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ABSTRACT

Elecürolumlnescence has been observed. ln slng1e crystals

of sod-lum lod-ld-e when exclted by alternatlng flelds of the

order of 104 Y/cm. The enlsslon has been studled. oiver the

temperature range 10OoK to 300oK and the nechanlsm ls found.

.to be more. efflcrent at low temperature$. At low temperatures

Ëhe electrolumlnescence has been stud.led as a functlon of

voltage, frequeheyt crystal lnpurltles and electrod-e naterlals

and the effect of a D.C. fleLd. in¡as lnvestlgated. The varlous.

theorles of electrolumlnescence are d,lscussed. ln relatlon to

ühelr appllcablllty to the emlsslon observed ln the alka]l

halldes. Of þhese mechanlsms, that of excltatlon by lmpact

ionl zaÞLon ls shown to be conpatlble wlth the present results.

In ad.dltlon the effect of an electrlc fleld. on the radlo-

lumlnescence speetra of these crystals was stud.led. For the

maln enlsslon band.s a reducülon ln lntenslty ls observed thaü

ls aütrlbuted- to the electrlc fleld lncreaslng the probablllty

of electron trapplng by lncreaslng the d.lstance the electron

moves through the lattlce. F.lnally the thermolumlneseence of

the vartous crystals was studled to determlne the presence of

trapplng centres and- thelr posslble relatlon to the above

processes.

ì r .,:ì
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?HAPTEB I

INTRODUCTION

1-1 PreanbLe and. Deflnltlons

the phenomenon of Lumlnescencê can be d.eflned as the

emlsslon of electronagnetlc rad.laü1on ln excese of thernaL

rad.latlon. As polnüed. opü by GullbauLt (tg6?) lurnlnescence was

observed. as earLy as 1,J6J by Monard.es for the extract Llgnlun

Nephltlclem ln rvater. From such an early beglnntng ühe

phenomenon of lumlnescence had. to walt for ühe ad.vent of ,,.. j

quanüun mechanlcs and. electron theory of sol!.d.s to provlde 
.

bases for the und.erstand.Lng of Luntnescence. However, valuable , ,

::
workwagperforngd.1nthe].atterha1fofthen1neteenthcenüury.

Stokes (L852) sho¡red. that the colour of the enlüted. trLght was

d'1fferentfronthatofthel.nc1d.enü].t.shtand.thaütheem1üted..:
llght had the longer waveLength. ThIe Le the weLl loco¡rn Stokes' 

l

shlfün Becquerel, ftAe7) ehowed that the decay of emlsslon after 
.,.,,.:;r.,.,,

removal of the excltlng rad.tatlon couLd be separated. lnüo two ' ,,i,1.,,,,,,,,
.,l:::::::::

typese exponentlal and,hyperboLlc. These he attrlbuted to
dlfferenü üypes of decay nechanlsms¡ monomoLecular and blno1ecular,

As the study of lunlnescence has groï¡n,many dlfferent
mod.esofexc1tat1onhavebeend'1scovered'na1].ofwhtch1ead'to

the enleslon of Llght" The present work ls conoerned ¡clth the

excltatlon of crysùale by ühe appllcaülon of an eleotrlo fleld.,
e prooess known as eleotrolunlnesoence. The electrolumlneecenoe



: l: l.i 1.

2

process wI1I be dlscussed. ln relatlon to other types of

Lumlnescence. It ls convenlent to deflne varlous lumlnescence

prooesses so that the followlng terms can be used unarnblguously

laüer 1n the text

Electrolumlnescence llghb produced by appllcatlon of

an electrlc fleld. Photolumlnescence llght producecl by the

absorptlon of lleht. Rad.lolumlnescence llght produced by

hleh energy radlatlon or hlgh energy partlcles. Electrophoto-

lumlneseence -- the effect of an electrlc fleld. on the pho'bo-

lumlnescence and. rad.lolumlnescence processes. Thermolumlnescence

1leht prod.uced by lncreaslng the temperature of a crystal after

lt has been exclted lnltlally by another procêsso Fluorescence

the emlsslon due to a spontaneous transltlon after excltatlon.

Phosphorescence the emlsslon due to energy that ls stored ln

the crystal and. released. when addltlonal energy ls provlded by

thermal means.

The lumlnescence of alkall halldes, that ls photo-

lumlnescence and radlolumlnescence, wl11 be dlscussed. In the

next sectlon to provlde a background for the dtscusslon of

êlectfolumlnescencê ln alicall halldes. Next the posslbLe

. mechanlsms lnvolved- ln the electrolumlnescence process ln sollds

w111 be consldered'and ,f'lna11y consld.eratlon w111 be gtven to

the theorles of thermolumlnescencer The stud.y of thermo-

lumlnescence provldes lnformatlon about energy storage wlthln

crystals, whlch often plays a vlta1 role In the theorles of
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electroLumlnescerrcê ¡

1-2 Lunlnescence ln AlkaLl llalld'e Crvstals

ALkal,l haLlde cry8ta18 offer a unlque med.lun for the

stud,y of nany so}ld. state phenomena because of thelr elnple

Lattlce and. eLectronlc structures. On account of thls elnpllclfy

the alkal-l haIld.es have been süud'led' extenslvely and' thelr

baslc properüles are dlscussed. thoroughly ln all the stand.ard'

soLlô state texts (e.g. Brownr.L9671,

The optlcal properü|ee of the alkalL haltdes have been

lnvesttgated. ln the study of colour centres, (Schulman and'

Compton, Ig62t lI, B" FowLer' t968) Tf¡fs ls ühe study of d.efects

and. lnpurltles l-n allcaLl haIld.es that produce absorptlon bands

ln the nornal-Iy transparent reglon of the orystaLr ühus glvlng.

the cryeüal. a characterlstlc coLour. The noeü lnportant of

these centres ls the F-centre whLch servea as a baels for the

lnvestlgatlon of all other centres. Markhan (L966) has reoently

revlewed. the propertLes of F-centres ln crystaLs.

Strong lumlnescence l.e observed' tn al'kal'L halld'es ln

two cases" Aü Low tenperatures a lunlnescence ls observed ln

pure crystaLe that ls characüertsùlc of the crystaL Lattlce

and. Ls hlotûr as lntrlnelo lumlnescenceo Second', crystaLs d'oped'

wlth vartrous Lmpurlü!.es produce Lunlnescence cheraoterlstlc of

the lnpurlty cenüres" These two fonns of lunlnescence ¡Y111 now

be d.lscuseed. and. speclal aütent}on w111 be glven Èo sodlun

1ocllde o

lr,

I
L..
1.,!.11.,.'::.: .
i::'. .. -f; .:. ..: ..

t,r|.iìI,
I l;l:'

..1:
l:i : ':::,: t':,,'-:t
ì_' . .: .

i:ti r, rr---ì:j:
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'*n"r, pure alkaLl hallde crystals are exclted. by llghü

absorbed ln the exclton and band-to-band transltlons reglon aü

low tenperaüures then"a strong lunlnescent enleelon ls obeerved..

that ls characterlstlc of the pure crysüa1 (Teegard.en, L95?t

Van Sclver, 1960). The baslo observatlone of lntrlnsic
lumlnescence l{ere nad.e on the elkall Lod.Ldes elnce the enlsslon

from üheee cryetals 1s v1s!.ble aü ilquld nltrogen tenperatürêBe

Intrlnslc emlssLon has been observed ln other alkall ha1ld.e.s

at llquld hellum tenperatures (Kabler , Lg6t+¡ Ramamurtl and.

Teegard.en, L966¡ Kabler,and. Patterson , L96? ) where the rad.latlve

efflclencles are hlgh

The experlments of ïleeks (L958't, Teegarden and. Weeks (L959)

:and. Edgerton (!962) lndlcated that the lntrLns1c band.s ln KI

and RbI were d.ue to the recomblnatton of an electron wlth a

trapped. hole. they showed. thât electrons that were reLeased

from F-centres produced. the same Lntrlnelc enlsslon as observed.

when excltlng ln the exclton or band-to-band reglon" The

exper1menüsofKab]-er(L964)a¡raMurraya¡rd'Ke1]-er(t965)us1ng
polarlzed Llght technlques ldentlfled ühe nature of ühe trapped.

hole as a VK centre. The V6 cenüre waa ldentlfled. by Castner

. and Kanzlg'(tgs? ) as two haLogen lons, one of whlch has Lost an j

electron, covalently bonded together. fhls consültutes a

halogen nolecuLe fon fin where X refers to any haLogen, and.

ühese centres are orlented. randomly among ühe (110) dlrectlons

of the crysüaI" lhe opt!.caL propertles of these centres were

rr: i .. 1.1 :- :i ::rr
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tnvestlgated. by Delbecq et aL. 119J8)r Hersch (L959) and. Delbecq

et al. (19ó1 ), who showed. that lt was posslble to eelectlvel,y

or1entthesecentresá1-ongcerüa1n(rro)d'1rect1ong.Th1s

technlque all-owed KabLer (t96t+) and Mumay and. Keller (L965)

to show thaü electrons, recomblnlng at orlented VK centreg

enlttefl Llght thaü was polarlzed ¡rlth respect to the axls of

the V¡ç centre. A tabulaülon of ühe polarlzatlons of the

lntrlnslc emlsslons aa eLüher paralleL to ühe d.lrecülon of the

axls of the V6 cenüre ( û polarLzed.) or perpendlcular to thls
axls ('rr polarlzed) fs glven by l(nox and. Teegarden (1968)"

Thus the LntrLnslc emteslon ln alkaLl halldes has been

ldentlfled. as d.ue to an electron trapped at a V¡ç centre

returnlng 3o the ground staüe. Uslng ühe nomenclature of Ì,iaIL

(L968) we wlLL d.eslgnate the centre formed by an electron

trapped at a V¡ç cenüre as a VKe centre. As soon as thls centre

returns to ühe ground. state, rad.laülveIy wlth the emlsslon of

lntrlnslc llghtr or non-rad.1at1ve1]¡, then the two haLogen lone

relax to become part of the normaS- orysüaL Lattlce" Thus the

tern V¡ç6 centre refers only to the exclted state and. the ground

stáüé lnmedláüèl,y aftêr the radlatLve transltlon.

