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Someaspectsof thenatureof the Mn centerin ZnS andZnCdSandof theinfluenceof
electricfieldson theluminescencemechanismarereviewed.The photoluminescenceproper-
ties of isolatedMn ionson the four main Sitesof polymorphiccrystalsareconsidered.The
influenceof moredistantstackingfaults andthecombinedactionof severalstackingfaults
on the Mn excitationandemissionarediscussedtentatively.A surveyis givenon theeffects
of an increasingamount of Mn: (1) The shift of the zero-phononlines which is due to
inhomogeneousline broadening;(2) theappearanceof additionalzero-phononlines both in
emissionandexcitationdueto Mn—Mn pairs; (3) the observationof additionallow-energy
emissionbandsfor highlydopedZnS:Mn crystals.The a.c. ELof ZnS:Cu, Mn, X powders
where K standsfor Fe, Ni, Co is discussedwith respectto an energytransferbetweendeep
centersduringthelow-field periodof theEL cycle.It turns out that a strongenergytransfer
exists betweenthesecentersdue to thermally controlledhole liberation. The influenceof
Augerquenchingon the Mn emissionis considered.It turns Out that someeffects already
reportedearlierin a.c. EL can beexplainedin that way. Finally the field enhancementof
theMn emission(“out-of-phaseenhancement”)is consideredas due to thecontrol of the
Augerquenchingby electrica.c. field and/oradditionalred or infraredirradiationcontrol
of the density of electronsin the conductionband, whereany reductionof this density
involvesa reductionof theAugerquenching.

1. Introduction

Mn plays a predominantrole in the high-field electroluminescence(EL) of
Il—VI compounds[1]. A lot of work hasbeendoneduring thelast few decades
in order to bring about a better understandingof both the luminescence
centersdueto manganeseandthe photo- andelectroluminescencemechanisms
in Il—VI compoundsdopedby manganese.Most of the work has probably
beendone on ZnS:Mn, becausethis material is the mostefficient systemin
high-field EL [2]. By now there is a great deal of safe insight into the
luminescenceof ZnS:Mn. However, some points are still more or less con-
troversialandsomeotherproblemsare far from being solved.

Among the safer insights thereis the more or less generalmodel of the

0022-2313/81/0000—0000/$02.50© 1981 North-Holland



74 H.-E. Gumlich / Mn
2~in ZnSand ZnCdS

luminescencecenterin ZnS: Mn as Mn2+ at a Zn2+ site. The emissioncanbe
excitedeitherby band-to-bandabsorptionwithin the ZnS lattice or by direct
absorption of visible light within the 3d shell giving rise to five broad
excitationbands at room temperatureor to sharp zero-phononlines and to
correspondingphononsatellitesat low temperatures.Thefluorescenttransition
has the assignments4T

1 —~

6A
1, the three low-energy excitation bands are

assignedto the transitions
6A

1 —*

4T
1,

6A
1 —~

4T
2,

6A
1 —~ ~‘E,

4A
1 in termsof

simplecrystalfield approximation.
Otherdetailsof the model are still controversialor simply unknown. First

thereis the obstinateproblemof the situation of the ground state
6A

1(
6S) of

the 3d systemwith respect to the valence band of the ZnS, which is an
importantproblemin the discussionof the possibility of direct excitationby
electric fields. Some of the confusion may come from lack of a precise
definition. As far as we discusshere the relation betweenbothsystems,the
effectivemasssystemof the ZnS lattice and the many-electronsystemof the
Mn2+ impurity, we understandby ground state energy the chargetransfer
energyof the transitionMn2+ — Mn3+ with the transferof oneelectronto the
conductionband of the ZnS lattice. The main questionof the discussionis:
Doesthe ground state 6A

1 of Mn
2~lie below or abovethe top of the valence

band?In anearly roughestimation[3] we calculatedaground stateenergyof
about10 eV below thebottomof the conductionband.Langeret al. [4] found
the 3d shell of Mn2~to lie about 3 eV below the top of the valenceband.
However the considerationsof Allen [5] give rise to a ground state0.1 eV
abovethe top of the valencebandandrecentcalculationsof Vogl [6] predicta
placeabovethe valenceband.Following Allen’s calculationone shouldpredict
two experimentalresults: First, one should observea level due to Mn2~by
photocapacitancemeasurementsas reported by Grimmeiss for some other
materials[7]. Second,one shouldobservea decreasingEPR signalof Mn2+,
whenevervisible light gives rise to the transitionMn2~—.~ Mn3~.The resultof
Watkins [8],who claimsto haveseensuchan effect,havestill to be confirmed.

The secondquestion waiting for definite answer is concernedwith the
transition 6A

1 —~

4A
1. In the simplecrystalfield approximationthe degeneracy

of the levels
4E and 4A

1 is not lifted by the crystal field. However, the
influenceof covalencyshouldlift the degeneracy.Using thecovalencyparame-
ters of Koide andPryce[10]Neumann[9] estimatedan energeticdifferenceof
about 200 cm in ZnS. Parrot [11] estimatedabout 1000 cm for the line
separation.He pointed out the possibleweaknessof the line, becausethe
transition

6A
1 —~

4A
1 is strongly forbidden. Even by time-resolvedspectros-

copy we werenot ableto discoverthe correspondingzero-phononline.
Thenext in our list of unsettledquestionsis concernedwith theassignments

of the high-energyabsorptionbandsat 23000 cm and25000 cm ‘[9]. The
tentatively given assignments

2T
2 (I),

4T
2 (D) and

4E (D) [9,12] should be
revisedand/orconfirmed.
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The problem of the influenceof the environmentsof the Mn2+ upon the
luminescenceexcitation and emissionis by now on the way to being solved,
but still far from being settled.There are two main points to be considered.
First: How do slight disturbancesof the crystalenvironmentsuchas stacking
faults act on the zero-phononlinesof Mn andhow can this be connectedto
the oscillatorstrengthanddecaytimeof luminescence?Second:Whathappens
whentwo Mn2+ ions are on nearest-neighboursitesandinteracting?Thefirst
questionis mainly concernedwith the influenceof the crystal structureand
stackingfaults on the luminescenceproperties;the secondquestiondealswith
the Mn—pair lines, the influence of concentrationof Mn on the excitation
spectra and the appearanceof low-energyemissionbands with increasing
amountsof Mn. The unsolvedproblemsof radiationlesstransitionswithin the
Mn2~center in ZnS possibly get an interestingsolution by consideringthe
Augereffect as suggestedby Gordon and Allen [13] and Langer [14]. Some
consequencesof thisproposalon the EL andelectrophotoluminescencewill be
discussedin this paper.

