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CATHODOLUMINESCENCE AT DISLOCATIONS IN DIVALENT
OXIDES

S.J. PENNYCOOK andL.M. BROWN
Cavendish Laboratory. MadingleyRoad,CambridgeCB3 OHE, England

Observationsof cathodoluminescenceof dislocations are described,both in SEM and
STEM. It appears that fresh dislocations cause luminescencein a very wide range of
insulators,although the modelsnecessaryto describedetailsof the phenomenonneedfurther
development.

1. Experimentaltechniques

An array of hardnessindentswas put into the cleaved 100 face of a MgO
single crystal.Thesewere observedin a scanningelectronmicroscopemodified
for usein the cathodoluminescencemode.Total cathodoluminescencedetection
is by meansof a quartz lens,placedcloseto the specimen,focussinglight onto
an EMI 9558 photomultiplier. For spectral analysis the photomultiplier is
replacedwith a quartz fibre optics cross-sectiontransformer,which feeds the
light into a Spex Minimategrating spectrometer.An EMI 6256S PM extendsthe
responseinto the ultra-violet.Photoncounting is usedandthe spectrumis stored
digitally in a computer.The relative efficiency of the systemas a function of
wavelengthhas beenmeasuredagainsta similar detectionsystem,that hasbeen
calibratedusing a radiometercalibratedfrom a black body source.

The electronbeamis switchedperiodicallyfrom the areaof interestonto an
undeformed area, and counts from the two regions are stored separately.
Subtractingthesetwo spectragives the luminescenceof the plastic deformation
alone, without any emissiondue to impurities.The backgroundsubtractedwas
small, but variedfrom sampleto sample,whereasthe form of the luminescence
from the indentationdid not vary. All spectrashown in this paperwere takenin
this fashion.In addition, the electronmicroscopeallows a spectrumto be taken
from an areaof the order of one micronin size,allowing precisespatial location
of the featuresin a spectrum.

2. Results

2.1. MgO

The total cathodoluminescenceemissionshowsa picture-framestructure(c.f.
ref. [1]). The etch pit distribution is fairly similar, so the luminescenceis
correlatedwith an arearich in dislocations.
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Point defectsare known to give rise to luminescencein thesematerials,and
thesecan be generatedby dislocationmovement[2, 3]. Annealingat 850°Cfor
20 mm should removethis contribution (e.g. ref. [2]). Fig. Ia showsa secondary
electronmicrographof an areacontainingtwo cleavedindents.Fig. lb showsthe
cathodoluminescenceimage before annealing,and fig. Ic shows the samearea
after annealing.The luminescenceis little changedexceptat the very centreof
the indentation,where luminescenceis completelyabsentbefore annealingbut
very strongafter annealing.

Spectrataken before and after annealingare shown in fig. 2. These were
obtainedfrom the sameareaand underthe sameconditions.The total emission
intensity from this area did not change (within ±10%) after the annealing
treatment,but the spectrumis considerablybroadened,and a peakappearsat
370 nm (this peak dominates the spectrumin the central bright region of the
indentation).

This observationdiffers from that of Velednitskayaet al. [1], although the
main featuresof our observationsconfirm theirs, and leadsus to the conclusion
that dislocations are primarily responsible for the cathodoluminescence,al-
though of course point defects in the neighbourhoodof the dislocationswill
affect it. The behaviourof the luminescenceat the centreof the indentationcan
apparentlybe explained in two oppositeways: either thereare no dislocations

Fig. I. Part of ,in ,irray of h.trdnessindent’, I he t~o indent’. in the lo~.erright hive been cled’.ed
perpendicularto the surface of the cr%‘.tal. (A) Secondar~electron micrograph. (13) (athodolu~
minescencebefore annealing.(C) Cathodoluminescenceafterannealing.
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Fig. 2. The spectraof MgO correctedfor instrumentresponse.

presentbefore the anneal,and someare introducedby the anneal (c.f. Veled-
nitskayaet al. [1]); or the densityof defects,bothpoint defectsand line defects,
is very highbeforethe anneal,causingthe luminescenceto be quenched,andthe
densityis reducedby the anneal.Of the two explanations,the latter seemsmore
likely.