TheoreüLoally the V6s oentre has been consld-ered. by

analogy to an X2-- nolecuLe (Kabler. tg6t+), Kabler and. Patteraon

(Lg6?) have lndlcated that the two band.s nornalLy observed. ln

the lntrlnslc emlsslon can be asslgned. to two state.s of thls

sysüen, one of whlóh !.s pred.on!.nant1y elngLet whlle the other
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ls trlptet In character. l,Iood (L965, L966) has consld.ered

theoretlcally the relatlonshlp between excltons and VK" centres

whlle the experlmental results of Ramamurtl and Teegarden (L966)

lndlcate that the lower energy emlsslon band. can be exclted

d.lrectly from an exclton ln Kf and. BbI. However Te'egarden

(tg6O) tnarcates that VKe centres arîe formed. more easlly from

free electrons and holes than by excltons.

In pure sodlum lod.ld.e the lnvestlgatlons of Van Sclver

and. Hofstad.ter (L955) and. Van Sclver (L960) showed- tlnat- the

lntrlnslc lumlnescence conslsts of a slngle band- at 2)J nm.

Murray and Keller (L96? ) showed. that thls band was due to the

recomblnatlon of electrons at a VK centre and- that 1ü was

polarlzed¡ Thls was characterlsed. as a transltlon from the

trlplet exclted state by Kabler and Patterson (tg'6?), Murray

and Keller (L96?) found that the lumlnescence lntenslty was a

maxlmum at 70oK, d.ecreased 20fi on coollng to ?oK and. d.ecreased

by a factor of 11 when the temperaüure was lncreased from ?OoK

to 2?3oK. Thls d.ecrease they attrlbute to a d.ecrease ln
lumlnescence efflclency, that ls descrlbed. by a functlon of the

form

(t.t )

' :j
where p 1s the rad.latlrle-þransltlon probablllty, s ls a frequency

factor and. E ls ùhe thermal acülvatlon energy necessary to al1ow

nonrad-latlve d.ecay. p ls assumed to be lndependent of the

l'.

i',

'1, p+s exp( -E/kT
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tenperature and. E = 0.06 eV provld.ed a flt üo the experlmental- :

data.

Conslderatlon w111 now be glven to lunlneacence ln the

alltaLl halld.es contalnlng lnpurltles. Bévlews of the varlous

lnpurltles stud.led. have been glven by Kllck and. Schulnan (LgS?),

McClure (t959a, b), Teegarden (t966) an¿ FowLer (t968) " Most

work has been performed. on two groups of heavy metaL lons¡

those lons lsoelectronlc wlth T1+ anct Ag*o and the lnterpreüatlon
ofthe1rpropert1esbaged'onthe¡Yorkof8e1.tz(tg3s)forT1+
lons and. Seltz (L95t) for the Ag+ tons. In the followlng, the

dlscusslon w111 be Ilnlüed to the spectra of T1+ lons and.

certaln other cenüres that contrllnrte üo the Lunlnescence of

;sod.lun 1odlde.

The lnterpretatlon of the ne¡r absorptlon and. emlsslon

band.s that resulü from the ad.dtülon of lnpurltles can be

.explalned wlüh reference to the posslbLe transltlona assoclated. 
'

r¡lth the free lon. Seltz (L938) proposed. a scheme thaü has

provlded the basls for the lnterpretatl.on of the d.ata assoclated.

wlth Tlt tons that have been substltuted. for an al,kaIl lon ln
the a1kall halldes" The free thallous !.on has a 1SO ground

state (652) and. four J.ow lylng exclted. süates, nanely the 3PO,

3rr, 3f2 ana lP1 staües, fron a 6S6p conflguratlon. I{hen thls
lon ls 1n a substlüutlonal- lattloe slte, all theee states are

ralsed. In energy by ühe Mad.elung fleLd.. Th!.e ls lllustrated.
ln Flg" 1-1 and. the two polnt group synnetry noüatLons of the



Lattlce that are ln common uae are lndlcated. Howêver, the

standard. pracülce of ublng the atomlc symmetrles w111 be

followed.

In aIkall halldes doped. wlth thalllum four absorptlon

bands are observed ln general, These are labelled- A, Br 0 and

D band.s ln order of lncreaslng energy. The work of Vald"anlch

(Lg66) showed. the posltlon of these bands to;.bÞ at 2)Z nm,

248 nm, 234 nm and. tu230 nm respectlvely ln NaI. Transltlons

from lsg to 3pf and. to lf1 are allowed.. fransltrons to 3PZ u".
forbldd.en ln the free lon but Seltz suggested that lnteractlon
wlth l-attlce vlbratlons mlght make then weakly allowed. The

strong temperature d-ependence of the B band (Tuster and Delbecq,

1953) is evldence ln favour of thls hypothesls. Thusr âs

lllustrated. ln Flg. 1-1 , the transltlons 1So*3P1 , Lso*3pz

and- 1S0-1P1 are responslble for the A, B' and C absorptlon

bands respectlvely. The D band. ls dlfflcult to flt lnto the

Seltz model. and 1s explalned by Knox (Lgsg) as excltatlon of a

halogen-ton eIéctron lnto a flnal state In whlch the electron

ls on ühe T1+ lon. Thls ls analogous to the B band whlch ls a

slmtlar excltatlon wtth an¡F,-centre (Ðe1becq, Prlngshelrn and

Yuster , LgsL, L952),

The emlsslon speòtra observed d.ue to T1+ lons are more

compllcated. than the absorptlon spectra. The work of Edgerton

and Teegard-en (t963, L964) on KI(TI) provlded- a coherent plcture

and. thetr nod.el 1s now referred. to as the Seltz-Ed.gerton-

;-i,l
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Teegard.en (SET) ¡nodel. In KI(fl)' they found. flve separate

emlsslon band.s for the üenperature range L}oK to J00oK. These

band.s Ïrere asslgned. to the transltlons 3Pg*1Sg, 3P1*19g,

3e2(3teu)"*1so , 3Pz(3nu)-lso (ttre 3e2 LeveL ls asgumed to be

spltt by the crystal fleld. as shown ln Flg, !-!). and. 1P1*1S0.

The work of Illlngworth (tg64) an¿ Trlnkler and PLyavln (Lg65)

1nd'1cated.thaütheSETmod.e1need'ed.to.bea1tered'and'Fow1er

(1968) lndlcates a proposed. mod.el d.ue to Edgerton ln better

agreement wlth the d.ata. Thts nod.lfled. the SET nod.el by

lntrod.uclng a rnetastable leve1 between tfr" 3pO and 34 levels

and- alloivlng the 34 Level to be spllt. Further data appear

to be requlred. to clartfy ühe sltuatlon, Howeverr âs polnted

out by Ïlllngworth (tg64\, the üranslülon 3Pg--lgo le normally

forbtd.d.en and yet thls transltlon ls lnÖludeil ln the SET nod-el.

In facü ühe slngle emlsslon band. observed. at room tenperature

ls asslgned to thls transltlon. At low te¡nperatures thls band.

ls exclted. strongLy by absorptlori ln the D band. Consequently

Illlngworth (tg6tt) suggesüs that thls nay be assoclated. wlth a

charge-transfer transltlon that 1s analogous to that proposed

to explaln the D absorptlon band. Experlmental evld.ence ln

favour of thls expl.anatlon;has been found by Had.Ley et aI. $966)

ln KI(TI) and. by Delbeeq et aI. (Lg66) rn KC1(TI)'

The work of HadJ.ey et aL, (L966) aLso glves an lndlcatlon

of the posslble processes that prod.uce radloLumlnescence ln

thalllun d.oped. al-kall haLld.es. It aeemg LtkeJ.y thet electrons



and holes are generated by the lonlzlng rad.latlon and. theee

must somehow recomblne aü a thalllum centre. They asaume that

most holes are producéd as V¡ç centres whlch can normally move

around. freely above a certaln temperature. (5BoK ln NaI

accordlng to Murray and. Kell-er (1,9671\ These holes are then

trapped at a tha]llum centre as Lndlcated by the procesg

TZ +T1++2I- +T1++ (1.2)

Kaufnan and Hadley (t967) lndlcate that thls process ls

extremely èfflclenü. Ar1 e].ectron then recomblnes at the T1++

centre produclng an erclted T1+ lon whlch then entts lts

characüerlstlc rad latl on'

+ TI++-->(T1+)'*.-e11+ + hat

;ry'r" process "* 
::"ï;i.t", ;l; 

reverse ord'er

TZ + T10+2I- + (11+)*"'-2I- fll+ +

The Tlo cenüre prod.uced. ln process (1.4) rs only

a certaln üenperature and. thernaL excltatlon can

reverse process

rhese er.écrrons .r:t;ri:"":":;"e vla process (1.3). 
'n:t 

"u'

lntrlnslc ieconblnatlon process ls also posslble

(1.3)

(1.4) '

hÐ (1.5)

stabl-e below

prod.uce the

(1.7)e- + fi--(Vfe)*->2l- + hü

where the enltted. Ilght ls characüerletlc of the pure lattlce

but thls process ls observed. only for extrenely lon thalllun

concentraülons. Normally only enleslon characterlstlc of the
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thall-lum cenüres 1s observed. Concernlng the nature of the

low energy emlsslon band., assoclated. wlüh the transltlon 3PO*
lsO ln the SET model, Van Sclver (Lg66) fras proposed tnat a ,,,,,.,,,,,t,,

Ioosely bound. electron wlth the T1+ centre may behave l1ke
:

process (1.3). The ground state of the system Tt++ plus electron

may be d.lfferent from the normal T1+ system, resulülng ln a

lower energy emlsslon band.. At present the exact nature of

thls transl-t1on 1s not understood..