One of the importantpoints of the current controversialdiscussionis the
questionwhetherthe Mn centeris exciteddirectlyby hot or ballisticelectrons
acceleratedin the electricfield or indirectly involving levels within the forbid-
dengap.Havingin mind the possibilityof excitingthe Mn2~directlyby hotor
ballistic electronsas discussedby Dean[1], Langer [14], Allen [15], Williams
[16] and Howard [17] we would like to draw attention in this paper to the
pointswhereenergytransferobviouslytakesplaceaftertheexcitationprocesses.

The most confusingproblem seemsto comefrom the different types of
memory effects[16]. Thesememory effectsshouldbe seenin the context of
different typesof enhancinganddiminishingeffectswhich are observedunder
the action of electric field and/or infrared radiationand shouldbe discussed
with respectto the levelsin the forbiddengap,which are involved.The main
question deals with the influence of levels in the forbidden gap on the
luminescenceof Mn. Thispoint is an importantonein the discussionof (i) the
energy transferduring the a.c.cycle of the EL, (ii) thememoryeffectsand(iii)
the radiationlesstransitionsin EL. Theselevels are introducedby dopingwith
Fe, Ni and Co. On the other hand when we know how theselevels in the
forbiddengapact during the luminescencecycle we cancomparetheseeffects
with the phenomenawhich appearwith increasingamountsof Mn.

In order to havea detailedmodelsomephotoluminescencepropertiesdue to
isolatedMn ions on different lattice sitesare reviewedin sect.2. Sect.3 deals
with threeeffectsof increasing amountsof Mn : first with the shift of zero-
phonon (zp) lines (inhomogeneousline broadening); second with the ap-
pearanceof additionalzp linesdue to Mn—Mn pairs both in excitationand
emission; third with the observationof additional low-energybandsin emis-
sion. In sect. 4 the influenceof deepcentersdueto iron groupelementson the
Destriautype EL is reviewed,and finally in sect.5 somenew aspectsof the
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influenceof electric fields on the photoluminescenceof non-electroluminescent
ZnS-typepowderscontainingMn are discussed.

2. Photoluniinescencestudieson isolatedMn in ZnS

The classicalmethod used for describingthe luminescencecenter due to
isolatedMn in ZnS is the crystalfield approach.Startingfrom wavefunctions
of the free Mn2+ ions, the observedzp linesboth in absorptionand emission
are explainedby the influence of the central field upon the tetrahedrally
coordinatedMn2~ion. This implies that additional interactionsbetweenthe
surroundingsof the emitting Mn should be reflectedby the luminescence
properties,differing sitesof isolatedMn2~ions shoulddeliver differing zp
linesbothin emissionand excitation.

As has beenknown for many decadesZnS can be grown with polytypes
correspondingto the sequenceof double layersABCA.... This is zincblende
with the sitesymmetryTd [181.The otherimportantsequenceof the double
layers is ABA.... This is wurtzite with the site symmetryC

3~.Last not least
thereare varying stackingsequencesalong the [11l]~ axis. This sequenceof
stackingfaultscanberegular,e.g.with the polytypes4H, 6H, 9R, or irregular.
In bothcaseswe haveinequivalentsiteswith trigonal symmetryC3~[19]. Of
coursethe numberof possibleineqmvalentsites dependson the numberof
doublelayers,which are includedin the consideration.

Basically thereare four main sitesto be expectedfor Mn in polymorphic
ZnS: pure cubic, pure hexagonalsitesand two siteswith axial distortions
dependingon whether thereare prismaticor antiprismaticsurroundingsand
whetherthereis a third nearestneighbouror not (AX 1 AS andAX2 ~ PN).
A lot of work hasbeendoneon absorptionandEPRmeasurementsin orderto
identify the four mainsites[20—29].The identification of correspondinglines
in excitationand emissionis only possibleby applying laserspectroscopy.By
thatmethodwecanfind out which zp linesin excitation

6A
1 —~ ~E,

6A, —~

and in emission 4T
1 —~

6A, are associatedwith eachother in crystals with
differentcrystalsites for the Mn [30]. By registeringonly small spectralranges
of the emitted light (~i~ 3 cfn ‘) we wereable to discriminatebetweenthe
four main groupsof zp lines due to Mn2~at cubic, hexagonaland axially
distortedsites.An exampleof an emissionspectrumwith four zp linesdueto
the sitesAN, PN,AS andPSis given in fig. 1.

However, thereare more than four linesconnectedwith eachcrystal field
level in the spectrum.For clarifying thesestructureswe used site selecting
spectroscopy[18]: We registeredonly a small part ~P~mof the emissionline
whenvaryingthe wavenumber~ of the dyelaserbeamwithin thecorrespond-
ing excitationline. Theresultsarecombinedin a set of curvesI~ f(~,~m)
in a three-dimensionalreliefandin contourlines. An exampleis givenin fig. 2.
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Fig. I. Left-handside?Emissionspectrumexcitedwithin theline i~=2l332 cm~(6A, —~4E; PS:
hexagonal).AN: cubic;AS, PN: stackingfaults. Right-handside: Correspondingexcitationlines
[18].
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Fig.2. Combinedemission(4T, —* 6A,; AN) andexcitation(6A, .-. 4E; AN) spectraof ZnS: lO~
Mn; T=4.2 K. (a) EmissionintensityI~ as a function of both excitationand emissionwave
nuniber(reliel). (b) Correspondingcontourlines [181.
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In the rangeof the main group (I’7, F
8,I’~of the

4E level) moregroupsof the
three-foldlines are observed.Obviously this reflects the situationin the crystal
well. Wedo not haveonly the direct actionof the four main stackingfaults on
theatomic levelsof the Mn; but wehavealsoto takeinto accountthe actionof
more distant stacking faults and the combined action of more than one
stackingfault on the manganese.We tried to give the assignmentstentatively
by consideringthepossibleconfigurationof stackingfaultswithin the rangeof
six doublelayersof ZnS[18]. In this analysisit turnedout that weobservenine
out of sixteenpossiblesites by only consideringsix doublelayers in ZnS as
grown in the direction [11l]~for the distortedcubic crystals.The lastpart of
this analysishasonly a tentativecharacter,whereastheanalysisof Mn on four
main sitesis on safegroundby now. Parrotet al. [19] used the resultsof site
selectionspectroscopyanduniaxial stressexperiments.They takeinto account
the fact that the structuresof the 4E statesare identical for thecubicandaxial
sites, and concludethat the observedstructuresfor the orbital triplet states
associatedto the cubicandaxial sitescanbeanalyzedin termsof aJahn Teller
coupling to degenerateor almostdegenerateE vibrational modes.The authors
determinethe strengthof the Jahn—Teller coupling and the Jahn Teller shift
with respectto the electronicstatesfor eachlevel in the cubicandaxial centers
and analyzethe shifts of the electronicstates4E, 4T

