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Wchaycfoundforthc丘rsttimethatthehypcrfinesplittingoftheESRofo打･centcrsubstitu･
tionalnitrogeninsiliconincreaseswithincreaslngthetemperatureabove- 150K･Amodelis

●

proposedinwhichahypotheticalon･ccntersubstitutionalNsiteexistsinanadiabaticpotentia1-■
energyminimum higherthanthatoftheoq･ccntersubstitutionalN.Motionalaveraglngand
narrowlngamongthesecoJlfigurationsoftheNccntcrucurbetweeJIESRhyperfiJleliJleSandac･
●

countfortheincreaseinthehyperfinesplittins.Thefractionalscharacterandlualizationofthe
unpairedelectronattheon･ccnterNseemtobcsignificantlyincrcascdcomparedtothoseatthe
off･centerN.

Nitrogencanbcintroducedintoo打ICCntCrSubstitution-
alsitesinsiliconbyN･ionimplantationandsubsequent
pulsed-laserannealing･I･2 Thedynamicsofpulsed-laser
annealinghavebeenstudiedbyseveraltime･resolvedmea-
Surements.3-5 Itisthoughtthatthegreatcqectivcnessof
pulsed-laserannealingforintroduclngtheoだ一ccntersub･

●

stitutionalNiscausedbyboththeextremelyfastrccry･
stallizationandrapidcooling.3BrowerIrevealedthrough
ESRmcasurcmentsthatoq･ccntersubstitutionalN (la-

beledSL5)istrigonallydistortedwithC3vSymmetry
aboutthe(III)axisattemperaturesbelowlooKandhas
adeeplevel,similartotheNimpurityinatype･lbdia-
mond.6 ThedistortionofsubstitutionalNinSiisattri･

cbaTltceud.attoi.ansT ,eudo~Jahn-Tellereqectbyrecenttheoretical●

S.,I.nngth.cimpt!,S::ireP言霊 nSc?nmcTu.nblsCeartvisn･f.W,ear腎 tE;hRe
hyperfine(hf)Spectrumandthepossibilityofanon-center
substitutionalNstate.Thetemperaturedependencecan
beexplainedintermsofnotionaleqectsoftheunpaired
electronamongthefourequivalentoq･centcrNdistorted
alongthe(III)axisandhypothcticalon･centerNwithTd
symmetry.
Nions(N2+)wereimplantedinCzochralski･grownB-
doped(loo)Siwiththeresistivityof30-50llcmand
(111)Siwiththeresistivityof-120flcmatanac-
celerationenergyof70keVandadoseof2x1014/cm2.

IuhbeyilEsPelranattensea蒜,pldeeSn;i;ircesaf:.n=lle.diT.itlh.5a,yc-=2i.t莞●
ESRmeasurementsweremadeattemperaturesranglng
from 77to550KwithanX･bandspectrometcr.Oq･
ccntcrsubstitutionalNisknowntobeannealedoutat

temperatureshigherthan575KfortheSisamplesim-
2S●

tshuabts.tit:II?.fn:FIRti芦.言

plantedwithadiscof2×1014/cm
WeobservefortheArsttime

theESRspectrumforo打･center
nuclearspinI-1,naturalabundance99.63%)increases●
withoutanychangeintheavaluewithincreaslngtemPer･
ature.TyplCalESRspectraobservedatvarioustempera･

●

turesforHJJ(loo)areshowninFig.I.Thehfsplitting
AHhfsisplottedasafunctionoftemperatureinFig.2.
AH hfsbeginstoincreaseatatemperatureof150K.The

3&

14NhfspectraobservedforHll(I10)and(11I)exhibited
thenotionalbroadeninginthelinewidthattemperatures

●
●

bctwcenlooand150K;above150K,notionalavcraglng
andnarrowingwereobserved,9asreportedinRcf･1･

