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Sharpline structureattributableto phononassistedradiativeemissionhas
beenobservedin the 6 K photoluminescencespectrafrom deepcentersin
bulk samplesof chromiumdopedGaAs.Two luminescencebandsat 0.56
and0.8eV havebeenobservedandbothbandsexhibitevidenceof
phononassistedradiativerecombination.An explanationof theselumin-
escencebandsin termsof excitedstateto groundstatetransitionsof Cr3~
andCr2~ionsis proposed.

SEMI-INSULATING bulk GaAsis of currenttechno- 0.8and0.56eV wereobserved.At the lowesttempera.
logical importancesincethis materialis oftenusedas tures(6 K) in most casessharpstructureappearson
basematerialfor ion implanteddevicesor assubstrates bothbandswhich we attributetomultiple phonon
for epitaxial films. Semi-insulatingGaAsis usuallypro- emission.To our knowledgethis is the first observation
ducedby Cr dopingto compensateshallowdonorim- of suchstructurefor nearmid-gapluminescencecenters.
purities.However,little is knownat presentaboutthe In addtion,thesimultaneousobservationof bothbands
waythat Cr is incorporatedintothe GaAslatticeand in all GaAs:Cr sampleswhencombinedwith additional
theenergystatesformedby this transitionmetalim- informationis suggestivethatbothbands(0.56and
purity. Energylevels deepin the forbiddengapof 0.8eV) are,in someway, dueto chromiumcenters.
GaAs:Cr havebeenstudiedby varioustechniques,e.g. The luminescencemeasurementswere carriedout
i.r. absorption,1’2photoconductivity,3capacitance in the spectralrangefrom 0.4 to 1.5eV with the 6471 A
spectroscopy,4andtemperaturedependenceof the dark line of a krypton laserfor excitation.Theluminescence
conductivity.5Thesestudiessuggestthatchromium wasanalyzedby a Spex3/4m gratingmonochromator
formsanimpurity statenearthe centerof the forbidden anddetectedby a cooledPbSphotoconductor.
gapandthat this stateactsas an acceptor. Chromium-dopedbulkGaAssampleswere obtained

Near bandedgephotolumninescencehasbeenstudied from Monsanto,LaserDiodes,Inc.,andSiemensA.G.,
extensivelyin GaAs,andobservedluminescencebands andwere comparedwith samplesgrown at NRL. The
havebeencorrelatedin somedetailwith variousim- sampleshadresistivitiesin therange 106_108 fl cm at
purities6~ In contrast,very limited informationcon- 300 K. For the sakeof comparison,anon-intentionally
cerningdeepimpurity levelsin GaAs:Cr hasbeenob- dopedlow resistivity sampleof GaAsobtainedfrom
tamedthusfar from photoluminescenceexperiments. LaserDiodes,Inc.,anda Cr-dopedliquid epitaxial
Ailen8 andothershavereportedabroadluminescence layer” werealso investigated.Mostof thesampleswere
bandat 0.8eV at 80 K which hasbeenattributedto analyzedby ionbeammassspectroscopyandwere found
recombinationinvolving Cr impurities;additionalbands to containCr andSi in varyingamounts.TheMonsanto
centeredat 0.56 and0.63eV havebeenobservedat samplecontainedthe mostCr andSi.
80 K by PekaandKarkhanin9in GaAs:Cr. A broad Figure 1 showstheobservedluminescencespectra
bandat approximately0.6eVhasbeenobservedby for theMonsantosampleat 6 and80K.All of thebulk
Turnereta!.10 in GaAs:0. chromium-dopedsamplesexhibitedspectrasimilar to

We havestudiedthe low temperature(6K and80K) thoseof Fig. 1;in all casesthepreviouslyreported0.8
“deep”photoluminescencespectraof severalGaAs:Cr and0.56eVbandswere observed.Thesetwo bandsare
samplesandof oneundopedGaAssample.In all of the alwaysobservedtogetherin thebulk material,thatis,
bulk chromium-dopedsamplesbandscenteredat about onedoesnotobservethe onebandwithout theother.