2 and
4T

1 for Mn
2~in

axial symmetrywith respectto the electronicstatesin cubicsymmetry.In that
analysis local strains and interaction of distant neighboursare taken into
account.As for the 4E states of the Mn, only the ligand field of first
neighboursshouldacton theselevels.Thereforethe authorsinterpretthe shift
of the 4E electronicstatesin termsof local strainsof A

1 symmetry,which act
on MnS4 clusters.It follows from this considerationthat the local , strains
presumablycorrespondto dilations of the MnS4 clustersfor axial centers.The
interpretationof the shift of the

4T
2 and

4T, electronicstatesgivenby Parrot
et al. [19]differs from the interpretationof the 4E level. In that casethe shift
of the levels are explained partly by local strains A

1, and partly by the
variationof the ligand field of , symmetry in stackingfaults. Fig. 3 sum-
marizesthe level schemeof the levels due to

4E, 4T
1,

4T
2 of Mn on cubic,

hexagonaland axial distortedsites following the calculationsof Parrotet al.
[191.As for the experimentalresults,the observedlines and their assignments
are summarizedin table 1 [18].

It is interestingto comparethe decaytimesof the luminescencetransition
....~ ~ of Mn on different sites.The decaytimesare measuredby exciting

within the zp linesof absorptionandby recordingonly theluminescenceof the
correspondingzp lines in emissiondueto Mn on thesamesites.Theresultsare
compiledin table1 [18]. As it turnsout, the slowestdecayis due to Mn

2~on a
cubic site, the fastestcorrespondsto Mn2+ on a hexagonalsite. The lumines-
cencedecaytimesof Mn connectedto the stackingfaultsAX I andAX 2 lie in
between.However,within the limits of our presentmeasurementsthereis only
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Fig. 3. Shift of thelevels of thelines due to the cubic (c), hexagonal(w) and stackingfault sites

(SF1,SF2)originating from
4E, 4T

2 and
4T, levelsaccordingto thecalculationof Parrotet al. [19].

one decaytime for all subsystemsof onemain system.So far time-resolved
spectroscopydoes not seemto be helpful for discriminatingbetweensmall
differencesin environmentaldistortion.

3. Concentration effects of photoluminescence

With increasingactivatorconcentrationsomepeculiarphenomenaare ob-
servedwhich are discussedin the following subsections.

3.1. Shift of thezero-phononlines

The observationof the line structureas the amountof Mn increasesgave
rise to somespeculation.Neumann[9] observeda shift of the zp linesdueto
the levels 4T

1,
4T

2 and
4E towards•higher energieswith increasing Mn

concentration.Fig.4 givesa shift of 23 cm ‘/wt%. Thereasonfor this shift is
obviously not, as onemight expect,somemagneticinteractionof the Mn ions,
but inhomogeneousline broadening[18,31,32].Using site selectingspectros-
copy as describedearlier we obtained the following results. Wheneverthe
emissionis registeredwithin small spectralrangesof the zp lines, oneobserves
smallzp lines in excitation,even if the amountof Mn is as high as 1%. These
excitationlinesshift to higherenergies,when the spectralwindow of emission
is shifted to higherenergies.It turns out that the line broadeningis inhomoge-
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Fig. 4. Shift of the zero-phononlines of emission(
4T, —e 5A,) and excitation (°A,—~

—~~T
2) asa functionof activatorconcentration;T 6K [91.

neousand increaseswith increasingmanganeseconcentration.In conclusion
thereis no realshift of the zp lines, but preferentiallyon the high-energyside
of the original zp line a quasi-continuumof additionalzp linesappears,when
the amount of Mn increases.This inhomogeneousline broadeningwill be
discussedon the basisof fluctuationsof the lattice constantin a forthcoming
paper[32], taking into accountthedifferent radii of the Zn andMn ions and
thereforethe disturbanceof theZnS lattice.

3.2. Mn—Mnpairs

Earlier,McClure explainedsomefine structurein absorptionof ZnS:Mn in
terms of transitions in exchangecoupled Mn—Mn pairs [33].Rohrig gavea
level schemeof Mn—Mn pairs in ZnS obtainedby EPR measurements[34].
Behringer[35] calculatedthe probabilityof formationof Mn—Mn pairsas a
function of Mn concentration.According to theseideasthe excitatioli and
emissionlinesdueto Mn pairs shouldshow the following behaviour:(i) The
additional zp lines both in absorptionand emissionshould increasewith
increasingamountsof manganese.(ii) Some of the additional zp lines in
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excitation should only be observed at temperaturesT> 10 K becauseof
thermalizationeffectswithin the ground statessplit by the Mn Mn interac-
tion. (iii) The oscillatorstrengthof Mn pairs in bothabsorptionandemission
shouldbe increasedcomparedto the oscillator strength of singleions. This
implies a shorteningof the meanlifetime of the luminescencelevel 4T, (G).
Point (iii) has been used for identifying the zp lines due to Mn pairs by
time-resolvedspectroscopy[36]. In contrastto the decaytimeof the lumines-
cenceof a Mn ion on a cubic site (T = 1.77X 10 ~s) [18], we found for
Mn—Mn pairsa decaytimevarying betweenT = 10 ~and2 X 10 4s [36]. The
time-resolvedspectroscopy,by which only the short component(T < 10 ‘~s)
or the long persistingcomponent(T> 3 X 10 ~s) wasregistered,wasa good
tool for discriminatingbetweenzp linesdueto singleions andMn—Mn pairs.
It turned out that the zp lines at i~— 21410 cm I and i = 21448 cm in
excitation are dueto transitionswithin Mn—Mn pairs.The zp line j; — 17769
cm ‘ is the mostprominentzp line in emissiondue to an internal transition
4T, (G) —~ 6A, (5) in Mn—Mn pairs (fig. 5). Theconcentrationdependenceand
the temperaturedependenceof the pair lines follow at leastquantitativelythe
three “rules for Mn pairs” mentionedearlier. Therefore,the existenceof
Mn—Mn pair emissionandabsorptionzp lines is supposedto be certain.

