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Thewavelengthdependenceof the photoionizationcrosssectionfor deep,
semiconductorimpurity centers,e.g., In dopedSi, is calculatedusinga
model in which the groundstatewavefunction is determinedsolely by a
suitable short rangeion core potential. Absorptionto excitedstatesis
explainedby a long range, unperturbedcoulombpotential.

THE WAVELENGTH dependenceof the photo- determinethe photoionizationcrosssection,
ionization crosssectionis determinedby the crosssectioncalculationis basedon a mod~
potentialwhichbindsthe chargedcarrier to the which the ion core potential ratherthanthc
atomic system. For shallow semiconductor coulombpotential, is responsiblefor the ob
impurity states,onewould expecta calculation servedgroundstatebinding energy. Any lo
basedon acoulombpotential to give a good des- rangecoulombeffectsare neglected. To si
cription of the experimentalphotoionizationdata. puffy the algebra,the core potentialis assu~
Fordeepcenters,wherethe hydrogenmodel is to be adelta function, thestrengthof which
knownto be inadequate,significant deviations determinedby theobservedbindingenergy.
from the hydrogenic(or coulombpotential)cross hasbeenshownin the calculationof the deul
sectionare anticipated. Figure 1 indicatesthe photodissociationcrosssection,4 the exact
wavelengthdependenceof the calculatedhydrogen of the short rangepotentialusedin the mod~
model crosssection~alongwith normalizedex- doesnot affect the wavelengthdependenceoJ
perimentaldatafor B, Al, Ga andIn dopedSi2’3. crosssectionbut affectsonlythe magnitude
The curvesfor shallow (e. g., B) aswell asdeep a small extent. The normalizedgroundstal
(e. g., In) centersshowsignificantdeviations wavefunction for the deltafunction well is ~
from the calculatedcurves. The experimental by
dataindicaterelatively moreabsorptionat ‘a e ar
higherphotonenergies,~ w/E~>2, whereE~ ~(r)~— ; r > 0
is the measuredionization energy. The maxi- r
mumvalueof the crosssectiondoesnot occur where a is relatedto the observedbinding
at the ionization limit ~w/Ei = 1, aspredictedby ergy, Ei andthe effectivemass,m* by the
the hydrogenmodel but is displacedto higher relationship ,—

photonenergies. Thesedifferences,whichbe- / 2m*E~
comemorepronouncedasthe ionization energy a = I 2
of the centerincreases(EB = 0. 045 eV, EA1 = 0. 057,
EGa= 0. 065 eV, Eb = 0. 15 eV), are attributed The final stateis representedby a superpos
to largedeviationsfrom an exact coulombpoten- of planewavestatescorrespondingasympta
tial (V - -l/r) in the vicinity of the impurity ion ally to an outgoingplanewave andan incomi
core2. sphericalwave. The interactionwith the ph

field may be treatedsemi-classically.
For a deepcentersuchasIn dopedSi, it

is possibleto perform a simplecalculationto The expressionfor the crosssection
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Thefit hasbeenmadeassumingan impurity
- bindingenergyof 0. 15 eV. This is within 79

\ thequotedthermalactivatIonenergy. Thea
ment is satisfactorywith regardtothe magn

- E ~2 \ E e tudeof the crosssectionaswell asthewave
(.~i) i ~ (..~ti)~ lengthdependence(Fig. 2). In fitting the mi

‘ ° tudeof thecrosssection,the effectivefield
ratio is foundto be of the orderof 2.5 which
consistentwith themeasuredIndexof refrac

I 2 3 4 5 6 7 for Si. It Is interestingto notethatthe relal
NORMALIZED PHOTON ENERGY, ~ quantumspectralresponseof manydeepcen

extrinsic Ge
6 and$j7 photoconductorsalso

FIG. I showsamaximumata photonenergyequalt
approximatelytwice theionizationenergyIn

Plot of hydrogenmodelphotoionization agreementwith the deltafunctioncalculation
crosssectioncomparedwith normal-
ized experimentalcurvesfor B, Al, Ga Thedeltafunction(or zerorangemo~
andIn dopedSt. which neglectslongrangecoulombeffects, c

not accountfor the observedcrosssectionsi
B, Al, andGadopedSi. For thesemorebc

c(~tw), derivedin the dipole approximationusing boundcenters,it is necesearyto performa
time dependentperturbationtheory,’ is given exactingëalcnlation; e.g., thebindingpoter
by 1 maybetakenasashort rangesql*re well w

i 4_~~16 i~e2~(Ed1(*w- E
1)”~ a longrangecoulombtall. The photoionIzat~a = j~I E 3m* ~ ‘(~~~)= calculation is inherentlydifficult duetothe