Their relativeintensitiesdo varyfrom sampletosample
and theydo changewith temperatureasseenin Fig. 1.

t Work supportedin partby ONR. In addition,structurewas observedfor thefirst timein
* Fellowof the DeutscheForschungsgemeinschaft,~ bothbandsat low temperature(6K). A sharpline at

leave from the Institut für AngewandteFestkOrper- 0.837eV is clearlyevidentin the 6K spectrumof Fig. 1
physik, Freiburg,FRG. andit isidentified asthezero phononline for the
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Fig. 1. Photoluminescencespectraof GaAs:Cr at 6K
and80K with6471 A krypton laserexcitation. I I I1000 500 0

0.8eVband.No sharpzerophononline wasobserved ENERGY DIFFERENCE (cm~)
for the0.56eVband.It is possiblethat this line is
obscuredby the presenceof anoxygen-relatedlumin- Fig. 2. Experimentalandcalculatedluminescenceinten-
escencebandin thevicinity of 0.6eVwhich couldbe sity distribution for the 0.8eVband.The sharpzerophononline is locatedat 6750cm~(0.837eV). The
responsiblefor theboradenedhighenergyportion of resolutionfor the experimentalspeàtrumwas ‘-‘ 25 cm1.
the0.56eV band.The zerophononline at 0.837eV is
attributedto a localized transitionat the chromium electron—phononinteractionare considered,a Poisson
ionsandwill be discussedin a latersection.The ad- distribution is obtainedfor the probabilityof emission
ditional linesor sidebandsin the 0.8eV bandoccurat of n phononswith the simultaneousemissionof a
energyseparationsfromthe zero phononline which photon19
correspondto zoneboundaryandzonecenterphonon
modesof GaAs. An energydifferencescaleis shownin W~= exp (— Nn). ~, (1)n!
Fig. 2. Thefirst side bandat an energyseparationof
78 cm~correspondscloselyto the 79 cm1 energyof WhereNrepresentsthe averagephononcouplingpara-
theTA(X) phononmeasuredby inelasticneutron meters,NTA for the acousticalphononsandNLO for
scattering.’2A peakin the one phonondensityof states the LO phonons.If it is assumed,as suggestedabove,
in GaAsmay beexpectedat this energy,sincethe that the generalfeaturesof the 0.8eV bandcanbe
secondorder Ramancross-sectionshowsa peak’3 at describedin termsof thecontributionsof the L0(F)
roughly 160cmt. The next luminescenceside bandwas andTA(X) phononmodesfor GaAs,then therelative
observedat 160cm1 andcorrespondsto two zone intensitiescontributedby different phononcombi-
boundaryTA phonons.In addition, the couplingof the nationsaregivenby
L0(r’) phonon(with energy296cm~at low tempera -______________________

ture)’4 hasto beconsidered. 1(E) = ~ N~b 1
Similar phononrelatedstructurehasbeenobserved ~ ~2 n~! n

2! 1 + (E— — E~1+~2)2 /72’

in the luminescencespectraarisingfrom certainshal- (2)
lowerimpuritiesin GaAssuchasSn’

5 and Ag.’6 In whereE
0 is the energyof the zerophononemissionand

conjunctionwith theseobservationsit waspointedout
17

that thephononcouplingbecomesstrongerwith in- E~
1÷~2= nIETA + n2ELo (3)

creasingdepthof the impurity level, sincethe sharply is theenergyof themultiphononemission.The phenom-
varyingpotentialassociatedwith a deepimpurity has enologicalbroadeningparameter‘y is introducedto
largewavevectorFouriercomponentswhich couple accountfor phononlifetime broadeningaswell as
well with zoneboundaryphonons.On this basis,a strong broadeningdueto contributionsfrom the phonon
phononcouplingfor the 0.8eV bandin GaAs:Cr is a densityof states.
reasonableexpectation. A comparisonof theexperimentallineshapeof the

It is possibleto obtaina qualitativeor approximate 0.8eV luminescencebandwith the bestfit generated
representationof the phononcoupledemissionlineshape by the theoreticalintensitydistributionof equation(2)
of the 0.8eV bandthroughtheuseof thetheoryof is shownin Fig. 2. Theparametersusedto calculate
Hopfield.’