Of coursethereare still quite a number of open questions.Besides the
appearanceof the first nn pairs we shouldexpectin cubic ZnS two kinds of
secondnn pairs, the “stretched”pairs(~2A)andthe “bent” pairs(P2B) [31]. As
canbe demonstratedby simplecalculation[31] the type P

28is morefrequentat
any Mn concentrationthan the type ~2A~ The results of Knaak [311give some
hints in the directionof the discriminationof both typesof pair lines, but this
hasto be confirmed,becausethereare obviously different methodsof energy
transferbetweensingleions, first nn pairs (P1),secondnn (P2A) andsecondnn
(P28) centers.

3.3. High concentrationemissionbands

Comparing both efficient thin film devices and a.c. EL devicesof the
Destriautype, the ZnS:Mn emissionspectraof the thin films often havea
secondpeakshifted to lowef energies.Also in photoluminescencethereare
emissionbandsin thelow-energyrange,which appearat concentrationshigher
than4% Mn. Theseemissionbandshaveapeculiartemperaturedependenceas
pointedout by Neumann[9]. Fig. 6 showsas an examplethe spectraldistribu-
tion of emissionof a crystal with about8 wt.% Mn at different temperatures.
The yellow emissionband (18= 17000 cm ~>is to be seenwithin the range
4—300K. However,thereare additionalemissionbandspeakingat 15800 and
13 106 cm ‘. With increasingMn different emissionbandsare prevailing at
different temperatures,as Neumannreportedf9]. This quite striking depen-
denceon temperatureis demonstratedin fig. 7 in a moreexplicit way. In this
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WAVENIIIBER OF EMISSION Ccm~3
Fig. 5. Emissionspectrumof ZnS: 10 2 Mn excited in the Mn—Mn pair line of 6A

1 —~

T—4.2K. Only thefastpartof theemissionwasregistered(~<10 ~‘ s) [671.

figure the emissionintensity is given as a function of reciprocaltemperature
and shows maxima as a function of temperature:the redband between110
and 140 K, theyellow—orangebandbetween70 and90 K. Theyellow emission

i’:: iii .._/1~~H\ ~ ________
723 K—~ 179 K /-81 K i 6.3 K 300 K:~/:

11 12 13 74 15 16 17 18 i0~

—Wavenumber~(cm’)

Fig. 6. Emissionspectraof a ZnS crystal dopedwith 8.4% Mn. The spectraarenormalizedand
registered at the temperatureswhen each emission band shows the highest intensity. These
temperaturesareindicated[91.
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band consists of two parts in the temperaturerange near 100 K, which
correspondto the emissionbandshavingmaximaat 20 and300 K respectively.
As Neumannpointedout [9], thereis alwaysan exponentialpart of I = f(T —I)

in the curves. Theseexponentialparts have been used for determiningthe
thermalactivationenergyfor the transitionfrom onebandto the other.

As we succeededin correlatingzp lines in emissionandexcitationfor both
singleionsandMn—Mn pairswe shouldanalyzehighconcentrationexcitation
bands.Thespectratakenby Neumann[9] are shownin fig. 8. It turns out that
all threeemissionbandshaveaboutthe samefive excitationbandsas already
known from the luminescenceof low concentrationsof Mn. The only dif-
ferenceconsistsin the fine structure.At 4% Mn and at low temperature
(T= 5 K) thereis still somefine structureto be observedin theexcitationband
at 21 500 cm’. Howeverat highertemperaturesandhigher concentrationsof
Mn the fine structuredisappears.Wethereforeconcludethat the excitationof

the high concentrationemissionbandsof Mn (x> 1% Mn) takesplacewithin
the 3d shell of manganese,and that there is possibly an energy transfer
betweendifferentMn centers.

Finally the decay times of the high concentrationemissionbands(13 100
cm~,l5800cm~,l7000cm’) are to be considered.It is worthwhile noting
that the low-energyemissionbands,which appearat higherconcentrationsof
Mn, havelongerdecaytimesthan the Mn “single” emissionbandand longer
than the Mn—Mn pair emission[9]. As an example,fig. 9 gives the decaytime
of a crystal activated with 8.4% Mn as a function of temperature.It is
interestingto note that the quenchingtemperaturesof all Mn emissionbands
are very similar.

Summarizing,we shouldsay that the mechanismof the high concentration
emissionbandsis not yet clear.We think that thereis someinteractionof Mn,
becauseall emissionbandshavesuperlinearincreasingintensitywith increas-

l31~rni~E/k17;cm2~1~

35 40 50 70 100 200300
. Temperature (K)

Fig. 7. Temperaturedependenceof the intensity of the high concentrationemissionbandsof
ZnS:8.4X lo 2 Mn[9].
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Fig. 8. Excitationspectraof theemissionbandpeakingat 17000cm ‘; T—5 K [91.Contentof Mn
x—4; 8.4; 21.6%. Somephonon structureis indicated.

ing Mn concentration[9]. However, the slow decay time of thesebands
contradictsa model assuminga simple interactionof Mn—Mn pairs as was
proposedby Neumann [9]. On the other hand, the excitation of all Mn
emissionbandswithin the samefive excitationbandsprovesthat the 3d shell
of the Mn2+ is involved in theluminescenceprocess.

100 —

-- -- 13700cm’

10.2___35 50 100 300
~ Temperature (K)

Fig. 9. Decaytime of thehigh concentrationemissionbandspeakingat 17000cm ‘,15800cm
and 13 100cm~asa functionof temperatureof thecrystalZnS:8X 10—2 Mn [9].
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4. Energy transfer in the a.c. EL (Destriau effect)

According to some results obtainedwith single crystals and thin films
[1,13—17]we also assumefor ZnS: Cu, Mn powdersthe possibility of exciting
the Mn2~emissionby direct electron-centercollision. However, there are
obviously a numberof phenomenawhich can only be explainedby energy
transferbetweenexcitedandemittingcentershavinglevelsof different depths
within the forbiddengap of ZnS. Most prominent is the energy transferby
hole migrationduring the a.c. periodof the electric field. Lessprominentare
phenomenawhich are observedby registeringthe time dependenceof the EL.