:fhc:hC.7lOfilo)naJisCtTnccit.SnCfnm謡 co.Tntt.h.eHPidTrhCeOrr.lfC.nrtea,ti:ne

●
●

SurmisethattheincreaseinAH hfsisrelatedtonotional
eqectssinceAHhfsbeginstoincreaseattheonsetofthe
motionalnarrowlng.Forcomparisonwemeasuredalso

●

thetemperaturedependenceoftheESRspectrumofthe
si･SL6centerI･8whichhasalarger(III)distortion.The
Si･SL6ccnterexhibitsnochangesinAH hfs,aSShownin
Fig.2,andnomotionaleqects･Theseindicatethatthe
changeinA机 fsisprobablynotduetoasimplethermal
expansionorgradualreductioninthe(III)distortion,but
isstronglyrelatedtonotionalaveraglngandnarrowingof

●
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FIG.1.TypicalESRspectra(a)-(d)ofthesubstitutional
14NinSimeasuredatvarioustemperatures･
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FIG.2.HyperfinesplittingAH hfSOftheESRspectraofthe
substitutionalN(N,0)andSL6ccntcrasfunctionsoftempera-
turc･Thesolidcurvecorrespondstothebestfittingvaluesof
E8-0.073cVandAHhfS(a)-134G,whiledottedcurvescorre-
spondingtootherones(0.060cVand134G,and0.085eVand
134G)forEBarcalsoshownforcomparison.

theESRspectrumwhichiscausedbytherapidreorienta-
tionincreaslngWithralSlngthetemperature.

● ●●

InordertoexplainthechangeinAHhfs,WeProposea
modelinwhichsubstitutionalNhastwotypesofminima
intheadiabaticpotential,i.C.,ashallowon･centerwell
andadeepero打･centerwell(intheく1I1)direction),and
thatN goesthrough thclatticesiteinitsreorientation
from one(lil)distortiontoanother.Theon-center●●

E芸芸uFm.wTea,S,aP:eidisSkibnys7慧 eEi,Faallmcaartc.unlaatiodnS,cbn!
mison･m ThesestatesareschematicallyshowninFig.3,●
uslngaCOnfigurationcoordinatepotential･energycurve.

Qi
O

ConfigulationcoordinateQ

A

FIG.3.ConGgurationcoordinatepotential-energycurvefor
thesubstitutionalNinSi.Atthepotentialminimumaat
Qi-0,Noccupiesthesubstitutionallatticesite,i.e.,theon･
centersite,andatthepotentialminimaA.IandAil(i,i'-1,2,3,
or4)N occupiestheo打･centersite.Forexample,the

con丘gurationcoordinateQ･･an_dPy･coJre_SPOn_d_tothenilr_ogen
displacementinthedirectionsllII),llI1),llIl],orllIll.

Attemperatureshigherthantheonset(150K)ofmotion･
alaveraglngandnarrowlng,theunpairedelectronmoves

● ●

aroundamongstatesoftheon-centerminimumandthe
fourequivalento打一ccnterminimaA.･(i-1-4).Weinter-
pretourresultsintermsofthemotionalaveraglngand

●

narrowlngll･12Occurringbetweenboththehflineforsub-
● ●

stitutionalNintheoff-centerstatesAiandthatforNin
theon･centerBstatewhichhavethesamegvalueand
diWerenthfconstants.Inthermalequilibrium fourA,･
StatesoccurwithequalpopulationprobabilitypA(53を)
and thepopulationprobabilitypBattheon-center

miniTumBbecomesをexp(-EB/kT)ifEB>kT･Here
EB IStheenergy differencebetween theon･center
minimum andoq-centerminima,asshowninFig.3.
AHhfs(T)isrepresentedby

AHhfs(T)-AHhfs(A)+iexp(-EB/kT)(AHhfs(a)-AHhfs(A)),

whereAHhfs(a)andAHhfs(A)arehfsplittingsofon-
ccnterNando打一ccntcrN,respectively.
As aresultoffittingEq.(1)totheexperimentalresults,
yeobtainEB10･073eVandAHhfs(a)~134G,asshown
lnFig.2.ThevalueoftheenergydiqcrenceEBiscom-
paredtothebarrierheightEA-0.107eV(Fig.3)forthe
reorientationamongfourequlValentoq-centersiteswhich