Theoretlcal i;ireat-.ments of the absorptlon and emlsslon

spectra Ïrere mad.e lnltlaIl-y by Wllltans (tgsL, Lg53). He use.J.

a sernl-emplrlcal method. and. computed conflguratlon-coord lnate

curves. Thls provldes a model for the lnteractlon of the

electrons lvlth the lattlce ln terms of vlbronlc coupllrrg wlth

. an effecttve mod.e coord.lnate. Interpretatlons based on thls
model have been presented. by Dexter (L958) and Fowler and

Dexter (tgíZ, Lg65). In Wl1llams' model the stngle effectlve
mod.e was chosen to be the "breathlng mode" ( fî*) havlng the i,,.-.':.tl"t.;....-.,...:.
full cublc symrnetry of the polnt defect. The results obtalned ,.,.,,",,:,iÌ.',

wlth thls theory for KCl(T1) compared favouraify wftfr

experlmental results, but serlous obJectlons to the theory ira.ve
'

. bcen ralsed. (Knox and. Ðexter,, L956). Two maJor faults 11e ln :,,:,,,i,:,::,.r,,,,,.,,,.,;,

' l t,,',.'.,:, .,t1.'

the slmp1e wavefutictf on;S employed. ln the calculatlon and the -":''r:'ì!'

facL that recent work (Henry and Sllchter, L96Bl Blmberg et al.
L96g) has shown that other mod.es can be lmportanb ln the I , '

:

broad.enlng of absorptlon and. emlsslon band.s. Aü present , .:
ii;+:fi:¡li¡

i ' 'j ::

ì
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theoretlcaL treatnents of the F-centre absorptlon and. emlsslon

bands are based. on the nethod of monents, whlch was developed.

nalnly by Henry et al; (19651, A recent caLculatlon by Hübner
(L96gl for ühe F-centre ln KBr lnd.lcates thaü ühree vlbraülonal
mod.es are necessary to flt ühe experlmental data. such

calcuLatlons wllL probably be extend-ed to lnclude the TL+ centre
but the problen of approprlate wavefunctlons stlll remalns.

in the case of T1+ lons in NaIr ühree enlsslon band.s are
observed that are attrlbuted. to the ühalLlun centre" These

occur at ll30 nn, 330 nn and 280 nm (valdanlch, tg66) and can

be explalned quallüatlvely on the SET nod.el as the transltlons
3rg*LSo (or charge transfer)n 3p1*1so and, 3pz--tSg respectlvelyu
At tenperatures,between zooK and 30ooK only t]ne ,+3o nm emlsslon

Is observed. whl1e aLL three are seen aü 1 zol*. The crystals
used. ln our lnvestlgatlons ïrere heavlly d.oped. wlth thalllun

' so thaü ad.d.ltlonal absorptlon and. enleslon band.s were observed

and attrlbuted üo palrs of thaLLlun lons lmovrn as d.lner centreg.
These prod.uce absorptlon band.e on the lower energy slde of the
nornal absorpüion bands and. a slngle emLeslon band. Ls observed.

al 325 nn (van sclver, t96o)" Recenü work of Herb eü aI. (196g)

lnd.lcates that the dlner centres arè orlenüed. arong the (100)
d.lrectlons" Thls lndlcates that an lodlne !.on slüe 1les between

the two thaLllun Lone but no evLd.enoe Ls presented. as to what,

lf anythlng, ocouplee thl,s slüe.
Sod.lum lod.ld.e crysüals oftert contaln other lnpurlülee

i i:-.i



L4

that contrlbute üo the absorptlon and. emlsslon spectra. van

sclver (L960) observed. an emlsslon band. aü i?5 nn that he

attr1buted.toexceg81.od'1ne.Rècentobservat1ons(VanSc1ver

and. 'Fontana , tg6}) suggest ühat the centre responelble for thls.
nlght be assoclated. ¡ulth a catlon vacancy but the exact centre
conflguratlon ls stlLL unlrnown. The work of ï,yskovlch and.

ChornlL (t967) showed. ühaü the rad.loLumlneecence epectrum couLd.

lnclude bands at, tv45 nm and. t+?S nn besld.es those alread.y
dêscrlbed." These bands they attnLbute to the lnoluston of
oxygen-contalnlng Lmpurttles rn the crystal. LattLce" No

d.etalLed. stud.y of these bands has been mad.e but they have been

observed. by other workers (Teegarden, Lg66) tn pure eodlun

1od.lde crystaS-s

, rn concluslon 1ü shouLd be polnted out that Nar(Tr) 1s

an exüreneLy efflclent sclntlllator both at room tenperature
and. Ilquld. nltrogen üemperatures whlle pure Natr ls ar¡ efflclent
sclntlLlator at LlquLd nltrogen tenperaüürê¡ Consequently such

crystals are extre¡nely usefuL Ln ühe stud.y of prooesses lnvolvlng
the prod.uctlon'of erectrona and hoLes f.n erysta].. For thls
reason lt ls felt ühese are ld.ea1 crystals for the study of
electrolumlhe s cerrG€ e

1-J ElectroLunlnescgnce

Appllcatlon of an erectrlc flerd to a soLld. prod.uces a

wld.e ran8e of phenonêtlâr The present d.lscusslon wlLL be llnlted,
to soLld-s that are olaseed, as LnsuLators and. eenlcond.uoüors and.

...::.,:.,.:.



to effects related to the productlon of rlsht by the sorld.g

other than prod.uclng lncandescent emlsslon.

The orlglnaL observatlon of a fleld. effect can be

classlfled. as electrophotolunlnescence. Gud.den and. pohr (Lgzo')

observed. an enhancement of the phosphorescence oî zng upon

appl'lcatlon of an eleoürlc fleLd" Thls effecü was shown to be :,.-.,
; j,.¡:.¡-.,:;,;

d-ue 'to the llberaülon of elecürone from traps elüher by lowerlng ,ìr:''.i"'

the barrler or by tunnel-1Ln9, A theoretlcaL etud.y of thls
effect has been glven by Haerlng (L959r. euenchlng effects
Llue to an electrlc fleld. Ìrere observed by Déchêne (tgj5, !93,B)":,.tn,il

The quenchlng mechanlsn ls not as ¡relI und.ersüood. as the

Gud.den-PohL effect but recent work ln the al-kaLl halldes by

; ' .Denks and. Lelna¡¡ (L968) tras suggested. a posslble expLanatlon,
, Thls w111 be d.lscussed. ln a Later sectlon"

The lnltlal observatlon of electroLumlneseence ln soLlds 
.

1s attrlbuted to Lossew (tgZ3) fn slllcon carblde and Desürlau

(Lg36, L93?) fn zLno sulphlde. Slnce that tlne consld.erable

tlne and effort has gone lnüo perfectlng electrolumlnescent
^ systems. There exLsts a 3.arge emount of materlaL on the

subJecü and the read.er ls referred. üo revlews by Plper and.

ïIll-Itams (1958), Henlsch (Lg62.1, Ivey (tg6l) and. Thornton (Lg6?)
'.::r: :,

for a complete survey of ühe work on eleoürolunlnescent materlaLs. ìniut'l;

fn the presenü d.lscusslon !úe wlLl, consld.er the posslble :

nechanlsns that oan prod.uce llght by appllcatlon of .an elecürlo 
l

fle]d." thls process oan be dlvlded Lnüo three separate sùeps. 
l
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Flrst ühe crystal nust be exolted. by the applled flelcl to an

energy state at least eeveral eLeotron volts above lts ground.

state. Next thle energy nay have to be transported to a reglon
where de-excltatlon can occur. FlnatLy rad.latlve de-excltatlon
muet occrrr¡ The baslo enlsslon procegses ln alkall halld.ee ,

have been d.lecussed. ln the proceed.Lng eectlon and. so no further
comms¡¡ w111 be nad.e about the latter etep.

The lnltlal prooess of excltlng the arystaL can take
plaoe ln several ways. Three baelc processes w111 be cons1d.ered."
(a) Mlnorlty carrler lnJeotlon. An ordlnary cond.uctlon state
of a crystal, a free erectron Ln the cond.uctlon band. or a free
hole ln the valence band, lB an exclted. state of the crystal
and the energy qequlred to prod.uoe thls süeüe ls supprled by the
electrlo fleld. suoh a state ls produced, by the LnJectlon of
nlnorlty carrlers lnto a semloonduotor

(b) Flel-d. Lonlzatlon of rnpurltles or the valence band.. The

removal of an el-eotron from the ground. staüe of an lnpurlty cenüre
or fron the valence band. prod.uoes sn exclted. etaüe of the
orystaL. rn thls prooess the actlon of the fleLd lncreases
the probablllty thaü electron tunnerllng wllr occur fron the
lnpurlty centre or ühe valenoe band. Lnto ühe cond.uctlon band."

f") rnpact lonlzatlon. rn ühle process electrons that are
a1read.y ln the cond.ucüIon band. are eocelerated. by the appLled
fleld. to an energy ühat ls hlgh enough to exclte or lonlze
lnpurtty cenüree end. the Iaütlce by lnelastLo ooLllelons. These

j:,i

il:l,r.iij:-l
.t:.::t.:r..

:.
r:._ :.: ::
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lnelastlc colllslons provld.e the erclted.'güaüee fron whlch

ühe enlsslon Is observed..