Basedon microscopicmeasurements[37] we can assumethat a three-step
model can be usedfor explaining the phenomenaof the Destriaueffect. (i)
Injection of electronsfrom a Cu or Cu2~precipitation into the conduction
bandof ZnS. In thehigh-field rangenearthe Cuor Cu

2S the freeelectronsare
acceleratedandthereforeable to ionize or excite deepcentersand to excite
electronsof the valence band to the conduction band. (ii) Electronsand
ionizedimpurity statesare separatedby electronmigration.During this period
the recombinationdoes not take place,but the holes having only a weak
effectivemobility are ableto be thermallyreleasedat roomtemperatureandto
reach,during onehalf periodof the field, a quasi-Fermidistribution overthe
levels above the valence band provided the time of carrier separationis
sufficient. (iii) At the reversalof the externalfield the electronsflow backinto
the rangeof ionized centersand recombineaccordingto the distribution of
holesoverthesecenters.Therefore,thespectraldistributionof theluminescence
asa functionof voltage,frequencyandtemperaturereflectsthe energytransfer
by hole migrationduringthe carrierseparation.Basedon thissimplemodelwe
are able to compare the behaviourof the Mn emission with the copper
emissionunder the influence of competing iron group elementsFe, Ni, Co
which createdeep levels in the forbidden gap and which are introduced
additionally into the ZnS: Cu, Mn. There are three groups of experiments
giving someinsight into the action of deeplevels in EL: the voltage depen-
dence, the dependenceon field frequencyand temperature,and the time
dependence.Someof the characteristicresultsof theseexperimentswill be
reviewed.

4.1. Voltagedependence

To investigatethe EL on powdersexcitedby a.c. fields two methodsare
used: (1) the light of a greatnumberof grainswith numerouslight spotsis
registered(macroscopicmeasurements);(2) the emissionof singlelight spotsis
observed in a microscope(microscopic measurements).One of the most
importantmicroscopicobservationssupportingthe three-stepmodelis that the
light spotsgenerallyemit in onehalf period of the field only, whereasother
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spotsemit wheneverthe field hasthe oppositedirection [37]. Theintensityof
the time integratedlight emissionI of a single spot (microscopicmeasure-
ments)dependingon the appliedvoltageU follows approximatelythe relation
I—~exp(—B/U),whereasthe intensity I of many dissimilar lines observed
simultaneously(macroscopicmeasurements)obeysa law I exp(— B/U 1/2).

The slope B shouldreflect the ionization or excitation energy of the centers
excitedor ionizedby hot or ballistic electrons.As an exampleof the voltage
dependenceof the EL of ZnS: Cu, Mn, x, Co, fig. 10 showstheinfluenceof Ni
on both the blueCuemissionandthe yellow Mn emission[38]. From this kind
of plot we drawthe following conclusions.

(i) The killer elementsFe, Ni, Co do not changethe slopeB of the voltage
dependenceof the brightness.Obviously the greatmajority of deeplevelsdue
to theseelementsare not ionized directly by impact collisions, but act as
recombinationchannelspredominantlyduringthe low-field period.

(ii) The slope B of the yellow emissiondue to manganesechangesat
relativelylow voltages.This changeof slope,whichhas alreadybeenobserved
by Mattler andCeva[39], doesnot dependon the presenceof killers. We are
temptedto explain this effectby Augerquenchingas wasrecentlysuggestedby
GordonandAllen [13].
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Fig. 10. Voltage dependenceof the blue copper(left) and the yellow manganese(right) EL
emission bandof the phosphorsZnS:Cu,Mn,x,Ni. Content of Ni x—0—10 g Ni/g ZnS.
Frequencyf 750Hz, temperatureT= 293 K. Thecurveswith x= 10 6 and5 X 10 6g Ni/g ZnS
areshiftedfor oneorderof magnitudefor reasonsof clarity [3Sj.
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(iii) Theblue andthe greenemissiondue to copperhavethe sameslopeB,
but theslopeof theyellow Mn emissiondiffers from theB valuesof the copper
emissionof all phosphors.Therefore,the ratio of recombinationsof different
Cu-centersandFe, Ni, Co centersdoesnotdependon the voltageand on the
numberof free carriers,and this ratio is not constantin the relationbetween
Mn andCucentersandMn andFe centers.Thereforethe voltagedependence
of the EL doesnot provide argumentsin favour of the direct excitation of
centersby hotelectronsnor do theresultssupportany modelof holeliberation
of electric fields. The surveyof the slopesB tendsto indicaterather that the
field strengthin the luminescenceregion is small compared to the field
strengthof the carrier generationregion. This conclusionis supportedby the
temperatureand frequencydependenceof the EL of ZnS:Cu, Mn, X with
X = Fe,Ni, Co.

4.2. Temperatureandfrequencydependence

Using the three-stepmodel and assumingthe creationof an equalnumber
of free carriersduring eachperiodof the a.c.field at constantappliedvoltage
and assumingonly one type of (radiative) recombmationcenter,we would
expecta linear frequencydependenceof the EL intensity. However when
different types of recombinationcenters exist in the phosphorsthere are
differentnon-linearfrequencydependenciesto beexpectedsincethefrequency
of the a.c. field controls the time of separationof holes and electronsand
thereforethe migrationof holes,which are thermally released.Wheneverthe
phosphorsof the typeZnS:Cu (without Mn, Fe, Ni or Co) emit only in one
band (e.g. the blue band), then the emissionintensityincreaseslinearly with
frequency(I’—.f”,n = 1) up to 2 kHz andtendstowardsa saturationat higher
frequencies.However,whenthephosphorsemit indifferentbands,e.g.ZnS: Cu,
Mn in the Cubandsat 455 and515 nm andthe Mn bandat 580 nm, evenn is
a function of the field frequencyat room temperature.When ZnS:Cu is
emittingin two bands,the blueemissionbandincreasessublinearly.Important
in our discussionof the Mn centeris the changeof spectraldistribution of
ZnS: Cu, Mn with increasingfrequency.Theblueandgreencopperbandshow
thesamebehaviourasin the casediscussedbefore,howeverthe sublinearityof
the yellow Mn band is evenmore pronouncedthan the sublinearity of the
greenCu emission.Generallyspeakingthe spectraldistribution of multiband
EL ZnS is always shifted at room temperaturein favour of the high-energy
emissionband,when the frequencyincreases.Observationsof the frequency
dependenceof ZnS: Cu, Mn phosphoruswith additionaldeeplevels due to Fe,
Ni or Co support the hole migration model. The emissionintensity of the
phosphorswith Coincreasesfasterthan theintensityof phosphorswithout Co.
This rule is valid for all of the threeemissionbands,including theMn emission
band.Fig. 11 gives asan examplethe ratio of blue Cuto yellow Mn emission
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intensity. It should be mentionedthat the Q—log f curves with intermediate
Co-doping(10 ~and3 X 10 g Co/g ZnS)havean inflexion point, which is
shifted to higher frequencieswith increasing Co. Besides the lack of an
inflexion point, which could only be observedfor Co in the frequencyrange
below l0~Hz, Fe andNi behavelike Co. Consequentlywe concludethat the
killer actionof iron groupelementschangeswith increasingtime of the period
of thea.c. field. This quenchingaction is especiallystrongat low frequencies:
this meansfor long separationtimes of electronsand holes. At the liquid
nitrogen temperaturethe non-linearitiesof the frequencydependenceof the
ratio of different emissionbandsdisappears.This gave us the possibility of
doing simple kinetics [40] and comparingthe results with the experimental
observations.