\ ° / (3) orthogonalityrequirementsImposedon thei~
statefree particlewavefunctions. As is wewheren is theindex of refractionandEeff/E0 knownfrom the calculationsof thejthotoloui~

Is the effectivefield ratio
6 for the radiationIn’ tion crosssectionsof atomicgases, this t

ducingthetransition The functionin Equation of potentialmodel, which takesproperaccot
(3) risesfrom zeroat ‘iw = Ej, hasamaximup of theion core, will give acrosssectionshc
at ti w = 2E

1 andfalls off approximatelyas tiui 2 ing increasedabsorptionat higherphotonen
for ti w >> Ej. This is to be contrastedwith the glesanddisplayingamaximumvalueata ph
hydrogen(coulombpotential)modelcrosssection energybetweentiw E1 andtiw a 2E1.
whichhasamaximumat ti w = Ei andfalls off
approximatelyas tiw

3 for tiw > Ej. Figure2 Returningto the deltafunctionappro~
containsanormalizedplot of the wavelengthde- mation, it is informativeto makesomecomi
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concerningthebehaviorof the oscillator theseexcitationabsorptionlines, It Is asaui
strength. If Equation(3) is rewrittenas that the excitedstatewavefunctionsaredeti

1 6 2 2i,2 ti e2 ~ minedby a longrangecoulombpotentialwhia(tiw) = ~ IE~) mt c j (tiw) (4) is the samefor all of the slngiy chargedcen
\ 0/ ThisapproximationIs furtherJustifiedby ot

then, theoscillatorstrengthfor the groundstate servingthep-typewave functions(or oddpa
(is) to continuumtransition,~cont;~ l.a given wave functionsIn general)vanishidenticall:
by the usualexpression9, r = 0, sothat ion coreperturbationsdo not

C ~ stronglyeffecttheir eigenstateenergies. V~
1cont; is = ) J~ (ti w) d (ti w) (5) comparethemagnitudeof the oscillatorstr

for is — 2p transitionsfor the idealizedcoul~
Substitutionof (3) and(4) into (5) givesthe re- potentialanddeep(6-function) pc*entlaiprob
sult that 1cont; ~ = i. At first this resultmay the differenceInvoivingonly the natureof th
seemsurprising; however,the deltafunction groundstatewavefunction. Theratio of thE
approximationadmitsonly one boundstate(the oscillatorstrengthsIs approxImately150.
groundis state)sothat in the dipole approxima- relativeoscillatorstrengthsfor the is —coii
tion all of theoscillator strengthgoesinto the uum andis —2p, 3p, etc. transitionsin B dc
is to continuumtransition. If oneconsidersa Si agreewell with ahydrogenmodelcaicu]a
morerealisticcorepotential, e. g., an expon- We therefore,comparethe relativeabsorpt
ential of Gaussianwell, thentheoscillator for groundstateto excitedstatetransitions
strengthis reducedby a factor B givenby B andIn dopedSi. The ratio of absorption

1 stantsfor transitionsterminatingin the excB = 1-a r ar
0 <1 (6) statesrangesfromabout80to200

2inreasc
agreementwith the calculation. Moreover,

wherer
0 is associatedwith the effectivescatter- fraction of the total oscillatorstrengthin th

ing rangeof the potential. The oscillator citedstatetransitionsin In dopedSi is quite
strengthremovedfrom the is to continuumtraii- small sothat theobservedline absorption~
sition goesinto me absorptionassociatedwith is not in disagreementwith the high oscillat
excitationfrom the is stateto higher lying ex- strengthof the is to continuumtransition.
citedstates.

The agreementbetweenthe calculate
Absorptionlinesassociatedwith transi- and measuredphotoionizationcrosssection

tions from the groundstateto excited“p-ilke” deepimpurity centersindicatestheusefulne
statesareobservedin B, Al, GaandIn doped of the ion-core(or zerorange)potentialmo
s~~ 1°~The energiesof theseexcitedstates The modelis alsousefulin describingother
relativeto the edgeof thevalenceband are propertiesof deepcenterswhich are influen
essentiallyindependentof thenatureof the dop- by the binding potential, e.g., the non-radii
ant. To calculatetheoscillator strengthfor recombinationcrosssection.
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Die Abb~nØgkit desPhotoionlsation- querschnittesvonder eingestrahlten
Welle,ilânge,wurdefur tiefe Haibleiter Zeatren(In dc*iertesSi) unter Zugrunde-
legungelfles Mocleilesberechnet,In demdieWellenfunktiondesGrundzustandes
alleindurchem geelgasteslonenKernPotentialvon kursemBereichbestlmmt
1st Ab~ortticnzu angeregtenZust~nden1st durch em ungeatortesCoulomb
Potentialmit weltemBereicberk]~rt.