2.2. Diamond

Conclusive evidencefor the emissionbeing due to dislocationscomes from
diamond.Dislocation networks in natural lib diamond are visible in cathodolu-
minescence[41.We haveobtaineda thin sectionof a diamond of this type and
have looked at the cathodoluminescenceon a HB5 scanning transmission
electron microscope, which has also been modified for the detection of
cathodoluminescence[5]. The signallevelsare much lower, as a thin specimenis
required for a simultaneoustransmissionelectron image, so the signals are
displayed in the form of line traces.Fig. 3 shows a line trace acrossa single
dislocationand a strong peakin the luminescenceis seennear the dislocation
(which appearsdark in the transmissionelectronsignal).If the dislocationis tilted
outof contrastin theelectronsignal,theluminescencepeakis still observed.The
peakcannotthereforebe a diffraction effect andshowsthat the dislocationis an
efficient site for recombination.A doublepeakedspectrumhasbeenobservedat
low levelsof X-ray excitation[6]; double-peakedspectrahavealso beenobserved
in Ge [7] and Si [8].
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3. Interpretation

Two modelsfor the luminescencefrom dislocationsareconsidered.Firstly, if

thereis considerableoverlapbetweenwavefunctionsof centresalongthecoreof
the dislocation,then the centreswill form a band,with a onedimensionaldensity
of states.This may showa doublepeakedspectrumundersomeconditions.The
optical transitionson this modelarepolarisedwith theelectricvectorparallel to
the line.

Secondly,the observedradiationcould comefrom a highly perturbedbandto
bandrecombination.In theneighbourhoodof adislocationtherewill bea change
in the energyof an electronor hole via the strain of the lattice. If V0 is an
electrostaticpotential energy,the shift in this potential is given by ô V0 —

where � is the local dilatation due to the dislocation. The variation of � with
position is such that on one side of the dislocation core, there is strong
compression,and on the other side, strongtension.Thus it is possibleto have
electronsand holes closetogetherspatially,with their energiesshifted towards
each other. The total energyshift can be as much as 4 eV very close to the
dislocationcore in MgO. Thus the strongrecombination(at freshdislocations)at
energiesmuch lower than the fundamentalgap,canbe understood.

The emission from diamond is strongly polarisedwith the electric vector
parallel to the line [9], while we havenot detectedpolarisationfrom the MgO.
This suggeststhat the emissionfrom covalentmaterialsbe describedby the one
dimensionalband model, while that from the ionic materialsby the strongly
perturbedbandgap model.

Many featuresof the observationsare still somewhatpuzzling: for example,
the dependenceof the cathodoluminescentsignal on excitation level, which is
the samein MgO, diamond,and Ge: the low energypeakis reducedrelativeto
the high energypeakas the excitation is increased.Clearly,observationof single
dislocation images by scanningtransmissionelectron microscopycan resolve
some of these problems,although it seemsunlikely that a spectrumcan be
obtainedfrom a single dislocation.

References

[I] MA. Velednitskaya,V.N. Rozhanskii. L.F. Comolova, G.V. Saparin, J. Schreiber and 0.
Brummer,Phys. Stat. Sol. (a) 32 (1975)123.

[2] WA. Sibley,J.L. KolopusandW.C. Mallard, Phys.Stat. Sol. (a) 31 (1969)223.
[31Y. Chen,M.M. Abraham,T.J. TurnerandCM. Nelson,Phil. Mag. 32 (1975) 99.
[41P.L. Hanley, I. Kiflawi and A.R. Lang, Phil. Trans. Roy. Soc. A284 (1977) 329.
[5] Si. Pennycook,A.J. Craven and L.M. Brown, Inst. Phys.Conf. Ser. 36 (1977) 69.
[6] P.J. Dean,Phys. Rev. 139(1965) A588.
[7] Y.L. Ivanov, Soy.Phys. Solid State 7 (1965)629.
[81 N.A. Drozdov, A.A. Patrin and V.D. Tkachev, JETP Letters 23 (1976) 597.
[9] 1. Kiflawi and A.R. Lang, Phil. Mag. 30 (1974)219.

Noteaddedin proof: The cathodoluminescencefrom the picture frame region in MgO can be entirely
accountedfor by dislocation luminescence,if their density is of the order of 1016 m~

2(asseemslikely).