Summarizingthe main pointsof our discussionon the EL emissiondue to
Mn we conclude from the frequencyand temperaturedependenceof ZnS
containingMn andotherrecombinationcentersthat the Mn emissionbehaves
as if therewere oneor more levels involved which werewithin the forbidden
gap.Severalpossibilitiesshouldbe kept in mind: (i) Theground state6A

1(
6S)

of Mn2~lies in the forbiddengap and Mn can be ionized by electric fields.
Until now this seemsto be unlikely, as discussedbefore. (ii) The isoelectronic
Mn2~createsan effective mass-likestate in ZnS, which if at all, probably
would be very shallow.A very shallow trap would not fit into the temperature
dependence,wheneveroneadmitsthat thesetrapswould first captureelectrons
or holesandthen the oppositeelectronicparticle, andthuswould transferthe
recombinationenergyto the 3d shell of Mn. (iii) Filling andemptyingof traps
in the neighbourhoodof the Mn center control the Auger effect, which

1.0 _
~ae•__7L~7
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Fig. II. Frequencydependenceof the rate of emission Q—JbIu~/!~~llOW due to copper and
manganeseof ZnS: Cu,Mn,x,Cophosphorsdopedby differentamountof Co (x—0— 10 4gCo/g
ZnS); U—300V,T293K [381.
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quenchesthe Mn emission.This effect [13], which needsonly the filling and
emptyingof traps,would explain the behaviourof the Mn emission.

4.3. Time dependence

Evenfrom the timedependenceof EL weget somehints on the existenceof
levelsin the forbiddengap,which are connectedwith the emissionof Mn2~
Generallyspeakingthereare threephenomenain the time dependenceof a.c.
EL which canbe relatedto the existenceof levels in the forbiddengap.

(i) The “overshootingeffect”. The EL emissiondoesnot reachits stationary
intensityimmediatelybutonly a few periodsafter the exciting field is applied.
Obviouslythis build-upphenomenonduring the first cyclesis controlledby the
generationof free carriers,the occupationof electronand hole traps and the
changeof the space-chargeregion[41,42].This build-upphenomenondepends
upon the numbersof a.c. cycles after the start of the a.c. field, but not
significantly upon time. In specialcasesthe EL intensity passesa maximum
afterabout3 or 4 cyclesanddecreasesto itssteady-statevalue(“overshooting”).
This overshootingeffect dependsclearly on the presenceof deep levels (e.g.
Co), on the temperatureandon the field frequency.A quite completeanalysis
of the overshootingeffect hasbeengiven by Neumann[9].

(ii) “Secondarypeaks”. The EL of powdersis alwaysmodulatedby the
doublefrequencyof the electric field (“brightnesswave”) wheneverthe light is
emitted from numerousdifferent ranges(“comets”). The maxima of emission
belonging to one half cycle of the field originatefrom the recombinationof
electronsreturning into the luminescencezonewhen the field has changed
polarity, as has alreadybeen discussed.Additional maxima arising at char-
acteristic frequenciesand temperaturesare assumedto be due to electrons
boundtemporarilyto traps.Theyappearwhenthecarriersreturnwith delayto
the holes trappedin the luminescencecenters (“secondarymaxima”). This
model was suportedby thebehaviourof the secondarymaximaas a function
of Co-doping, field frequencyandtemperature[9,42].

(iii) “Phosphorescenceeffect”. Whenthe decayof the Mn emissionis longer
than the intrinsic decay time of Mn on a cubic site (‘r — 1.77 ms), the
additionalenergy is supposedto comefrom electronscapturedtemporarilyin
trapslike Cl or Co. This effectcanbe monitoredin the brightnesswavesof EL
by watchingthe degreeof modulationof luminescencein the a.c. field [9].

All threeeffectsare observedsimultaneouslyin the Mn emissionat char-
acteristictemperatures,whichare correlatedto thermal emptyingof traps.One
very specialfeatureis the dependenceof the build-up curve of the Mn2+ EL
emissionupon thepreviousstimulationby visibleor IR radiation[9].Whenever
no previousIR irradiation is applied the overshootingeffectsis observedin
differentrangesof temperatures,e.g. at about100 K and250 K [9]. Howeverif
the phosphorsare stimulatedby infrared light before applying the electric
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field, the overshootingat 100 K and 250 K disappearsbut the overshooting
effectsis now to be observedat 4 K and90 K. As Neumann[9] pointedout the
equilibriumbetweenlevelsin theforbiddengapcanbe reachedsometimesonly
after hoursof waiting after visible andJRirradiationsare applied.The action
of bothvisible andJRirradiatonsis relatedto differentrangesof temperatures
in each of which overshooting appears.Fig. 12 gives as an examplethe
build-up curve of the Mn emissionintensity as a function of the numbersof
a.c.cyclesafter the a.c.field is switchedon. Theseobservationsshouldalso be
discussedwith respectto apossibleAuger quenchingmechanism:The filling
stateof trapsnearthe Mn2~controlsthe Augerquenching.This filling stateis
supposedto be changedby stimulating irradiation before the a.c. field is
switchedon. This changesthe build-up curve of EL. This mechanismcould
explain the behaviourof the overshootingeffect evenif weassumethat the Mn
is exciteddirectly by ballistic or hot electrons.