8 If only lowest or first order termsin the this intensitydistributionareNTA = 2.1, NLO = 0.9,
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and~ =44cm’. The closecorrespondencebetween expectedto containprimarily Cr~.A peakin n-type
the prominentfeaturesandoveralllineshapeof the photoconductivityat 0.9eV8 is also reportedin
experimentalandtheoreticalspectrain Fig. 2 appears GaAs:Cr. Fromthis it canbe concludedthat theexcited
tojustify the conclusionthatelectron—phononinter- stateof Cr2~mustbecloseto thebottomof the con-
actionsgive riseto thestructureof the 0.8eV lumin- ductionband.Thegroundstateenergyis then about
escenceband.The generalfeaturesof the036eVband 0.67eV abovethevalenceband.Froma carefulevalu-
arealsoconsistentwithphononcoupling.However,a ationof the temperaturedependenceof the darkcon-
detailedinterpretationof this bandis precludedby the ductivity, avalueof 0.69eV was recentlyobtainedfor
absenceof a distinctzero phononline, theCr acceptorbindingenergy.5

As pointedoutpreviously,the 0.8eV bandhasbeen Sincethe 0.56eV luminescencebandalways
attributed8’9to thepresenceof chromiumin theGaAs. accompaniedthe appearanceof the0.8eV bandin the
It is likely that thechromiumatomsoccupygallium bulk samples,this deeperluminescencemight alsobe
sitesin the GaAscrystallattice.In this casethecharge attributableto chromium,in this case,in the Cr3~Fstate.
of the uncompensatedchromiumatomswould be Cr3~, Photoluminescenceexperimentson the chromium
while the compensatedchromium’swould be in the dopedliquid epitaxiallayerareconsistentwith this
Cr2~state.Thusit maybe expectedthatwhenhigh hypothesis.Thissampleis n-typewith a resistivityof
purity GaAscontainingfew donorsis chromiumdoped, l0~&2 cm which indicatesincompletecompensationof
mostof thechromiumwill be in the Cr3~state.Con- donors.For incompletecompensationof donorsall the
versely,chromiumdopingof GaAswhichcontainsa chromiumis expectedto bein the Cr2~state.The
largeconcentrationof donorsto be compensated,results 0.8eV Cr2~luminescencebandwasobservedin this
in manychromiumatomsin the Cr2~state.The 0.8eV epitaxial samplewhile the deeper0.56eV bandwasnot
luminescenceobservedin chromiumdopedGaAsmight detected.At present,however,theevidencefor the
well be attributedto transitionsbetweenthe5E and assignmentof theobservedluminescencebandsto Cr2~
~T

2 crystalfield levels of Cr
2~in tetrahedralcoordi. and Cr3~ionsis far from conclusiveand thismodelmust

nation.Furthermore,the 0.9eV peakin opticalabsorp- be consideredasno morethana hypothesis.
tion observedin GaAs:Cr’ couldbe assignedto the Additionalexperimentsarebeingcarriedoutin
sametransitionat Cr2~sites.The differencebetween which the luminescenceresultsare correlatedwith
the 0.8eV luminescencebandandthe 0.9eV absorption optical effectsin electronspinresonancemeasurements
bandis attributedto the stronglattice coupling;this on GaAs:Cr~in thehopethat additionalevidencefor
causesthe peakof theemissionbandto occurat an theassignmentof the 0.56eV luminescenceto theCr3~
energybelowthezero phononline, andthe peakin the stateswill be obtained.The criticalexperimentsto be
absorptionbandto occurat an energyabovethezero performedinvolve controlleddopingof the “pure”
phononline. Perhaps,the strongestevidencefor this bulk materialwith bothchromiumanda shallowdonor
assignmentis providedby theopticalabsorptiondata (e.g.Sn,Te, Se).
of Ippolitova etal.2 Theseworkersobservedthatwhen
tin dopants(donors)were addedto chromiumdoped
GaAs, therebyproducingCr2~by compensation,a strong
absorptionline at 0.9eV wasobserved.Conversely,they ~
observedno 0.9eV peakin the opticalabsorptionin Ms. E. Tarrantsfor kindly providingsamples,and
highpurity chromiumdopedGaAswhich would be Dr. J.J.KrebsandDr. G.H. Staussforhelpfuldiscussions.
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