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ELECTRIC FIELD EFFECT ON THE LUMINESCENCE OF KI : Ti *
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Thermoluminescenceof K! : Ti, X- or 13-irradiatedatT ~ 77°Kshowstwo main peaksat105°K
and170 °K.Theyarerespectivelyattributedto therecombinationof mobile centreswith
fl
0 centresandto the recombinationof thermallyreleasedelectronsfrom Ti0 centreswith

T12+ centres.Similarexperimentsperformedunderstaticelectricfields (E <40 kV cm1)
showthat theintensityof the secondglow peakis strongly reduced.Therelativeintensity
variationis anticorrelatedwith theintensity of glow peaksoccurringat T> 230 K. We suggest
that in thetemperaturerangein which Ti° centresarethermallyionised,theeffect of theelec-
tric field is to favourthe retrappingof theseelectronson othertraps(still unknown).hradiation
dosesalsoplayan importantrole andtheir effectsarestudiedatT= 77 K and T= 200 K.

1. Introduction

Irradiation of alkali halidecrystalsby ionisingparticlesproducesdefectseither
by the displacementof ionsout of their normallattice sitesor by the captureof
electronsandholescreatedin the crystal.Thelatter processis particularlyimpor-
tant in crystalsdopedwith impurities. The caseof thallium, for instance,is special-
ly interestingsincethis impurity is knownto trap bothentities.In this way a high
concentrationof defectscanin principlebe frozenin thecrystalif the irradiation
is performedat sufficiently low temperature.

By heatinga previouslyirradiatedcrystalat a controlledrate,severalthermolu-
minescenceglow peaksareusuallyobservedat well definedtemperatures.Thesepho-
tonemissionsare associatedwith theradiativerecombinationof chargesor defects
migratingin thecrystalfollowing their thermaldetrapping.Thisverysensitivether-
moluminescencetechniquebringsimportantinformation concerningthe natureand
theenergydepthof thedifferenttrapsaswell astheir migrationandeventually
their recombinationkinetics [I].

In KI: Tl crystals[2] X- or j3-irradiatedat T = 77°Kthehole-typedefectsfrozen
in the crystalareessentiallytheVK centres.SomeT12+ werealso found.Theelec-
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Fig. 1. (A) The two processesassociatedwith thethermal migrationof VK centres(_.4050K) in
KI:Tl, X- or 13-irradiatedatT < LNT; (1) radiativerecombinationat Ti°site (1w = 2.9 eV); (2)
retrappingatTi~site with formationof Tl

2~centres.(B) Processassociatedwith thethermal
ioflisation of 11°centres(— 170 °K)in KI: Ti, X- or 13-irradiatedatT~ LNT; (3) electronradia-
tive recombinationat T12+centres(hi.’ = 2.9 eV).

trical neutralityis insuredby theformation of Tl0 centres(anelectrontrappedon a
substitutionalT1+) and to alesserextentby someotherunknownelectrontype de-
fects(fig. 1(A)). All thesedefectsarestableatthis temperature.TheVK centreshow-
everbecomemobilearound90°K.By heatinga previouslyX- or13-irradiatedcrystalat
a rate of 3.5°Kmin1, a smallthermoluminescenceglow peakis observedat 105 °K.
Its emissionspectrumis centredat 425 nmandis characteristicof the chemicalna-
ture of theTl impurity. Thispeakis associatedwith theradiativerecombination
of mobileVK centresat the site of Ti0 centres(process(1), fig. 1(A)):

VK +(kT) + T10 -~Tl~+ hi-’ (2.9eV). (1)

Howevermostof the~K centresareknown to be retrappednon-radiativelyat TP
impurities(process(2), fig. 1(A)) [3]:

VK i-(Jçfl-i-Tl~-+Tl2t (2)

Tl0 centresarethermallyionisedaround170°Kandtheelectron~Tl2~radiativere-
combinationcanbe observedas an additional thermoluminescenceglow peak;its
emissionspectrumis alsocentredat 425 nm(process(3), fig. 1(B)) [4]:
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TI0 +(k7)-~Tf~+e, e +Tl2+~+TFf*+hv(2.9eV). (3)

At still higher temperaturesa third broadbutfaint emissionhasalso beenobserved;
no detailedexplanationhasyet beengiven.