Mlnor1ty carrlér lnJectlon ln a semlcond.ucüor may occur

etther near a surface whlch ls ln oonüact ¡vlth an electrod.e or

at a p-n Junctlon. Theee types of Junctlons have been d.lscuesed.

extensLvely by Shockley (!950 ) and Henlsch (t95?1, The Ltsht
that ls enltted d.ue to thls neohanlsn ls obeerved. for d.lrecü

current flow, perslstLng as Long as current fl-ôws, and the

lntenslty of the enltüed llght Le proportlonal Èo the current.
ït ls lnportant to note that thls pfocess ooours when the

Juncülon 1s forward blased. The current-voJ.tage neLatlon for
a slnple p-n Juncttron was shown by Shockley (1950) to be

J = Js ["xP(evrlkt) - 1] (1.8)

where J ls the current flowl-ng, Js the reverse sæturatlon

currenü and. v Ls the vo3.tage applf.ed across the Junctlon. The

observed. Junctlon electrolunlneseence lntenslty obeys a slmllar
relatlonshlp. The characterlstlc eintsslon depend.s upon the

semlcond.uctor used. and. nay be lntrLnslc or d.epend.ent upon

lmpurlülee (extrlnslc)" The statlsülcs of ühe recomblnatlon

process ?rere coneldered by HalL (fg52) and Shockley ar¡d nead

(Lg52), norû larown as Shookley-Read.-HaLl statletlcs. Gershenzon

(L966) tras recent3.y revlewed. ühe naterlals exhlblttng el.ectro-

l-umlnescence aü p-¡ Juncülons. The lnJeotlon màchanlsm hae

recentLy acqulred. lmportanee Blnoe oarrler lnJeotLoq at a p-n

Junctlon can lead. to.the populatlon lnverelon requtred, for

I

.::;r:;:::r.
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laser actlon. fnltlal observatlons offlaser enlselon were mad.e

ln GaAs by Ha1-L et aI, (t962), Nathan et al, (1962) and eulst
et al , (tg6Zr.

Fle1d lonlzatlon of lnpurlttes and. the valence band. was

flrst coneld.ered. by Zener (L931+) fn conneoülon wlüh d.Ielectrlc
breakd.own. McAfee et aL'- (tg1t ) and Franz (Lg jz) noötf led.

zener's calouLatlon and. showed. that the probablllty thaü an

electron w111 tunnel fron the valence band. to the oond.uotton

band. ln unlü ülne le glven by

Pb = ss E "*p[ - '.Z(zmxtl- 4gi'l- T- L -'- --J
(1.9)

where a ls ühe unlt oelL d,lnenslon, n* the effectlve mass of

.the eLectronr 4eb the band. gap and. E the LooaL eLectrtc fleLd.

lntenslty" A sinllar rel-atlonshlp wae ûerlved, for the

probablLlty of fleLd lonlzlng an lnpurlty by uslng the fornula
of oppenhelner (t928) for fleLd ,lonlzaüton of atonlc hyd.rogen.

Plper and llll1lams (Lg55) showed that ühe probablllty ls
p1 = L? r 1012 (f)* (Ë)* ëxef ? x tot 

#: 
å *fJ(1.10)

where K ls the dleLeotrlc constanü, Ael ls the energy ln eV

rêqurrêd üo Lonrzê ühê tnÞuflty ánd E Is the flerd süreúgth

expressed. In v/on. The exponentlal factor ln equatlon (1.9)

te slnlLar to ühat ln equatlon (1.10) but the nunerlcal factor
le 4 x 10?. A slnllar expresslon to equatton (1.10) r¡as

obtalned. by Franz (L952) and Franz and Teword.ü (L956) assuntng

a square-well potentlal nodel for the lnpurlüy" plper and.



L9

Wll1lams (L959) showed that ln ZnS for these two procesges to
be effectlve, fle1ds th excess of thoee whlch prod.uce dlelectrlc
breakd.olJn Ìrere requlred. They used the breakd.own strength of 

1,,,,',:j:.,

alkaLl halldes ln lleu of ühat for ZnS and so the Bame concLuelon 
;::: ':

ls reached for the a1kall halldes as for ZnS, partlcularly
slnce the band. gap ln aIka1l halld.es Is larger than that ln ,,,.,,,

j""'¡":"
ZnS¡ (mote that Von HlppeL (L93?) measured the breakdor^rn f1eld :'.'-rì'

of NaI to be ?,L x 105 volts/c¡r at room temperatüT€r ) ffre 1.,:,i.,,,..

above mechanlem ls expected. to be effectlve on1-y for lmpurltles 1rr'.'"

whlch have a state that ls olose üo the cond.uctlon band. Fleld 
i

lonlzatlon of the exclted. state of F-centres ln alkall hall¿es ;

r

has been reported by Lüty (L958 ) and splnolo and Fowler (L965), 
I
I

' The exclted state of the F-centre normally 1les 0.1 to 0,2 eV 
i

below the cond.uctlon band.. i

I

Thereex1stltwoothermechan1smsthatcanbec1assed.asbe1ng:.

d.ue to fleld lon1 zatLon one ls a suggestlon of plper and :

Wllllans (Lg55) that a sufflclently lntense electrlc ftetd j¡triì,,,,
' i:' ': -'

may perturb the lmpurlty states suff lelently to make lt probable itl,,l-...

for ,the system to go lnto the exclted state. In a rough 
':i:::::::

cal-culaülon they showed. thal fleld. strengths of the order of
ed,hence breakdoicn and. other mechanlsms : i:,:,,::.;:: ': .:

would- occur before'thlsij Fran| (Lg56) consld.ered the posstblllty lis
'.

of eleetron tunnelllng from a netal electrode tnto a crystal.
He calculated. that su'ch a mechanlsm gave a current denslty of i .

,J = K1 T' "*nf- K2n*È d'r] (1.11)
aeLEJil.,,r;1,;,i,

¡ '"i ;'1.r t''' '
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where K1 and. K2 are constantsr Ae ls the helght of the potentlaL

barrler between the netal and the crystal and E ls the applled

fleld. Eo1es.can a1só be lntrod.uced. lnto the crystaL by thls
nechantsm (Flscher I 1966), Thls nechanlsm was proposed as a

aource of elecürona by Plper and Hllllà¡ns (t955) and experlments

on the'electrolumlnescence propertles oî ZnS by Tyagl and.

Garllck (L966) favour thls explanatlon.

The lmpact lonlzatlon process 1s conpllcated by the lact
that four separate steps are lnvolved¡- (f) ELectrons must be

ln the conductlon band 1n order that they can be accelerated.,

(Ître noblllty of holes ln the valence band ls usually consldered

to be too low to allow holes to be acceLerated. ) ( ft ) These

electrons are then acceLerated by the fleLd. ( tff ) fnelastlc
colllslons cauae excltatlon or lontzatlon of centres or the

lattlce. (lv) Reconblnatlon produces emlsslon" The 1lght

Inüenslty observed due to thls process can be'descrlbed by the

equatlon (Curle, Lg6O)

B(E) = n(E).f (E).p.rl (t.L2)

where B(E) ls the observed 1leht lntenslty, E ls the fleld
strength, n(E) fs the nunber of accelerated electrons, f(E) 1s

the fractlon of electrons wlth sufflclent energy to exclte a

centre, p ls the probabLllty that the energy Lost d.urlng an

lnelastlc co1I1slon ls transnltüed. to an emlsslon centre and rl

ls the Lunlnescence efflclency of the exclted centre. From such

a relatlonshlp the depend.ence of the enlsslon lntenslty on the

i ,.''

I ::ìi:ì
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appLl€d' fleLd Iles ln the funotrone n(p) and f (E).
Eleotrons oan be lntrod.uced lnto the cond.uctlon band. by

several nechanl8lll8¡ They.may be thermalLy releaeed from traps t :,,,,ii,i 
':

: .....: .

ühey can be fleLd lonlzed. fron ehallon üraps or they can tunnel
ln from an electrode. The fleld. d.ependence of the Latter t¡co
effecüs I{âs: d'lscussed. ln relatlon to the fleld lonl zatLon ,, .,,i,,.:.i

mechanlsm. The thermaL rerease of eLectrorls from üraps may be 
Ttltlt¡ul

ald.ed by the appltcatlon of an eLectrlc f leld. Such a fle1d ¡ri',1...':f,.¡

prod.uces an effectlve J.owerlng of the potenülal barrler, the
procesa belng knonn as the Schottky effecü and was d.lscusse¿ by
FrenkeI(r93e).Euwemaand'Smo1uchowskL(tg64)nadeca1cu1at1one

for the Schottky effeoü and. fleld. lonlzatlon by tunnelllng for
:the exclted. etate of the F-centre ln aIkaLl haLld.es" These 
I

caLculatlons tnd.lcaüed. that these effects are observable for :

trap d'epths less than 0.5 eV wlth fleLds below the breakd.own i

fle1d strength. flaertng (L959) consld.ered. fleld. lonlzatlon and

found. a uaxlnun trap d.epth of 0,4 eV. l.:.'..-:

Once there ls a supply of electrons ln the cond.uction ti¡.,:..;11,.
iì:: 

j::: 11:i: :' ;

band' these can then be accelerated. by the fleld.. Thls mechanlsm

operates when the d.evlce ls, rsv6¡se blased, ln the gense of a
'normal semlcond'uctor Junctlon. A few carrrers are accelerated. 

r-,,,.,,:,:,¡;,,¡,;,

ln thls reverse blàsed. i"sron and. multlpLlcatlon occurs ¿ue to 
:;r'"'i;'r':':''::':

. : 
vvvqÀ e sse vv

lnpact lonlzatton whlch Is close to a breakd.o¡rn meohanlsm.

