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The asymmetryin the one-phononRamanlinesof heavily dopedp-typeSi
is interpretedastheinterferenceof a continuumof electronicexcitations
with the phononline. Thedependenceof the line shapeon theexciting
frequencyis producedby the different resonantbehaviorof thesetwo
scatteringmechanisms.

HEAVY acceptordopingis knownto affect the (4545,4880,5145 A) andKr-ion (5682,6471A)
positionandwidth of the one-phononRamanlinesof lasers.
Ge andSi.1 In contrasttoGe,thebroadeningproduced
by this dopingin Si is asymmetric’anddependson The line shapesobtainedfor a samplewith
the frequencyof the scatteringlight.2 In this letter p = 1.6 X 1020cm3 at differentscatteringwave-
we proposethat this effect is theresultof a discrete- lengthsare shownin Fig. 1 (discretepoints).They
continuum,Fano-type3interactionbetweenthe were fitted with Fano’sexpression(solid lines) for
phononscatteringandone electronexcitationsfrom the interactionof a discretescatteringstate(phonon)
filled to empty valencestates.The dependenceon with a continuousbackground(electronicexcitations
on scatteringfrequencyof the observedline shapes betweenvalencebands,tobe discussedlater)givenby:
arisesthennaturallyasa resultof differencesIn the (q + 6)2

energydenominatorsfor the electronicandone I =
1 + e2phononRamanscattering.Thepuzzling observation (1)

of Besermanet al.2 that theshift in the phonon e = (~—

frequencyinducedby the carrierconcentration
where~ is themeasuredfrequency,~ is the critical

decreasesas thewavelengthof the scatteringradiation
increasescanbeeasilyexplainedwith our mechanism: frequency(dressedone-phononexcitation)andq
becauseof the asymmetryof the Fano-line-shape,its andF (definedin reference3) were usedascurve-
maximumdoesnot correspondto the critical energy. fitting parameters.The fit obtained(Fig. 1) is in all

casesexcellentand,in particular,reproduceswell theOncethecritical energiesare extractedfrom a fit of
theexperimentalline shapewith Fano’s theory,3the antiresonanceobservedat low wavenumbersfor
critical frequenciesare foundto beindependentof highexcitingwavelengths(5682,6471 A). The values

obtainedfor thefitting parametersandcriticalthescatteringlight wavelengthandto decreasemono-
tonically with doping.4 frequencyarelistedin Table 1.The following obser-

vationscan bemade:

Themeasurementsreportedherewereperformed 1. All curvesin Fig. I canbe fittedwith the
at roomtemperatureon boron-dopedSi,5 po’ished samevalueof F (I’ = 8.24 cm’), in accordancewith
with A1

2O3 andetchedwith CP4.The back-s~attering Fano’s interpretationof this parameterasthesquared
configurationwith a conventionaldoublemo$chromator matrix elementof the couplingbetweenthecontinuum
anddetectionby photoncountingwasused.Measure- andthediscretestate:

3suchcouplingshouldhaveno
mentswere performedwith severallinesof A-ion relationshipwith thescatteringwavelength.
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FIG. 1. Ramanlineshapesvs scatteringwavelengthforp-Si. Thesolid linesare theoreticalfIts, with equation(1),
to theexperimentallines(discretepoints).Thecurveshavebeenshiftedvertically with respectto eachother, with
theantiresonanceminimum in eachcasedefiningthe baseline. The critical energyis thesamefor all curves.The
relativeheightsof the different curvesare theonesfoundexperimentally.

Table1. Parametersobtainedfrom thefittingofthe representsthe ratio of the scatteringprobability of
experimentaldata with thecurveofequation(1). Here thediscretestateto thatof thecontinuum.Henceq
öl2m and&~2are thepeakpositionandcritical fre- canexhibit a dependenceon the frequencyof the
quencyrespectively,measuredfromthepositionof the
intrinsicpeak(~�2m= — = 12 — scatteringlight if the two processeshavedifferent
~ ThevalueofF is thesamein all cases, frequencydependences.Table 1 showsindeeda

1’ = 8.24cm1 strongincreasein q with increasingphotonenergy.