The effect of an electricfield on theradioluminescenceandthe thermolumines-
cenceof KI : Tl hasbeenscarcelystudied.In 1966Parfianovitchet al. [5] haveob-
servedan increaseof the radioluminescenceunderan alternatingelectric field at
300 °K.LaterDenksandLeiman [6] havefound at the sametemperaturea partial
quenchingof thephotoluminescenceexcitedin the C band,which theyshow to be
a directionisationof theexcitedstate.Lookingat the thermoluminescenceglow
curvesGrigor’ev et al. [7] have reportedapartial quenchingof the 170°Kpeak
only, without givingsatisfactoryexplanations.

In this reportwe presenta moresystematicand detailedstudyof the influence
of a static electric field on the radio- and thermoluminescenceprocessesin KI :T1
between4°Kand300°K(section3).Theeffectsare stronglydependenton theioni-
singirradiationdoses(section4,5)andcanbe qualitativelyexplainedin the frame-
work of achargetransfermodel.

2. Experimentalprocedure

TheKI crystalsusedfor theseexperimentswere purchasedfrom K. Korth(BRD)
anddopedeitherwith 200ppmor 1000 ppmof thallium in the melt. They were
first cleavedat approximately10 X 10 X 1 mm3,thenheatedat 400°Cand quen-
chedon a copperblock. Theywere clampedon a sampleholderwhich consistedmain-
ly of two frame shapecopperelectrodescoveredby a fine metallic net(100pm
mesh).The first one wasfixed andelectricallygroundedto a variable temperature
cryostat(Oxford InstrumentL 1085).The highvoltage(Brandenburg807 R, 0—30
kV) was appliedto the secondmobile electrodewhich wasclampedto thefirst one
by isolatedspringsand screwsspeciallydesignedto insurealso a good thermalcon-
tact.The crystalswereusuallymountedin a direct contactwith the electrodes.How-
eversometimesa blocking electrodeconfiguration,realizedby insertinga thin My-
lar foil betweenthenet andeitherone of thetwo surfacesof the crystals,wasalso
used.The temperaturewascarefullymeasuredwith a Gold Iron—Chromelthermo-
coupleconnectedto a digital multimeter(Keithley 610).Theexcitationsources
consistedeitherin a smallj3 source(Sr 90,8 mCi) or an X-ray generator(Mueller
150 Be tubewith a W anticathode)usuallyoperatedat 150 kV, 5 mA andfiltered
by a 1 mm Cu foil. The luminescencewas analyzedeitherby a setof filters(broad
bandor interference)or by a Leitz prismmonochromatoranddetectedwith an
EMI 6256Sphotomultiplierfollowedby a micro microammeter(Keithley410
anda recorder(Moseley680).
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3. Electric field effects

Ki crystalsdopedwith 200ppmTi andirradiatedatT= 77 °Kwith the 13 source
or X-rays of extremelylow intensityemita radioiuminescence(RL) with the fol-
lowing characteristics:

(a) Almost 90%of its intensity is intrinsic(h~= 3.27 eV) andcorrespondsto the
radiative recombinationof self-trappedexcitons.The remaining10%is characteris-
tic of theTl impUrity (hv = 2.92e\’).

(b) Theintensityof eachemissionbandincreaseswith time to eventuallysatu-
rate aftera longirradiationtime.
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Fig. 2. Time (or irradiationdose)dependenceandtemporaryd.c.electricfield effect on the to-
tal radioluminescenceof a 200 ppm Ti dopedKI crystal13-irradiatedat 77°K.
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Fig. 3. Tem,~oraryd.c.electricfield on thethermoluminescenceglow curves(constantheating
rateof 3.5 K min~)ofa 200 ppm Ti dopedKI crystalpreviously13-irradiatedfor 30 min at
T 77 °K.
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Fig. 4. Thermoluminescenceglow curvesmeasuredwithout electricfield in a 200 ppm 11 doped
K! crystalp -irradiatedat T= 77 °Kunderthefollowing conditions:— withoutd.c. electric
field; —.—.— with d.c.electricfield (E = 30 kV cm—’) (constantheatingrateof 3.5°Kmin~).
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Fig. 5. Thermoluminescenceglow curvesmeasuredwith a constantheatingrateof 3.5 °Kmin~
in a 200 ppm Ti dopedK! crystal,13-irradiatedat T = 77 °Kwithoutelectricfield: TL
measuredwithout d.c.electricfield; —.—.— TL measuredwith d.c.electricfield (E = 30 kV cm—

1).