Dur1ngth1sproce8s.therearethreeprocessesthatcau8ethe
electrone to 10se energy. rnlülally there are Lattlce and
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lmpurlty scatüerlng effects that can be thought of as the
creatlon of phonons and. flnally there ls the loss d.ue to
lonlzatlon of an lmpurlty or the lattlce by an lnelastlc

. colllslon. consequently ln order for thle process to operaüe,
the rate at whlch the electrons gat1 energy fron the fleld must

: of phonons. Theoretlcally the electron dletrlbutlon ln energy

: must be deternlned. together wlüh the probablllty of lonlzaülon.
The varlous theorles of thls process have been gum¡narlzed. by
Baraff (L9621, BaslcåI1y two theorles are lnclud.ed. ln that of

' Baraff (Lg62), At low fleld.s a theory d.ue to shockley (rg&)
'' Eeems appllcable and thls predlcts the probablllty of cauelng

an lonlzlng coLllslon üo be

Plc = const 
""n fffi] (r.r3)

i' where Âe ls ühe energy requlred for lonlzatlon, E ls the :

'' applled fleld and. i 1s the mean free path of the eLecürons. i.,,,,.,,,,,,,.,,,,
l:.1'i' ;'ìril'i'ì'i :.

The lntenslty of Llght enltted ls proportlonal to thls expresslon. i,'t.,,t1t,.,¡'

Baraff (t962) shows that thls expresslon ls valld. lf
eEî ( t,o (1.14)

ir

where ft,o ls ühe phonon energy created ¡rhlch ls nornarLy taken 
,

to be that of the longltud.lnal optlcal phonon energy. At, hrgh t
fleLds thls expresslon ls not va1ld and a theory d,eveloped. by ., 

'

wolff (t951+) rs foLlo¡ved.. Thls pred.rcte ühe probablllty of
lonlzatlon to be :

P1" = const expl- A_lt uzJ
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where l( rs a constant and lJ the applled. fleld. AB polnted out
by Thornton (Lg6? ) both theorles, whlch are due to d.lfferent
electron dlstrlbutlons r are encompassed. by the actual electron
dlstrlbutlon.

The varlous mechanlsms must now be consld.ered wlth ühe

posslblllty of explalnlng the electrolumlnescence process ln
aIkaII halld.es. Slnce the alkall halldes cannot be classed- as.

semlcond.uctors and due to the small concentratlon of free
carrlers (Georgloblanl and Golubeva, Lg6Z) ft ls posslbLe to
ellmlnate the mlnorlty carrrer lnJectlon mechanlsm. Dlrect
fleId. lonlzatlon of the latülce and. lmpurlty centres requlres
flelds greater than those requlred. for breakd.own and. can aLso

be ellmlnated. Thls Leaves eLectron and hole tunnelltng from
electrod.es and lmpact lonlzatlon as posslble mechanlsms.

For these mechanlsms the d.ependence of. the 1lght lntenslty
on the applled- fle1d can be wrltüen as

(r.r6)

r¡here K1 anö, K2 are constants, n ls an lndex between 0 and. z

and m ls an lndex whlch ls equal to L or Z, rn such a relatlon
the exponentlal term domlna'tes and- lt ls usual to take n to be

zero. However the most;,succ€ssful- equatlon d.escrlblng the'i;
relatlonshlp between ttr:e llehü lntenslty and ühe applled. voltage
Vle

B(E) = K1 En exp [- nr1
L '*J

\',::.::

t -: .:.

iii

t-*lB(V) = Kl Vl1 exp
(t ,r7 )
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whlch was flrst proposed. by Alfrey and. Taylor (Lg55) and LE

rcllL be referred to as the Alfrey-Taylor relatlon. Often the

relatlonehlp due to Déstrlau (191+0 , L9,+?)

(1.18 )

canbeused'overa11n1üed'vo1tagerahge.Theresu1tsof
Antonov-Rornanovsky (tg5g) for ZnS powders lnd.lcated that

equatlon (L,L?) fs valld at low voltagee and. equatlon (f .18¡

applles at hlgh voLtagee ln hf.s experlmente

To expl,aln the apparent dleorepancy between the observed.

d.epend.ence of lntenslty on volüage, equatlon (1"17)r and. the

theoretlcaL reLatlonshlpe Lnvolvlng ühe applled flel,d, equatlon

. (t.16), 1t le usuaL to postul-ate that some forn of locellzeð

fleld enhancement occurg. Thf.s means that most of the voltage

d.rops acroso a snall reglon of the cfyetaL rhlLe the renalnd.er .

of the crystal experlencea a red,uced fleld" The normal

assunptlon ls thaü a hlgh fle]d reglon exlsts at the eurface

and. ls hrovrn as a Schottky or lrlotu-Sohotüky barrler. Eenlsch

(tg5?) dûecussee the varloue propertles of Mott-Schoütky barrlers.

In such a barrler reglon both the fleld a¡d. the thLcl¡ness are

proportlonaL to the square root of the applled. volüage whlch

nakes equatlon (t.t6) conpaüf.bLe wlth equatlons (1"1?) and-

(1.18), If equatlon (L"t7 ) f s obeyed for arr electroLunLneecent

systen lt ls stlil. dlfflcuLt t'o declde whlch ls the controlllng

mechanlsn glvlng suoh e relaüLon. Ueually !.t ts taken to

lnp1y en lnpact !.onlzaülon neshanLsm tn¡ü Tyag1 a¡rd Garllck (196ó)

B(v) - K1 vn expt- 
+]

.ii ', :i:..t:: .ì
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showed. 'ühat thls reLatlon could epply to the nunber of electrone .

tunneLllng ln fron an electrod.e, equatlon (1.11 ), through a
Motü-Schottky barrler.reglon. 

.,,,¡.1,,,...1,

.Anotherposs1b1eexp1.anat1onfortheobservat1onofthe
i

Alfrey-Taylor relaülon was glven by Lehnann (1960). He showed. :

thatasuperpos1t1onofnanyfunct1onshav1ngthefornof
equaülon (1.18)r but wlth d.lfferent vaLuee of the constants ',-i',.'rt''t,

lnvoIved, would. produce the Alfrey-Taylor relaülon, equatlon i .¡,*.¡i.,!,

(t.17). The work of Flscher (1962) showed that the emtsslon

ln zns powd.ers came from Looalt.zed regi.ons and the lntenslty ;

from 1nd.lv1duaL reglone folLowed. equatlon (1.t8) whlle for the

whole systen the Alfrey-TayJ.or reletlon Ìùaa observed.. l

: Flna]-ly, ln ùhle sectlon, consld.eratlon must be glven to
j

the materlals used ln stud.les of eiectrolumlnescence. Thornton 
,

(t96?) ttsts naterlals !.n whlch elecüroLumlnegcence has been lt' ,

'i..:"
observed" Attentlon hae been focussed. Ln tno ereaa, nanely

electrolumlnescerr"" aù üo p-n Junctlone (Gershen zon, Lg66) ' 
l,i;.ì.,,i,,.,:
i ¡ _i::r:

and electrolumlneacence ln II-vf compound.s (Fteher , Lg66'), The , ,. ,, ,

].attersüud.yhasa1sobeend1v1d'ed1ntothesüud'yofpowd'ers

suspended. ln d.letectrlce and eLng1e crystals. Accordlng to
Thornton (tg6?) electroiunlnescence was observed. In NaCl by

Torbln (1960 ) . The theoretlcal consld.eratLons of Georgoblanl '"'i "'t 
r:

(t962) lnalcate that the nost llkeJ.y aLkalL halldes ln whi.ch

electrolumlnescence should. be observed yrere those rrlth ihe

largesü amounü of covaLent bond.lng. A cOnslderatlon of the
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tabulatLon of the bondlng ln arkall haltdes by paullng (Lg6o)

shows that the a1kall lod.ldes possess the largest fractlons of
covalent bond.lng. thls pred.rctlon wae conflrmed by the
observatlon of elecürolumlnef¡cence ln thln flLns of csr(TL) by

Georgoblanl and Golubev.a (Lg6Z) and. ln elng].e crystals of pure

KI by Unger and. Teegarden (tg6?'l , Onaka et, al . (tg6?) have

observed, enlsslon fron Nacl(as) at 400oK that they attrtbute
to electrolumlnescent procese¡ea. The alkall halld.es are also
lnterestlng naterlals slnce a movlng eJ.ectron nust be consld.ered.

as a polaron. ELectroLumlnescence may provlde a means of
testlng the varlous polaron theorles (Kuper and. lJhltefleld,
(L963\. Thus ln ord.er to further study electrolumlnescence

ln the aIkall halld.es the present experlnente were perforned.

on slngIe crystale of pure sod.lum lod.lde and. thaLllun doped.

sod.lum lod.ld.e.

1-4 ThermoLumlnescencg anÊ fsothermaL Decays

In the mechanlsms responslble for electrolunlnescence

the rerease.'r'of electrons and hoLee from varlous traps can be

lmporüanü. Coneequenüly a knowled.ge of the exlstence and d.epth
ìof these traps ls often rtêc€Be&rfo These measurements can be

mad.e by two nethoq". One method. ls to observe ühe enlsslon
that resurts when " "r"år"t le warmed up from a Low üemperature

where the crysta3- was exclted. so that al.l traps vrerê popu1.ated..

Thls ls lcaown as thermoLumlnescenco and the peaks that are

observed at varlous tenperatures are known as "glow peaks".

l: . ::. :r ..,ì

t" -- =..-
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Another nethod ls üo observe the d.eoey constanü of the
phosphorescence, whloh 1s prod.uced at a constanü tenperature
aftertheexc1taü1on}1asbeenremoved..Thevar1at1onofth1s

'd.ecay constant wlüh tenperaÈure alLows one to calcurate the
trap depths. These two prooesses are lntlnateLy llnked. and.

wlLI be d,lscussed. üogether.