Scattering The insertionin Fig. 2 showsthe banddiagram
wavelength q 2m(cm’) 617(cm’) of heavilydopedp-typeSi aroundk = 0. Electrons

(A)
canbe excitedfrom thetwo lowervalencebandsto

4545 7.0 — 3.6 — 4.8 theempty statesof theupperones.In thismannera
4880 5.1 —3.3 —4.9 continuumof excitationsariseswhich overlapsthe
5145 4.2 —2.5 —4.4 phononfrequency(0.065 eV) forp >2 X 1018 m~3.
5682 3.2 — 2.9 — 5.4 Theseexcitationsare infraredforbidden6but Raman
6471 2.0 —0.8 —4.9 allowedat k = 0 becauseof parity.The expressionfor

the leadingtermnearresonanceof the “25’ Raman

2. The squareof theparameterq, however, tensorcomponentfor this electronicscattering
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_________________ factwhich explainsthe increaseinq a IRp/Re I with
increasingscatteringfrequencyfound experimentally.

[n0J Theelectronicexcitationspectrumof siliconcanbe
5 9 5

approximatedasa one-dimensionalcritical point
E~at 3.3eV plusanotheroneE2 at4.3 eV. In the
caseof aone-dimensionalcritical pointof frequency
w0 equation(2)reducestORe a(w0 — WLY”

2 and

2~W~equation(3) to (w
0 — wLi

3~for WL ~.‘o.Thus,in this case,we find:
q’ a (c~owL). (4)

Equation(4)is representedby thedashedline of Fig.
2 for w

0 = 3.3 eV.~AdmixingE2to theE~scattering
.2 - mechanismonly reducesthe agreementbetweenexperi-

mentand theory.However,the fit of the resonance
expressionsto the experimentalpointsshouldbe

.1 regardedasa semiquantitativecomparison,sincethose
expressionsare only valid in the immediateneighbour-

t hood of theresonantgap.Thepresentcomparison
I . I • I • I showsthat thefrequencydependencefound for q

20 22 21. 2.6 2.8 has the right tendency.
EXCITING FREQUENCY (eV)

FIG. 2. Plot of q~vsexciting frequencyasobtained Theexperimentaldata(seeFig. 1) show an
from thelineshapefitting in Fig. 1 (discretepoints). apparentdependenceof thepeakpositionon the
The dashedline wascomputedwith the resonance exciting frequency.This wasalsoobservedby
expressiondescribedin the text.The insertshowsa Besermanetal.

2 In thecontextof thepresentinter-
detailof thevalencebandin Si alongtwo directions
in theB.Z., with the Fermilevel for 1.6 X 1020holes! pretation,however,therelevantquantitygiving the
cm3indicated, energyof the scatteringphonon(12) is not the

positionof themaximum(12m) butthe critical energy
in equation(1) relatedto &2m by

mechanismis,7
(5)

Re a (fIp~Ii) (iI~ 0) (2) a quantitythat in contrastto 12m, shouldbe clearly
I (wf—wjj~w~’

independentof the exciting frequency.Indeedthe
where 0) and If) representthe initial andfinal states valuesfoundfor 12 from our curve-fitting(see
respectively,OiL is the frequencyof the scattering Table1) showno systematicdependenceon exciting
radiationandp is the linearmomentum.We have frequencybut scatterarounda valuewhich is 4.9 cm’
assumedthat the scatteringfrequencyof the electronic belowthe intrinsic frequency[612= 12 — 12~ =

excitationis smallcomparedwith theenergy denomi- —4.9 cm’]. This is further evidenceof the self-
natorsof equation(2). Theleadingtermin the Raman consistencyof our interpretation.Thefact that 12
tensorfor one-phononscatteringis:8 lies below thecorrespondingvalue for the intrinsic

R~a ~ (0Ip~1) i ~ 0) materialis a resultof the changein phononself-energy(3) due to theelectron—phononinteractionin a way[(we — — 0,)L12 similar to thatdiscussedin references1 and 10.

Equation(3) resonatesfor OiL approachingthe energy
gap of thematerialmorerapidly than equation(2), a
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Die beobachteteAsymmetrieder 1 -PhononRamanlinienin starkdotiertem
p-Typ Si wird als InterferenzeinesKontinuumselektronischerAnregungen
mit dem diskretenPhononzustandinterpretiert.Die AenderungderLinien-
form mit Laserfrequenzriihrt von denverschiedenenMechanismenund
Frequenzabhängigkeitenderelektrischenund vibronischenStreuungher.