The temporaryapplicationof a d.c. electricfield causesa decreaseAl of the in-
tensityin bothspectralregions;the ratio I ‘~‘/‘IRI. is howevera decreasingfunction
of the irradiationdose.The effect disappearsafter a longirradiationtime, i.e. when
theintensityof theradioiuminescencebecomesstationary(fig. 2).

On the otherhandtheeffectof thefIeld on the thermoluminescenceglow curves
(TL) measuredbetween77 K and200 K showsthat thefirst peakat 105 K is not
affected,but that the intensityof the 170°Kpeakis alwaysdepressed(fig. 3).The
IAI/IITL ratio isconstantthroughoutthepeakfor a givenvalueof thefield andis in-
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dependentof the field polarity, of thetype of the electrodesandof the direction
of observationwith repectto the field. It, however,decreaseswith theirradiation
doseto eventuallydisappearaftera longirradiation.Resultsare similar with an
a.c.field (50 Hz).

The effect observedon the thermoluminescenceglow peaksoccurringbetween
230and330 °Kcorrespondsto a smalltransientincreaseof their intensities;it is
probablydue to a local modificationof the thermoluminescencekinetics(Gudden-
Pohleffect) andwill notbe discussedin this report.

Although thesetemporaryeffectsare importantandeasilyobserved,they do’ not
allowus to give a clearinsight of the physicalmechanisminvolved in theseprocesses.
Thefollowing observationsleadhoweverto the ideathat the radioandthermolu-
minescenceelectric field effectsare intrinsic to thestateof thecrystal respectively
duringandat the endof the irradiationandmore preciselyto the chargestateof the
different defectspresentin it.

In fig. 4 we comparethe thermoluminescenceglow curvesrecordedafter a 30
mm 13-irradiationrealizedrespectivelywith andwithout a d.c.electric field at 77°K.
The secondpeakat 170°Kandto a lesserextentthevery faint peaksobservedfor
200 °K< T< 300°K,areenhanced.Thisclearly indicatesthat the applicationof
the field during the irradiationat 77 °Khasfavouredthenon-radiativetrappingof
free electronson Tl+ sites(formationof T10) andon unknowntrapsattheexpense
of the radiativeprocess.In fig. 5 we comparethe thermoluminescenceglow curves
measuredwith andwithout an appliedd.c. electric field aftera30 mm 13-irradiation
at 77 °K.The first peakis unchangedbut the secondpeakat 170°Kis globally de-
pressed.We seeagainin thisexamplethat the appliction of the field has favoured
a non-radiativerecaptureof free electrons(in this casethose thermally ionised
from Ti0 centres)on unknowntrapsat the expenseof the radiativeprocess(pro-
cess(3),fig. 1(B)).

Thefact thatno markedvariationoccurs on the first glow peakruledoutthe idea
that a d.c. electric field hasany influenceeitheron the migrationof the self-trapped
holes,on their captureby the Ti°recombinationcentres,or on the subsequentre-
combinationprocess.Theeffect of the field canonly acton chargescomingfrom
the conductionband,i.e. the electrons.A Schottkyeffectin the boundexcitedstate
of Tl~is ratherimprobable:if it existedtheeffect would be temperaturedepen-
dent.Thiswasneverobservedexperimentallysince:

(a) The Al/I TL ratio is constantthroughoutthe 170°Kglow peak.
(b) The I~I/IIRLmeasuredfor a given irradiationdose is alsoconstantbetween

4 Kand77 K.
(c) The intensityof the 412 nmphotoluminescence(2.9eV) excitedin the 236

nm and 286 nmabsorptionbandsdoesnotchangeunderan electric field between
77 °Kand200 °K.