●

wasobtainedbyBrower.1 Furthermore,thisresultindi-
catesthattheon･ccnterNhasadeeplevelof宍ゴ257mcV
(-330-73),sincetheoff･ccnterNhasadeeplevelof
-330meV･8･9Thewavefunctionsoftheunpairedelcc･
tronfortheon一ccntcrando打･centersubstitutionalNare

representedintermsofaonc･electronantibondingmolec-
ularorbital,

V,Ii7-号qjiiiQ,･til,
ノ

(2)

(1)

whereiiseitherA (offcenter)orB(oncenter)and
qjiil2(Ej,1jlil2-1)representsthedegreeoflocalization
oftheatomicorbital¢jiiTatthejthatomicsite.Thein-
dexjrangesoverNandthesurroundingSiatoms.Here,

¢jlil-ajii‖S)+PjiiHp), (3)

whereajlilandβjlii(ajlt･i2+βjtil2-I)ar予thefrac-
tliso,nsanoitlhpe,sa:elEs;haanrdaCfe;pr,.t.he.hJ:hNataOtT:casitde,Ia,nsi

::.dai13edS'f.f:rig:fsS言霊 ,esr.諾1.cctivaeNlytbiFqroxB)t!ef.V.al芸;
on･centersubstitutionalN tobe0.241,uslngaFermi-

●

contacthfconstantAFOf557G(Ref.I)forthevalence

electronofaneutralNatom.Thevalueismuchlarger
thanaNtAi271NtAl2of0.0257(Ref.I)foro打-centerN.
Thisindicatesthatthescharacteraswellasthedegreeof



過 NOTIONALEFFECTSBETWEENON-CENTERANDOFF-...

lualizationattheon･centerNatomareenhancedcom･

paredwiththeo打一ccnterN.Thisresultisconsistentwith
anideathattheunpairedelectronfortheon-centerN
withTdSymmetry∝CuPleSanAISlngletband･gaplev･

● ●

el.7･13

IfoneofthefournearestSisitessurroundingNcon･
tainsa29sinucleus(nuclearspinI-i,naturalabun-
dance4.7%),thenthcrcisahfinteractionbetweenthe
unpairedelectronandthe29sinucleus･Astudyofthe
notionaleqectsonthe29sihfsatellitesisalsoinformative

捌 くl｡｡).AttcmperaturesTだこclrSt霊 W.n3.1nK監 291sif:rf
fortestingourmodel. ' '

satellitesareclearlyobservedasinFigs.4(a)and4(b),
whilebetween150and200Kthenotionalbroadening

■

occursandsotheintensitybecomesveryweak,asinFigs.
4(C)and4(d).Attemperaturesabove200Kanotional
averagedlinethatexhibited(III)symmetry9canbeseen
atamagneticfieldof 宍ゴ3237G forHHく100)【Figs.
4(d)-4(f)).Thisisjusttheaveragedpositionbetweena
14Nline(Iz-+1)anda29siline(Iz-+与),indicated
bytwosolidarrowsinFig.4(a);theunpairedelectron
sces･the29sihffieldwithaprobabilityofを.Inthe
motionallyaveragedstate,the29sihfsatelliteswerealso
foundtobeaboutfourtimesasintenserelativetotheGen-

V=9.188GHz
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FIG･4･Lower-Beldpartof29sihflinesinESRspectrumof
thesubstitutionalNinSiforHHく100)andnotionalcqects.
Sincetheintensityofthe29sihflinesisveryweak,wemeasured
theESRwithamodulation一触Idof5GlargerthantheESR
linewidth･Thedottedarrowsin(d)-(f)Showthemotionally
averagedpositionbetweenthelowestoneof29sihfsatellitesand
thelowestoneofI4Nhflineswhichare,respectively,indicated
bythesolidarrowsin(a).
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tral14Nhflincs(see,C.g.,Ref.12).
Above200K,Wemeasured,moreover,theseparation
betweentheaveraged29sihfsatelliteandthelow-field
14Nhfline.Theseparationwasfoundtodecreaseslightly