Both ühernolunlnescenoe a¡rd. d.ecay curves.d.epend. on the
klnetlcs lnvolved ln transferrtng the charge fron ühe trap to
the recomblnatlon centre that prod.uoeÊ the emlsslon. ff there
ls no retrapplng once the charge hae Left the ürap and. lt goes

d.lrect1y to the recomblnatlon centre then flreü-ord.er klnetlce
deternlne the shapes of the glow curve and. the d.ecay cürvê¡

:Thls ls loro¡vn as the nononoLecular nechanlsm. For the case

that lnvolves retrapplng then the slüuatlon le more compllcated.
and. the klnetlcs are usuaLly referred to as second.-order or
blno1ecu1ar.

. Consld.er en electron 1n a trap where a thernaL actlvaülon
energy Ae 1s requlred. üo Llberate the eleotron. Ae ls lmown

as the trap d.epth and, the probablllty of Llberatlng the trapped
electron ln untt ülne ie

Iti t:i:::

.i :- .:

(r.r9 )

where a ls e frequency factor. The nean Llfeülne f oî the
eLectron 1n thls trap ls Jusü the reolprocar of po Now 1f
erery eLeotron that f.s released. fron thls trap goeg to a

recomblnaül0n centre then the nunber of eLeotrons d.ecreaseg

' p = s exp [-¿. I.LMJ



accord.lng to the equatlon 
:

Êg=-Pdt
n

whlch ls a flrst-order rate equatlon where n ls
eLectrons ln the trap. Thls has the sol-utlon

n = no exp [- tt]

28

(L.20)

the number of

(t.2L)

and t ts

to the

traps so

(L,221

of the

(1.23)

where ng ls the lnltlal nunber of electrons trapped.

the ttme, Now the l-umlnescer¡ce lntenslty ls equaS-

negatlve of ùhe rate of loss of eleotrons from the

that

T

Thls Is nornally

frap as

and the number

fls

= - d11 = Pn = nOP exp (-Pt)
d.t

wrltten l-ncl-ud tng the mean llf etlme

where Ig ls the lnltla1 lntenslty. Thls ls the d-ecay observed.

at a constant temperature for the nomomolecular mechanlsm. If
the temperature ls varled. at, a rate F = Ur/U, then equatlon

(L,20 ) can be rer,crltten as

, = 
T ".e[- +] 

= ,, "",[ +]

l-Æ
n(T) = no "*nl-[ e exp(-u)

l"o P
L

@=-PdrNF
of electrons remalnlng ln a trap

(L "24')
ç'

a temperatureat

dT (L,25)
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where Tg ls the tenperature at whlch the crystal was orlglnalJ.y
, exctted. and. u = Ae/]kT, The emlsslon lntenslty at a temperature

r T ls then glven by f '1: r(r) = n(r)P = n6s exp(-u) ".r [-{ri 
rä,-:' .tJ , L,z6) 'r'""''t'"'

Thls equatlon was flrst d.eveloped by Rand.aLl- and. tJllklns
( Lg45) , For' a llnear heatlng rate there ls no expllclt ii;,:,,.,,,,,:.,

:-;: -''.':'-';:,i;r:
I i:.r--:'.': ::.

so1ut1onfortheshapeofüheg1owcurveand'var1ousapprox1nate
i solutlons have been app1led. The maJor problen 1s the

evaluatlon of the frequency factor s slnce hrowlng s the

acülvatlon energy can be deternlned. fron the tenperature T* at
:

trhlch maxlmum emlsslon ocours. Thls temperature can be d.educed.

by requlrlng the lntenslty, as d.eflned, Ln equatl.on (L,26), to
i be a maxlnürnc Thus

and. a lnrowled.ge of s al-Lows Ae to be caLcuLated.. .4, summary of 
r

the varlous approxlnatlons has been glven by Nlcholas and. Wood.s ['¡.;r,..,',.,,,,

(t964), A recent analysls by Ke1ly and. Laublüz (L96? ) uttllsed. ¡';,.;,',,',,,:t,

thefactthaüexp1.1c1tso1ut1onscou1d'beobta1ned.1fthg

heatlng rate ls proportlonal to the square of the absolute ô '

tenperatür€¡Nuner1ca1ca1ou1at1onsofequaü1on(t,z6)have
;': ¡.;'':¡:: ;

been mad.e by Flenlng (1968) uslng a conputer and. presented. ln i::+i"'Ì'i''ri1.
i

tabular forn uelng the notatlon of Kelly and Isubltz (t96?'),

r*2 exp [- Au I = O"-É
L kTr* J ks'
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. \A slmlIar analysls ca¡¡ be perforned for the case of
eeoond order klneülcs. Here equatl0n (t.20) becones

@''-Pndt
n

slnce ühe probablltty of reconblnaü1on

number of avalLebLe centres. ThIs hae

tl sÉ no-
Ti-.ä'oPTt

and. the d.ecay Inüenelty Is

(t,29¡

( L,281'

le proportlonal to ühe

a eoluülon

(1.30)

(r.31)

f=-Êg=Pn2= Pnn2dE 1i- noElz
whtch ls ueuaLly rrlüüen aa

TÍ-railz
iwhere ro = Ptro2, and e - prng. However, es shor¡n by curle (.1g60),

thls analysls ts only correct f.f, the probabllltles of reachlng.
a centre or an enpüy trap are equal" Otherwlse the Lnd.ëx ln
the d.enonlnaüor of equatlon (1.g1 ) can be d.lfferent from 2.

GLor,r ourves can agaln bg analyeed wlth blnoLecular
klnetloe assumlng equal capüure croas-sêctl.one for centres and.

traps ae lnlttally assumecl by Garllck and, Glbson (r9l+g)" The

equatlon for the lntenslüy as a funcülon of üenperature becones

'r(T) = (!,32)

where n¡

1nlt1aIIy
le the totaL nunber of
fllLedn The analysls

fraps and, ng

of, Kelly and

ls the nunber

Iaublüz (Lg6?)
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Bhows thaü the gJ.ow ourve ln the blnolecular case 1s symmetrlcal
whereas the monomolecular case glvee unsymmetrlcäL curves.
ALso the expresslon for the ùenperature of tfre peak maxlmum 1s

much more conpJ.lcaüed.. Kenrney et aL . (tg6?) perforned. an

1nterest1ngana1ys1eofg1owcurveg1nwh1chtheyperf.ormed'a

computer slmulatlon of glow curve shapes. Thls allowed then :

to remove the restrloülon of on].y conelderLng equal trapplng
probablllüles. By arterlng the number of cenüres and. ühe

numberoftrapstheycou].d.generatewho].efan1].1esof81ow

curveg wlth ühe eame aottvatlon ene?gy Ae and. frequency factor
8r Thelr nethod aeems parülcularly useful for vrell resolve¿
glow curvea once en lnltlal esülnate of the perameters has been

mad.e by another,method.. rn anoüher paper (Townsend et al.o
, L967 ),'ttre same auühors compare varlous nethod.s on thelr d.ata

on thernolumlneecence ln ElF. they use an analysls d.ue to
Hg¡rgenstraaüen (Lg58) whlch requlres the d,eüernlnatlon of the
peak tenperatures T* for varLous heatlng rates f3. Theee are

related. by

Ln(T"z/pl = Ae/xÎ* + constanr (L.33)
and. Áe ean be d.etermlned. Another nethod. le to oonstd.er the

Lead.1ng ed.8e of the glow curve where the rate of loss of
electrone fron traps le slo¡u" Then the lntegral.e 1n equatlons
(t,26) and (L"32') are approrlnateLy zero and. ühe Lntenslty 1s

glven by

I(T) H nos e¡p(-u)

' .l.:;.....
:itj'::;.-

:. ':
' .. :1. .. .r

¡ I :.:.:' ..:'.

.:-ìi

(1.34)



'Thusr 8s has been Bhown, ühe d.etermlnatlon of the parameters

relaülng üo traps ln phosphors oan be complex. The measurenent.

of f.so-thermal d.ecay curves ls satlsfactory lf nonomol-ecular ::

'recomblnatlon ocours and lf ühe varlous tlme constants, 1o€.

acülvatlon energles, d.o not oveËlap too much. Decays.are

usuall-y analysed. ln üerns of monomoLecular d.ecays on1-y. Glow

curvea can glve alL ühe paranetetg r prov!.d.ed the curves d.o noü .

overlap too nuch. rn our present experlnenüs a rough knowledge

of any traps that n1gÏü reLate üo the ELeptrolunlnescent r'

process le requlred.e
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CHAPTER II

EXPENTMENTAL APPABATUS

The baslc apparatue ueed. Ln the present experlments

r'ras eseentlally slnlIar to that d.eecrlbed. by Palser (tg6g),

wlth the add.itlon of a new orysüaL hoLd.er and hlgh voltage

lead.s necessary üo apply A.C. or D.C. flelde to the oryetaLs.

Thle oonslsüed of a Lf.qu1d nltrogen cryostat constructed. such

that acoess i;o ühe cryostat col,d. flnger was ührough a d.ry box

slnce sod.lun lodlde crystals are hygroecoplc" The crystals
r'rere cleaved. Ln the dry box and mounted. tnto a crystaL hold.er

whlch wae bolted. lnto the coLd, flnger of ühe cryostato OptlcaL

:accesa was provtd.ed. by quartz wlnd.o¡ys on the renaLnlng three

sld.es of the crirostat.

A schematlc represenüat!.on of the apparatue Lnc].ud.1ng

the assoclaüed. eLectronlcs, lsshown ln Flg" 2-!. A hteh

voltage electrlc fleld. was appLled acrosa ühe crystal whlch

vras mounted ln the llquld nltrogen cryostat (not ehorrn).

The ground. eLecürlcal conüact provlded. a thernal- contact between

the cr¡rstal and. the er¡rostat. A thernocoupLe mounted on thts
ground. eLectrod.e ïras used. to measure the crystal. tenperatürê ¡

The hleh voltage fleld. wae supplled. elüher by a D.C. hlgh

voltage po?rer supply vla a reverslng swltch (not ehorrn) or fron

a varlab1e frequency eud.lo osclLLaüoro The ouüpuü fron thls
osollLator was currenù anpllfled by a push-pull translstor
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ampl1fl'er and then voltage anpIlf1ed by a step-up üransformer.