Moreoverthe electric field doesnot changethe activationenergyof theprocesses
(1) and(3) sincein this casea temperatureshift of the glow curvesshouldhavebeen
observed.
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Fig. 6. Relativedecreaseof thesecondthermoluminescenceglow peakas afunction of theap-
plied d.c. electricfield in a 200 ppm Ti dopedKI crystal,13-irradiatedatT = 77°K. Curve(1):
o 3 min13-irradiation;heatingrate3.5 °Kmin’ ; curve(2): )< 30 mm 13-irradiation,heatingrate
3.5 °K mm—’; 0 30 mm 13-irradiation,heatingrate0.6 °Kmin’ ; I error.

We canreasonablyassumethat the recombinationoccurswith an initial capture
of the electronvia hydrogenicexcitedstatesclose to theconductionband(dueto
the Coulombic,potentialof the positivelychargedrecombinationcentres).Thusas
in thecaseof n-typesemiconductors[8], we canexpectthat in the presenceof an
externalelectric field, the electronswhich havenothadthe time tomakea transi-
tion from theselevels to the boundemissivestatewifi beeasily retransferredinto
the conductionband.Thereforetheratio of the electroncapturecross-sectionfor
positivelychargedrecombinationcentres(suchasVK, Tl2~centres)to thatof neu-
tral electrontraps(Tl~for instance)is a decreasingfunctionof theappliedfield.
Thisconsequentlyenhancesthe ratesof electrontrappingat the expenseof any ra-
diative mechanism.

Therelativevariation IM/IITL asa functionof the field strengthis shown in fig.
6. Thisratio is independentof theheatingrate, i.e. of the intensityof the glow peak
aslongas the otherexperimentalconditionsremainthe same.The irradiationdose
(at low valueonly) hassimply the role of a scalingfactor.
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4. 200 °KX-irradiation effects

The measurementsof electricfield effectson KI : Ti crystalshavebeencompleted
andtheinterpretationhasbeenconfirmedby a systematicstudyas a functionof the
irradiationdoseat 77 °Kand 200°K.

In the following experimentsa samplewas first X-irradiatedfor a givenperiod
of time at 200°Kandthen immediatelycooleddown to T = 77 °K.At this tempera-
ture it wassubmittedto a very small constant13-irradiationcomparedto theX-irra-
diation. Thesamplewas thenheatedto 200°Kandthe glow curvesrecorded.The
thermoluminescenceelectricfield effectwasperiodicallysampledandmeasuredaccu-
ratelyatwell definedtemperaturesduring avery shorttime(of theorderof 1 sec) in or-
derto minimize the recombinationkinetic variationsmeritionedin the previous
section.The whole cycle wasrepeatedseveraltimesby choosinganX-irradiation
dosehigher than theprior ones.

As expectedthe intensityof the radioluminescenceandof the glow curvesare
foundindependentof the X-irradiationbutare only a function of the13-irradiation
dose.Howeverfig. 7 showsthat the IAI/IIRL and M/IITL ratios(moreprecisely
the absolutevaluesIAIIRL and IAIITL since‘RL andITLareconstantfor a givenIl
dose)are decreasingfunctionsof the X-irradiation dose.

Theseresultsare readilyexplainedin the frameworkof our model: the200°K
X-irradiation fills little by little all the electrontrapswhich arestable down to this
temperature.The effect of the field on the electrons,availableeitherduring the 13-
irradiationat 77 °Kor during the thermalreleasefrom TI0 centres,will therefore
be a decreasingfunction of theX dose.Thenumberof trapsfilled by the X-irradia-
tion at 200°Kis essentiallyproportionaltoS = f ~%0’~K ‘TL dT. Fig. 7 shows
clearly the anticorrelationof Swith IAIIRL and AIITI..
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Fig. 7. Relativevariation of the radioluminescenceintensity IM/JI~(X) andof the 170 °K
glow peakat its maximumintensity I~I/II~(.) asa functionof anX-pre-irradiationat200°K.
For eachmeasurementthecrystal is 13-irradiatedatLNT for 3 mm. The electricfield is E 30
kV cm1. The anticorrelationof S = I Im dTwith the X dose,is alsoshown (A).
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5. LNT irradiationdoseeffect

