoremissionatthe

momPntPhotoillumi.nationisresumed(i.e･,Non-No汀a=oninng･2)isa
FunctlOnOfJ｡,thelnterVa】orinterrupt10n,andtendstosaturationwith
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(see)
tct=ton-toH)

Fig3.TranslentIncreaselnemlSS)OnyieldasafunctionofintermlSSionIength･

increasingtc.(AJthoughArnottandRamsey【3]Onceconduc(edsimilar

experiments,theydidnotnoticesuchastorageeffectofPSEEasdescribed

here,probablybecauseEcwastoobriefintheircase.)

Thise斤ectisinterpretedintermsoEour"two-process"modelasfoHows:

SincetheemissionyieldwasalmoststationaryatEo作,So(I),αandβareall

assumedtobeconstants･Hence,theヮumberofexo-activesitesatEo斤,S'(Eo斤),
shouJdbeequa一toβSJ(α+β).SoTvlngeq.(3)forRegionIHintis.2,we
obtain

s,(Eon,-So一浩 soexp(-βEG), (5,

Non-N.付-α【S'(ton)-S'(LO斤)1

α

両 Soll-exp(IβEG)】 (6)

Fromeq.(6)itisapparentthatwithincreasingEcthevalue(Non-N.a)tends

tosaturate,asshowninRg.3.

3.2.DeEerminaEionofexciEaEionratios

Eq･(5)indicatesthatforEclongenoughtheexpe.riTentaJvaJueofN.n,i:e･･
αS′(E｡n),willbeequaltoαSo.OnceαSoisknown,ltlSpossibletodetermlne

βonanexpe.rimentaJbasis,since-βistheslopeofthelnlαSo- αS'(Eon)】
versusEcrelatlOn,aSShowninfig.4.

SofarwehaveassumedthataJ]thethreequantitiesa,PandSo(I)are

const?nLToseetowhatextentthisasモumP(ionholds,theauthors【4],using

e.quatlOnSderivedfromeq･(3),determlned(α+β)andα/βasafunctionof
tlmeafterscratchingasshowninfigs.5and6,whichobviouslyindicatethat,
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Flg.5.TheobservedαS′and(α十β)asafunctionoftimeafterscratchlngthespecimen
surface.
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Tablet

ExperimentaIJydeterminedvaluesofexci(ationratesandsltePOPUlation

P(Torr) So α(5-)) β(S~J)

5.5×10~5

24×10~5

8.5×10~6

25×10~8

6.0×10~7

1.1×10~7

1.62×lo†

1.73×107

4.82×105
556×106
3.42×106
4.06xIOフ

2.86×10~3

240×10~3

5.31×10~2

3.06xloll

1.87×10~2

480×10-4

5.19xloll

203×10~3

3.22×10~2

244×10-2

1.33×10~2

1.33×10~3
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Fig.7.Exo-activationratePdeterminedasafunctionoftemperature.

whiletheyieldαS'decaysconsiderablyduringtheperiodofobserva(ion,

both(a+P)anda/P(henceaandP)remainconstant.Thisr.esultfurther
indicatesthaHheobservedgradualyielddecayafterscratchinglSPrtnCIPaHy

due,nottoachangeinthePSEEmechanism,i.e.,achangeinaore,butto

thechangeinthenumberofemissionsites,i･e.,jnSo(t).Table1summarizes
thevaluesofα,βandSoobtainedunderseveraldi斤erentvacua.Allofthe
valuesareconsiderablyscatteredandthereisnoobviouspressuredepen-

dence.(Todeterminea,P andSo,theauthorsl4]conductedaseriesof
experiments,inwhichthephotoilluminationwasnotshutoffbutchangedin

intensityorinwavelength,anewmethodwhichisquitetime-saving･)

Fig.7showstheresultsofourexperimenttodetermineβasafunctionof

temperature【5】.Contrarytoourexpectation,βwasfoundtobepractically

temperature-independent･Sincetheheightoftheenergybarrierforthe

interfacebetweenAlandA1203 isknowntobeaboutleV,itisvery

unJikelythatthistemperaturechangewouldexertnoin月uenceonβ･Hence,
thisresultsuggeststhattheelectronsupplytoe大o-1naCtivesitesoccursnot

throughthermalexcitationbutthroughquantum-mechanicaltunneling･

3.3.InEensL-tyversuStimeproJuesofPSEE

PSEEintens】tyfrom scratchedmetalspecimenschangeswithtimeafter

scratchingthesurface.Theauthors【6]noticedthat,whenaneedlewitha
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Fig.8.Fiveprofilesoftime-dependentPSEEcausedbyscratchingaluminumwi(habJuntneedle･

blunttlPWasusedforscratching,theintensltyVersustimeprofilewasnot

veryreproducib一ebutvariableandcouldbeclassiRedintoFivetypesas

schematicaHyshowninRgt8.Thisdi斤erenceinthepro別ecanbeexplained

alsointermsoftheHtwo-processHmodelontheassuヮptionthateq･(4)Can
describethechangeinthenumberoftotalemissionslteSWithtime,S.(I).
Case1(γi,α,β):Inthiscase,usingeq.(4),wecanwritetheapI

proximateso】ulionofeq.(3)as

S'(t)-
1

α + β
(αexp(-(α.β)け β)ト exp(-γ車 ･ (7)

Bydi斤erentiatingeq.(7),wecanseethatS'(I)hasasinglemaximumatlm
whichisglVenby

E,n-(1/γ)1n(7/α). (8)

Onemayseefromeq･(8)tha= -decreasesヮ10nOtOnica】lywithincre.asingγ,
sincedL.n/dγisnega(ive･ThisappearsconsIStentWithourobservatlOnthat
thepressureincreasecaused/m todecrease,ifγlSincreasedwithincreaslng

ambientpressure.

Settingfurtherdetai一eddiscussionaside,WepolntOutthatbothTypesI
andIIareincludedinCase1.

Case2(γ～α+β):Inthiscasetheapproximatesolutionofeq.(3)is

s,(I)-旦so+α(卜£)soexp(-γE)･ (9)γ

BydiFeren(iatingeq.(9),weobtain

I,n-(1+β)/α～α~J, (10)

andbecomeawarethat,whenαisasmallas～10~3S~1,theremayappeara
secondpeakintheintensityVersustimeprofile,asobservedinTypeIll.The

firstpeakofType VisalsoconsideredtobeincludedinCase2.



368 FI･Shlgekawa,S.flyodo/PSEE/TomscTaEChedmetalS

Case3(γ<α,β):Theapproximatesolutionofeq.(3)iswrittenas

s,(I,-蓋 so【1-exp(-YO]･
ヨ服E

SinceS'(I)hasnomaxlmumbutI.endstosaturatemonotonicauy,thiscaseis
beHevedtocorrespondtotheemlSSionTypeIV.

4.Cone)usion

lnthePSEE studieshithertocarriedout,therateβ hastacitlybeen

assumedtobenull;i.e"theprocessofactivatlngeXO-inactivesiteshasbeen

neg】ected.ThroughthepresentstudytheimportanceoH heprocesshas

been clarified,par(icuJarly in elucidating the time-dependent PSEE

phenomena.Althoughthepresentresu7tsareconcernedonlywlthPSEE

from scratchedaluminum,wehope thatsimilarreasoningWinbehelpfulin

understandingotherrelatedrelaxationphenomenasuchasTSEE,photo-

1uminescence(PL)andthermallystimulatedconductivity(TSC).
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