Thls ls shor'rn ln Flg, 2-t as the hlgh voltage ampllf ler.
Nornally thls system was operaüed. on a slnusoldal waveform and.

a measurement of the hlsh voltage waveform lndlcated. approxlmately

Jfi harnonLc content. The osclllator would also generate a

squarewavebuütheh1ehvo1tagewavefornwa8d'1etorted

consld.erably. A typlcal al-ternatlng voltage requlred to observe

eLectrolumlneecence was several kllovolts applled acrose

crystals 0.1 to O.2 cn ühlck. FleLds of thls ord.er coul-d. be

supplle¿ 1n the frequency range 50 üo 2000 Hz by ühls equlpnent.

The measurement of üh1s alternatlng volüage proved. to

be qulte a problem" Slnce the ernltted Lntenslüy ls so strongly

. depend.ent upon the appl-lect f leld lt ls necessary to controL

' the fleLd to wlthln *O.!fi, Another problen was provld.lng a

voltage measurement that was lndepend.ent of the frequency. Botir

these problems lrrere eol-ved. by const.ructlon of a dlod.e-c1anp

clrcult together wilth e recülfler clrcult, thls Save a d.lrect

voltage that was equal. to the peak to peak voltage" Also thls

clrcult,proved. to be lndependent of the frequency over the range

of frequencleg used; The use of a dlgtüal voltneter to tnê&8ürê

th1svo1ta8eprov1d'edtherequ1red'prec1s1on.

The 1lght enltted fron the crystaLs was observed through

' a Bausch and. Lonb 500 nn nonochromator and. detected by an

EMI 6256 phoüonul.tlpLler tube. The photourulülpller tube was

,ro"r"ffy operated wlth Lte oathod.e at -2000 V, whlch was supplled,

1.t+:jir,i:fi-ìÞC
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by a l(elühIey Model 242 lnldn voltage supply. The photomulülpller

was operated as a photon counter and. the output pulses vrere

ampllfled by a llnear ampIlfler (Stumup Model 101 ). A slngle
channel anaryser (scA) (sturrup Model 5or) was then used. to

selecü only the pulses due to a slngle photoeleotron emltted.

from the photocathode. Thls effectlvely removed. background.

events due to thermal emlsslon from the d.ynod.es and. hlgh energy

cosmlc ray events ln the photocathode. The pulses from the SCA

were then counted In a mulülchannel analyser (mca) (vrctoreen

ModeL ST400M) operatlng ln the multlchannel scallng mod.e. The

d.ata collected. ln ùh1s way were nornally punched. onto paper

tape (falty Mod.el 420) for later computer processlng. An

lnterface unlt was constructed of DEC mod.ules (Dfgttal Equlpnent

of Canad.a Ltd.. ) whlch performed. a paral1e1 to serlal converslon

beüween the MCA and. the punch unlt. Add.ltlonal outputs were

provld.ed. by a Hewletü Packard. parallel prlnter (Uoael 562A,)'

or an analogue output Enat d.rove a strlp charü """o"4"" 
( Leed.s

and. Northrop Speed.ornax G ) .

fn order üo measure the emlsslon spectra of the crystals

the monochromator. was scánned" o.r"" the wávetenátn range of

lnterest by a synchronous motor. The control- systen Ì{as provld.ed

by a systern of m1"to"*1t"hes, two of ¡¡hlch were llmlt swltches

for the scannlng tnoüor each one causlng the motor to reverse

lts dlrectlon. Two other mlcroswltches T{ere set to mark the

wavelength range requlred. and these conüroIIed. a loglc system¡
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agaln bullt from DEC modures. A start elgnal waa manually
glven to the MCA aü thä start of a acan and at the start of the
requlred. wavelength range the mlcroswltch started a clock ln
the loglc system. The pulses from thls olock ïrere used. to
channel ad.vance the MCA and thelr frequency was .chosen to
provld'e elther 100 or 2OO channels over the reglon of lnterest
before the flnal mlcroswltch put the systen lnto the readout
mod.e. rn thls systen the effecülve band pass of the spectrum

Is d.etermlned by the monochromator s1lts and the wavelength

range covered ln a slng1e channel 1.ê. the tlme between clock
pulses mulülpIIed by the scannlng speed. The data fron the

MCA were corrected. for the response functlon of the monochromator-

photomultlpller system as d.escrlbed by palser (tg6g), (fne

author ls lndebted. to Dr. R. Palser for supplylng the correctlon
d.ata dnd. progransJ The d.ata were nornally presented. on a llnear
wavelength scale after correctlon but provlslon was made to
present the data on a 11near energy scale. fn thls latter case,

a conputer program d.eveloped by putnam et al. (Lg65) was used.

to flt the emlsslon peaks wlth eausslans (palser , t96j),
Data were collectèd..ln thè mcl ror oùher experlmental :

conflguratlons. rn the stud.y of lsoühernal decay curves from

varlous crystals t'tre mohochromator was eet at a partlcular
wavelength and the lntenslty of the emlsslon after renoval of
the excltatlon l¡as stud.led by channel advanclng the MCA wlth
pulees d.erlved by scarrñg:,rd.or'rn the 6o H,z malns frequency. The
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same arrangement !{as used. to collect the gLow curve d.ata. An

lnportant experlment was the eüudy of the lntenslty of the

emlsslon fron the cryÉtal as a þunoülon of the phase of the

applled elternatlng voltage. The eLectronlcs lnvolved. rrre ehown

schematlcally ln Flg. 2-!,, In thls ühe alternatlng sÏgnal

from the aud.lo osclllator wae fed. lnto a Schnltt trlgger whlch

provlded. an output pulee as the voltage croeeed a certaln vaIue,

usual.Iy ad.Jusüed. to be close to the zer.o cross. Thls pu1se.

wenttotheetart8aüeofthearra1yserand'starüed'1tsca1.1ng
ln channel 1. A nuLtlvlbrator operatlng at a frequency that

eras a nuLtlpl-e (ueually 30 ) of the applled. voltage frequency

provlded. the cha¡¡nel advance puLses. fhue photons deÈected. by

:tfre photonulülpller rÍere scaled. ln a channel thaü wae related

to phase of the applled vol,tage at the ülne ühe phoüons were

enltted.. A slnlLer method. to ühle has been used. to etud.y

opülcal and rad.lo emlsslons from pul-sars (Taubnan, tg6g'),

Callbratlon of thls sysüen was acconpllshed. by scallng the

nultlvlbrator output and. uslng the Sohnltt output pulse to

channeL ad.vance the MCA. A flne aclJustment on ühe tlnlng
clrcult of the nuLtlvtbrCùor aLlo¡ced. art acèuraüe setttng ôf the

number of channeLe for each voltage c¡rcLe. À flnal callbratlon

waa üo d.lspLay ühe hlgh voltage slgnal a¡¡d the starü pulses

slnuLtaneousLy on a d.oubLe-beam osollLoscope to d,eüernlne the

channele equlval-ent üo ühe volüage zer:o orosges and. the voltage

peake" Thle was parülcu1arly lnportant d,ue to the sllghü



39

dlstortlon ln the applled rcaveforn.

speclal care was taken ln an effort üo try and. reduce

the Llkellhood. of an eLectrlo d.'lscharge wlüh1n the cryostat.
The cryostat was evacuated wlth an olL dlffuelon pump rlth lts
own Ilquld. nlürogen oold. trap. Thls nalntalned. ühe systen at
a pressure of approrlnately 1"O-5 nm of neroury. The hleh voltage
lead. was üaken lnto the cryoetaü ührough a Kovar seal and. lt
was found necessary to use a hleh voltage lnsulated. lead wlthln
a polyethylene üube ln the sectlons where the lead was llke1y
to come close to the netal cryoetaü. If such lnsulatíon ¡raa

not used. appLlcatlon of a hlgh voLtagé alternatlng fleld
resulted. ln corona dlscharge between the lead.s and. the netal

hls,was obser rchel pulses.;cryostat. Thls,waa observed by the d.etectlon of Trl
, wlth an osclLlosoope (Trlchel- , t9391, These puJ-ses result from

: corona d.lscharge ührough lnsulators and. are dlscuseed. by Loeb

(Lg65't , Slnllar precautl.ons were taken ln the constructlon of

the crysüal hold.er ae lndtcated. ln Flg. 2-2,_ The hlgh voltage

Lead. was encased. 1n polyethylene tubLng where lt entered the

brass crystal hoLd.er. Thls lead ¡yas then taken lnto a blook of

teflon. The wlre protruded. fron thls teflon block and. was

soLd.ered. onto a ühln plece of brass 0"5 cm aquareo Thls was

usual-l-y coated wlth lnd.Lun, whlch was Juet pressed. orrr and.

served as the hlgh voltage electrod,e. A cube of brass O,5 cm

ln length connected. pernanenüIy üo ühe orystaL holder served. as

the ground. eleotrod,e. Agaln a thln layer of lndlun ïaa usually
i'i:. :..- :::



¿d.tr

tF-
tn
¿t

fifV# *
itø

ËS*
ÇH*
Ël*
Fff-

F{gurc 8-â ;

*rpæteL trolðçr

6øåd f,lngsr
taf3.æn þ3eûks
hå.gh pÕ3.Èe€,@ eåeøËrod,e
€FysÊe3.
gF0t¡ttd el.eetrø&e
brses eryg&e,L hslûes
hlgh Y€Ïtß#É f.nEulataå wlre
FölFeGh¡r}sne ÈubÍ.ng;