In theseexperiments the sample was either 13- orX-irradiatedat T = 77 °Kduring
agiven time,andthen heatedat acontrolledrateup to a maximumtemperatureof
200°K.This temperaturecorrespondsto thevalley betweenthe 170°Kpeakand
thefaint ones.As in the prior experimentsthe thermoluminescenceelectricfield
effectwasperiodicallysampledandmeasuredduring a veryshortperiodof time.
The crystalwas thencooleddownrapidly to LNT andthe whole cycle repeated
againby choosingan irradiationdose10 timeshigher thanthe previousone.The
first two irradiationswere donewith the 13 source:it indeedallows an excitation
approximately600 timesweakerthan theX-irradiation(for the samelapsof time).
Fig. 8(A) showsin a double logarithmicplot themaximumintensityof the 1 70°K
glow peakasrecordedfor increasingirradiationdose(run(l) to (6)). Forour ex-
perimentalconditions,theheightof the peakis almosta linearfunction of the irra-
diation time, i.e. the irradiationdose.The crystaldoesnot“remember”theprevious
irradiationfor thethermoluminescenceintensitiesbetween77 and200°K.This is
verified for the run (6) and(7) (30 mm 13-irradiation): the experimentalpointsfall
right on the13-irradiationstraightline, although3 X-rays runs ((3) to (5)) havebeen
previouslyperformed.Fig. 8(B) showsschematicallythe relativevalueof the elec-
tric field effectmeasuredat themaximumglow peakintensity.For thefirst 6 runs
the ratio diminisheswith theirradiationdose.Thisclearly showsthat,in this case,
thecrystal remembersall theprior irradiationeffects,otherwisethe IAI/IITL ratio
for run (6) shouldhavebeenof the orderof 10%insteadof 3% as observed.Then,
by heatingthe sampleto T = 320°Kit appearsthat the intensityof the faint glow
peaks(230°K< T< 320°K)is muchgreaterthanexpectedfor asingle30mm 13-irra-
diation. Forrun(7) thecrystal is now completelyregenerated,sincethe IM/IITL
ratio is equalto theexpectedvalue(10%).

Theseresultsshow againthat the thermoluminescenceelectric field effectsare
essentiallygovernedby the ratesof non-radiativeelectrontrappingprocesses.

6. Conclusions

This study is the first of a seriesundertaken in our laboratory to understand
betterthe effectsof an appliedelectricfield on theradio andthermoluminescence
of alkali halidesdopedwith differentimpurities. In this reportthe case of KI : Ti
wasexemplified.Ourobservationshaveshownthat theeffectson theradiolumines-
cenceand thethermoluminescenceare basicallyidentical.Theelectricfield acts
only on electronscomingfrom the conductionband.Suchelectronsare available
eitherduring the ionising irradiationor during theheatingup of a previouslyirradia-
tedsamplebut in well defmedtemperatureranges.The electric field favoursthe non-
radiativeelectron transferon to specific trapsby reducingthe radiativeprocesses.
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Fig. 8. (A) Maximum thermoluminescenceintensityof the 180 °Kglow peakversusirradiation
time. • after13-irradiation;o afterX-raysirradiation. For runs(1) to (6) thecrystalwasheated
to a maximumtemperatureof T = 200 °K,thenheatedto 320 °Kfor run (7). (B) £chematic
diagramof theelectricfield effectson the 170°K thermoluminescenceglow peakfor eachspeci-
fic run (seetext).
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Thissuggeststhat the ratio of theelectroncapturecross-sectionfor positively char-
gedrecombinationcentresto that of neutral(with respectto the crystal)electron
trapsis reducedby thefield. The relativeinfluenceof thesetrapsdependson their
concentrationandit decreaseswith the irradiationdose.Most of thesetrapsareun-
stablebetween200°Kand300°K,sothat the crystalcanbe regeneratedby heating
at room temperature.Sincethe natureof theseelectrontrapsis still unknown,a
quantitativeexplanationis asyet impossible.Thesetrapsmay pre-existin the cry-
stalbut canalsobe createdby the ionising irradiation.The exactknowledgeof their
naturecouldbe of greatpracticalimportancesinceseveralopticalmemorydevices
are preciselybasedon reversibleinhibited cathodoluminescencemebhanisms.
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