5. The actionof electric field on non-electroluminescentphosphorscontaining
manganese

Someof the featuresof the Mn emissiondescribedin sect.4 are possibly
influencedby thehighamountof coppernecessarilyaddedto theZnSpowders
in orderto obtainsignificant EL. It is thereforeworthwhileto recall the action

500

3OO~

00 2 4 6 610

Number of periods of the ac field
Fig. 12. Envelopeof the build-up curve (“overshooting”) of the yellow Mn emissionbandof
ZnS:Cu,Mn as a function of the numberof field periodsafter the beginning of excitation for
different field frequencies;T 290K [9].
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of the electrica.c. field on ZnS-typephosphorscontainingmanganesebut no
or only weak amountsof copperandthereforeshowingno Destnaueffect. The
well-known field effectsto be observedin suchphosphorsare:

(1) The Gudden—Pohl effect [43].The electricfield emptiestrapsgiving rise
to short light pulsesduring the first cyclesof theapplieda.c. field.

(2) The Déchêneeffect [44]. The electric field reducesthe emission of
photoluminescenceintensityduring its application.

(3) “Out-of-phase” field enhancement:Electric fields acting before or
during the excitation of phosphorscontaining Mn by radiation (electrons,
X-rays, UV) enhancesomecharacteristicluminescencebands[45].

(4) “In-phase” field enhancement:incident radiation controls the carrier
generationandby that the electroluminescence[46].

In this sectionwe concentrateon the “out-of-phase”enhancementeffect,
becausethis effect is relevant to our discussionon the Mn center.The most
importantfeaturesof the enhancementeffect are:

(1) The enhancementof the luminescenceby electric fields is only observed
in phosphorsof the ZnS-typewhich are activatedby Mn. For this effect there
is an optimum manganeseconcentrationof about 2 X 10 ~g Mn/g ZnS
[47,48].

(2) Field enhancementis alreadyobservedat low fields (E ~ l0~V/cm),
andis oneorder of magnitudeless thannecessaryfor exciting EL on compara-
ble ZnS: Cu, Mn phosphors[41].

(3) As for the enhancementeffect thereis an energy limit to the exciting
radiation: The photonshave to be able to create free holes and/or free
electrons[49]. This canbe doneby electrons,a-rays,X-rays andby UV light.
No enhancementeffect is observedwhen the radiation is absorbeddirectly
within the five absorptionbandsdue to the 3d shell of Mn2~.

(4) After the end of the action of the electric fields, some phosphors
“remember”that action.Evenafterthe endof the action of the electric fields
the Mn emissionshows a transitory enhancement,when the phosphor is
excitedagainby radiationafter a time of rest [50].

A numberof difftirent mechanismshavebeenproposedfor explaining the
enhancementeffect. Most of them haveas a common featurethe assumption
that the electric field doesnotchangethe total numberof recombinationsper
unit time, but it doeschangethe recombinationdistribution per unit time in
differingcenters.Destriau[50]suggesteda changeof the valencestateof Mn2~
by the radiation and shift of the liberatedelectronsby the electric fields.
Gobrechtet al. proposeda model, which includesthe actionof hot electrons
on donorsandacceptorswithin theforbiddengap [51].Ivey [52] andCurie [53]
suggesteda model admitting field-induced fluctuations of the density of
carriers.

Noneof thesemodelsreally fits all experimentalobservations.It is therefore
worthwhile including the Auger quenchingin the discussionof the field
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enhancementeffect, as hasbeendonebeforein the discussionof a.c.EL. The
model proposedfor the enhancementeffect should includesome elementsof
the proposalsof Gobrechtet al. [51], Ivey [52] and Curie [53]. Gordon and
Allen found that the non-radiativetransitionrate in ZnS:Mn varieslinearly
with electron concentrationwhen this concentrationis varied by thermal
ionization of shallow donors[13]. Basedon this observation,we assumethat
electric fields are ableto control the densityof electronsandthereforethe rate
of Augerprocesses.The sameshouldbe true for the enhancementof the Mn
emissionby the action of additionalinfraredor red irradiationas observedby
Melamed[54] and Jaszczyn[55] who were able to show that additional JR
stimulationenhancesthe luminescenceof Mn2~ butreducesthe emissionof
Cu in ZnS. Botheffectshavethesamespectraldistribution of the stimulating
IR light (A = 800 and 1200 nm) and are connectedwith the hole liberation
from Cu levels [56]. The spectraldistribution of unstimulatedand stimulated
Mn emissionis the same,thereforethe emissionshouldcomefrom the same
type of Mn2~center. Based on these observationsit seemsreasonableto
assumethat hole liberation and migration can also induce an enhancement
effect of the Mn2~emission,as wasalreadydiscussedfor theenhancementof
the Mn emissionexcitedby aparticlesby Henck[57]. From the ideaof Auger
quenching this would imply that hole liberation from deep Cu levels can
inducea lowerconcentrationof freeelectrons.Thisreductionin the numberof
freeelectronscanbe the reasonfor a diminishedAugerquenching.Usingthis
model the whole recombinationkinetics including all kinds of levels in the
forbiddengap can be involved in the enhancementof the Mn luminescence,
evenif it turns out that the Mn is exciteddirectlywithin the 3d shell. Thiscan
alsoexplain theinfluencesof the presenceof dopantsin additionto Mn andof
the amount of Cd in ZnCds:Mn phosphorson the enhancementeffect. To
supportthis ideawe rememberthe fact that the simplepresenceof Mn in ZnS
is not sufficientfor obtainingfield enhancement,but the concentrationof Mn
is important.As for other dopantsthe most drastic influence is due to Cd.
Following the resultsof Destriau[58]and Treptow[59] the increasingamount
of Cd in ZnCdS:Mn reducesthe photoluminescence(Treptow), but gives rise
to an increasedfield enhancementeffect (Destriau). It looks as thoughthere
are stronglocal stoichiometricfluctuations in ZnCdS:Mn: someregionsmay
havea higherconcentrationof Cd than others.This is obviously reflectedin
the dependenceof the enhancementeffect upon the field frequency,which
dependsstronglyon the excitation wavelength.Excitation wavelengthscorre-
spondingto a band-to-bandtransition yield very different frequencydepen-
denceof the enhancementeffect[60]. It is interestingto checktheinfluenceof
otherimpuritieson the field enhancementeffect: Smallamountsof Au( 10 6 to
10 ~g Au/g ZnCdS)give rise to an increasingenhancementeffect [58]. The
sameis true for In, which createsa trap about0.5 eV below the conduction
bandof ZnS [61] and gives rise to a pronouncedfield enhancementeffect.
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Much researchhasbeendoneon theinfluenceof Co, which also createsa trap
0.5 eV belowthe conductionband[62]. Themain pointsof the actionof Coon
the field enhancementof the Mn emissionare [41]:

(1) Small amountsof Co(x = 10 ~g Co/gZnCdS)give an increased,but
higheramountsa decreased,field enhancementeffectcomparedto ZnCdS:Mn
without Co.