Tuiltthtrhaai.sinas詣 2tqesTGlr2atwu::･leTscteisatim.諾C2?9fr蒜 thvlislur;;
a2叩2,a2,and772Obtainedforon-centerNareglVenin

●

TableIandarecomparedwiththoseforoq-centerN.1
Thisresultsuggeststhatthedegreeoflocalization,
qsiiBl2,decreasesdownto～<0.08ifwemakeaguessof
25% sand75% pfortheatomicfunctionoffour
equlValentSiatomssurroundingtheon-centerN atom.
●

Thisresultindicatesthattheunpairedelectrondensityis
532% (-8×4)localizedonthenearestfourSisites.
Thusthe29sihfstructureindicatesthateventheon.

centerNstillgivesstrongnearest29sineighborinterac-
tionsasobservedforthedeepgroup･VIdonors,14incon･
trastwiththeshallowgroup-Vdonors(P,As,andSb)
whosewavefunctionshavenodesatthenearestneighbors.
Thisalsosuggeststhaton-centerNhasadeeplevelrather
thanashallowone.

Finally,Wediscusstheratioofthesandpcharacter
andthedegreeoflocalizationforthehypotheticalon･
centerNinSi.Accordingtoasimpleargumentpresented
byBachelet,Baraff,andSchlBter,13thestateoftheun･
pairedelectronforon･centerNisanantibondingAItype
consistingofthedangling-bond-likeslngletaIStateOfthe

●

Silatticevacancyand2sstateoftheNatom.Sincethe
2sleveloftheNatomisfurtherfromtheAllevelthan

tqhNeiBr2we.?:;dFyicll註allteTthhaynbr.i?5i.zaItfo;eltSakaiSyq:PBT2ritci

● ●

be0.5atmost,thenaNiBl2becomes0.48,whereasifwe
takeaNtBl2tobeI.0(pures-like)asinRefs.7and13,
qNiBl2isestimatedtobe0.24.Thesevaluesestimated
forthe,on･centerNarcmuchlargerthanthoseforthe
o打･centerN,assummarizedinTableI.The82(-50+4
×8)%-56(-24+4×8)% unpairedelectrondensityfor
thewavefunctionv'iB‡isl∝alizedonon-centerNand●●

tlh8e%_S.T冒u.nfdin& 漂 u,r,essuimasl.Cys･S,,wehaiie.vte:em.rreemdails芸nng.

syiiBTleiEshcb.oLs;afahj;cv.a.Iu.eiafFrcirceueaetg:dee,.Off.lnofcailizta:,ioEYnf
diamond13andsilicon.70ntheotherhand,theremalnlng

●■

18%ofthewavefunctionyiAiisspreadoverthemore
distantSineighbors.IThus,thislocalizationands-like
characterarenotinconsistentwithourconfigurationcoor-
dinatemodelinFig.3.

TABLEI.scharactorandlualizationdegreeoftheunpaired
electronofsubstitutionalNinSi.Thesecondcolumncontains
thevaluesobtainedbyBlower(Ref.I).

on-centerN IBl o打一ccnterNtAil(i-1-4)
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0.241
1.0-0.48
0.24-0.5
50.02
宋ゴ0.25
50.08
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Inconclusion,wehavefoundfortheArsttimethatthe
hyperfinesplittingofa14NESRsprcctrumincreaseswith
increaslngtemperatureabovefe5150K.Fromthisresult,
●

wehavededucedthatashallowpotentialwellattheTd
substitutionalsitedoesexist,buthasaconfigurationalen-
ergyhigherthanthatofthe(III)distortedconfiguration
byapproximately0.073eV.Ourresultsdemonstratethat
ESRmcasurementsatrelativelyhigh temperaturescan
also be informative with regard to excited defect
configurationswhichmaybeimportantinunderstanding

過

themorecompletedynamicsofpointdefectsinsemicon-
ductors.
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