(2) Thecharacteristiccurvesof thefield enhancement(fig. 13) as a function
of field frequency, which show a decreasingfield effect with increasing
frequency,show only a scaling factor with changingamountsof Co, but no
generalchangeof thebehaviour.In particular,the inflection pointat about 10~
Hz doesnot dependuponthe amountof Co within the phosphors.

(3) The voltage dependenceof the field enhancementshows exponential,
sublinear,andsaturation(or decreasing)behaviour(fig. 14).The action of Co
canbe describedby a scaling factor. Howeverno qualitativechangeis to be
observed.

As for the temperaturedependenceof theenhancementeffectthereare a lot
of dataavailablewhich are reviewedin [41]. Somerelevantobservationsare:

(1) At room temperaturethe cathodoluminescenceof ZnS:Mn due to
self-activationis reducedbut the emissiondueto Mn is enhanced.Howeverthe
field effect can changesign, that is at liquid nitrogen temperaturethe Mn
emissionis quenchedandthe blue emissionis enhancedby electric fields.

(2) The field enhancementeffect of the Mn2+ emissionis clearly connected
to the filling of electrontrapsas pointedout by Sahm[63].
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Fig. 13. Frequencydependenceof thefield enhancementeffect Q (field ‘~)/‘~of the yellow
emissionof ZnCdS.Mn,Co with differentamountsof Co uiider eA.itatioll by X tays [411.
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Theseobservationsare in line with the whole set of memory effects. The
memoryeffect is not only observedwhenthe electric field is appliedsimulta-
neously with the exciting radiation [45] but also when the field is applied
(without any simultaneousirradiation)before any excitationby X-rays takes
place [64]. Even temporarilyelevatedtemperaturesgive rise to the memory
effect [64].

Pingault[65] found that very similiar memory effectscan be observedby
irradiation with IR. It shouldbe mentionedthat evennow it still seemsto be
quite difficult to make the connectionto the memory effect reported by
Howard [17]evenif we assumethat in all caseslevelsin the forbiddengapplay
the predominantrole.

Finally, comparisonof the simultaneousaction of both IR radiation and
electricfield allows someconclusionson the interdependenceof bothenhance-
menteffects[66].Thebasicideaof this kind of experimentsis demonstratedin
fig. 15. The lower curve shows the enhancementof the Mn luminescenceby
additionalred andIR irradiationwith the wavelengths700 and 1300 nm, the
dashedstraight line gives the degreeof field enhancementby electric fields
only, the uppercurve demonstratesthe combinedactionof bothJR irradiation
and electric fields [60]. At low intensitiesof additional irradiation thereis a
first-order linear superpositionof the action.At higher IR intensitiesthe a.c.
electricfield evenreducesthe enhancementeffectof the IR. It is interestingto
note that the voltagedependencedelivers a field-independenttransitionpoint
separatingthe field enhancementfrom the field quenching range of IR
stimulatedphosphors.Howeverthereis no suchcritical JR intensityin view of
the combinedaction of a.c. field frequencyandIR radiation.At low frequen-
cies field enhancementcanalwaysbe observed;at high frequencies,the field
quenchingprevails.
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Fig. 15. Enhancementeffect of the yellow Mn emissionband q I/Is as a function of the

wavelengthof additionalirradiationwith andwithout simultaneouslyactingelectricfield. Dashed
line: Enhancementby theelectricfield only, without irradiation. U 100V, F 800 Hz [66].
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Summarizing,it seemsto be evidentthat theemissiondueto Mn2~in ZnS
and ZnCdSis due to an internal transition4G 6~within the 3d shell, but
that the luminescenceefficiency is controlled by levels within the forbidden
gap. All experimentalobservationson the field enhancementwe know at
presentcanbe explainedby assumingthat anAugereffectquenchestheMn2~
emission in ZnS, wheneverfree electronsin the neighbourhoodof Mn are
present. This quenchingcan be reducedby changing the density of free
electronswithin the rangeof the Mn centersby the electric field. Whenhole
liberation from deepacceptorsby IR is followedby electron hole recombina-
tion, the JRindirectly diminishesthe densityof freeelectronsandthereforethe
rateof Augerquenchingprocesses.

6. Conclusions

Thenatureof theMn luminescencecenterin ZnSis understoodas far as the
emission of tetrahedrallycoordinated Mn2+ (4T

1 .—~

6A
1) and two excited

states (
4T

2,
4E) are concerned.The other excited statesare either not yet

observed(4A
1) or their proposedassignmentsare to be revisedor confirmed.

As for the influenceof the crystallineenvironmentthe four main inequivalent
sites in polymorphic ZnS are identified. The assignmentsof some other
inequivalentsiteshavebeengiven tentatively.As for the high concentration
effects two zp lines in excitation and one zp line in emissionhave been
identifiedby time-resolvedspectroscopy.Theorigin of someotherlines, which
areprobably due to Mn—Mn pairs, is not yet resolvedunambiguously.The
additional low-energyemissionbandsappearingat higherconcentrations,i.e.
~ 1% Mn, seemto be connectedto transitionswithin the 3d shell of Mn

2~,
but they are not simply dueto the Mn—Mn interactionbecausetheir decay
time is significantly longer than the decaytime of Mn—Mn pairs. From the
resultsof EL andof the “out-of-phase”enhancementeffectweassumethat the
emissiondue to~the internal transition 4T

1 —~

6A
1 can be influenced by an

Augereffect. ThisAugerquenchingdependson thenumberof free electronsin
the neighbourhoodof the MnZ+ centers.The numberof free electronscanbe
controlledby holeliberationby thermalenergyin the DestriautypeEL andby
a.c.electric fields or additionalredor infraredirradiationin the luminescence
enhancementeffect. This mechanismis consistentwith both the model of
direct excitationof the Mn emissionby impact of hotor ballisticelectronsand
the Mn

2+ ion andwith the model of the energy transferfrom recombinations
within the forbiddengap to the Mn2+ ion.
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