L_-_l t--:-
I PT

IcF<

HV
T

FIVE
t

^
GE

I

I

L



4L

pressed. onto thls electrode. Crystale used ln the lnvestlgatlon
rrere usually 1.0 cm square and. between 0.1 cn and. 0,2 cm thlc'k.
lllüh thls electrod-e cônflguratlon lt wae felt that there rould.

be no posslblIlüy of an eleotrlc d.lecharge around the crystal.
The complete sysüem wae ohecked. to eneure that no Trlchel pulses

could. be detecüed. and. eleotrolìrnlneeoenoe ¡raa obeerved. 1n ühe

absence of euoh pulsesr
ij:l

ir. ì

: i:: ' :;;i"ì; :i.-.-'i..'.1.-_-



CHAPTEB III

EXPEBIMENTAL NESULTS
4

3-L ElecüroL_unlnescence

The cryeüaLs used. ln thle lnvestlgatlon were nornlnally

pure sod.lum lod.ld.e and. sod.lun lodlde conüalnlng 0.1 mole fi
thalllun obtalned from the Harsha¡v Chenloal Company. Crystale

of nomlnally pure sodlum lodlde grown ln thle l-aboratory were

also used.. As desorlbed., the crysüals were placed. between

two plane, paraLlel electrod.es ühaü were normal3.y mad.e of

lnd.lum. Appllcatlon of an alternatlng electrlc fleld. of

approxlnaüely LOI V/cn at a temperature of 100oK prod.uced. ühe

.;entsston of lleht characterletlc of the lntrlnslc crystal-

, Lattlee and. also llght characterlstlc of lnpurltles 1n the

crystals. fn.ühe ¡'ollowlng d.lscuselon ühe results refer ln
general to excltqtlon by an alternatlng fteLd of frequency

:

5OO Hz and. at a üenperaüure of approxfunâtely 1OOoK, excepü for
theresu]tsconcern1ngtheva41at1onoftheseparameters.

Slnce there ls always a practlcal lnteresü ln materlals

exhtbltfng electrolunlnescence, lt nas of interest to vlsually ' 
.

observe the emlsslon. At a voltage that was approxlmaüely four ,

tlmes that need.ed. üo lntülaIly detect enlsslon wlth a photo-

nultlpller tube lt was posslble to eee the emlselon from the

crystal. The lntenslüJ¡ was such that lt was not necessary to ,

rdark ad.apü' the €]r€r However ühe lnüenslùy of thls level of

i :: :l',.1 
"
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emlsslon tend.ed. to be erratlc. A photograph of a Nar(fr)
crybtal d.urlng such a vlsual experlnent 1e shoÍrn ln plate 1(a)
whl1e the cryetal and.'crystal holder are shown llLunlnaüed. frorn

the slde ln Plate 1(b). Thls vlew of the crystal ls through

the cryostaü ¡rlnd.ow norrnalLy used by the monochromator. The

emlsslon ls observed. through the slde of the crystaL but, as

shovun ln Plate 1(a), the llght leaves the crysüal- ührough the

edges and. surface lmperfecülons. Thls effect ls probably

because ühe ll8hü tends to be lnternalLy reflected. from srnooth

surfaces. Suoh an effect nakes. lt lnposslble üo declde whether

the llght comes from a partlcular reglon wlthln the crystar.
Unger and Teegarden (L967) cl-aln that Ln pure KI they observe

:that the llsht ls enltüed. fron reglons cLose to the eleetrodes.
Assunlng thaü Kr behaves slnlLarLy to Naïr lt ts felt that

,:
thelr resulüs can be lnterpreted. ae the observaülon of usht
J.eavlng the crysüal at the ed.ges. 

.

Emlsslon Specüra

The eLectrolurnlnescenü enlgslon spectra fron "purel' Naf

can be crasstfled lnüo two bypes. Flg. g-t shows ühe emlsslon

spectrum of rype 1 Nar" Thls spectrum was taken at L00ot< ana

shows enlsslon bands at 295 nn¡ )?5 nm, l+40 nn and. approxlnately

530 nm. Flg" J-2 shows an enlsslon spectrun from Type 2 NaI

v¡hlch conslsüs of band.e at 295 nn, 375 nn and approxlnately
þ30 nn. Both typee of orystals were obtaLned. fron the Harsharv

chemlcal conpany buü ln separaüe baüches boughü aü dlfferent
i,'.r,ì
l,-
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{a} war(Ë}
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I'lgure 3-2

Electroluminescence spectrum of Type 2 Naf at 100oK

(tfre spectrum has been corrected. for lnstrument response and.
the intenslty ls ln arbltnary unlts)
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ttmes.. Crystals Srown ln our laboraüory exhlblted Type 1

emlsslon spectra. The dlfference beüween these two typee of

pure NaI seemed. to be'that Type 2 contalned. more exceaa lod-lne

whlch ls responslble for the 3?5 nn emlsslon band' accordlng

to Van Sclver (1960). Sclntll-latlon epecüra from two,slnllar

orystal-s of each type showed that ln Type 2 crystals the 3?5 nn

band. rras epproxlnately 10 tlnee as lntertee as ln Type 1 crystals.

rtwasa].sonoüedthatthegurfaceofType2crystalsrema1ned'
cLear whl1e the Type 1 crysüale qulckly becaúe cLoud'y on ühèlr '

outersurfacegeven1nthedrybot.It1sfe1tthatsuch
conüâmlnatlon of the crystals probably 1s reeponslble for the

53O nm emlsston band.. The expertnents of Lyskovlch and Chornll

(tg65) show that heaüLng pure NaI ln alr can prod.uce emlsslon

bands at 4t+5 nm and. l+lJ nm" It ls posslble to ldentlfy ühe

530 nrn band. shown ln Flg. 3-1" wlth t:ne t+?5 nrn band' quoteð by
';

Lyekovlch end. Chornl I $965) slnce Èhelr results had not been 
'

corrected. for the response of thetr detectlon system" Ind'eed e 
'

before our data w'ere correctecl thls band appeared' to lle at

approxlnately JOQ nn. Thue 'ühe l+llO n¡n and 530 nm bands are

atürlbuted. to oxJrgêr-oontalnlng lmpuritles tn pure NaI from the :

work of Lyskovlch and. Chorntl. Tl¡e 3?5 n¡n band. has been

attrlbuted. to ühe presence of exoess lodlne by Van Sclver (1960.)

whlLe the 295 nn band. ls ühe lntrtnslo Lumlnescence of Naf rvhlch

I,ras shown by Mumay and. Keller (L96? ) to be d.ue to. reconbtnaülon

ofe1ectroneaüV5oenüres.1huethee].eoüro1unl'nesoence

i: i:::r.-i:l

1..
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process excltes the same centreg geen ln phoüoLumlnescence and

radl ol-unlnescence experlnentg .

the entsslon spectrum of a Nar(Tl) crystal at loooK for ,

5OoH,zexc1tat1on1eshown1nF15.3-3,1h1sghowsthe4J0nn
band. thaü ls attrlbuted to enleslon fron thalrlun nonömer

centres and. a snalL band. at 325 nn that 1e due to enlsslon from
thalllum dlmer centree. Thls epecürum le ldentlcar to that
observed wlüh Samma-excltatton and ehorss ühe sane bands observed.

ln photo-excltatlon, although ln the Latter case the relatlve
lntenslty of the band.s cen be varl'ed. by eeleotlve excltatlon.
Coneequently the el.ectroluntnescence process does not provld.e

a seLeotlve exoltatlon but beheves exacüly Llke ga¡nna ray
: excltatlon.

, Ralslng ühe tenperature of all ühe crystal.s studleo
resulte ln a d.ecrease ln the eLectroLumlnescent lnüenslty. Thls
effect appears to be üwo-fold.. Flreü there ls the nornal
d.ecrease ln efflclency of lunlnescent cenüree d.ue to the lncrease

ln tenperature naklng non-rad.latlve transltlons fron the exclted
etaüe üo. ühe ground. state more probable. The d.epend.ence of thls
effect ¡yas lndlcaüed !.n equatlon (1"1). Thls ls partlcularly
notlceabLe'for ther lntrlnstc enlsslon of pure Naf whose lntenslty
d.ecreages by a factor of f.L ln warnLng fron f0oK to Z?]¡oK ,.

(vanSc1verand'Bogarü,I95B¡Murrayand'Ke11er,Lg6?,).As

shown ln Flg. 3-4, aü room tenperature the lnürlnelc enlsslon
le not deüeoüed. ln the eleotrolumlnesoence epecürun. The long

,_.ti:l:

i:,.'r:¡
.:::t1.
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wavelength bands are also not vlslble and. the spectrum conelste

only of the 3?5 nn band.. For NaI(T1) the lntenslty ts agaln

red.uced. at room tenperature. Flg. 3-5 shows a room temperature

electrolumlnescence speotrum ln whlch both ¡nonomer and. d.lmer

enlsslon band.s are observed. As ln the rad.lolumlneecence

spectrum the d.lner band. ls more promlnent at roon üenperature

than at 1OOoK.

rn all these systens ralslng the tenperature has the

second. effeot of red.uclng the efflclency of the electrolumlnegcence
process. rnd.eed, at the volüagea usod. to observe electro-
lumlnescence aü 100oK, there ls lnsufflclent enlsslon at room

tenperature and. the voLtage has to be lncreased. conslderably.
Thls makes lt dlfflcult to obtaln an accurate measure of the

d.ecrease ln efflclency. Experlments were posslbre wlth only

the 3?5 nn enlsslon ln pure Nar. For a conetant voltage the

lnüenslty of thls band. decreased by a factor of approxlmately

80 from 100oK to 300oK, whlLe a subsldlary êxperlment Ind.lcated.

that the nornal reductlon ln lntenelty d.ue to non-radlatlve
transltlons was by a factor of 3, Thls lmplles that the eLectro-
Lumlnescence process exclttng thls emlsslon ls approxlmateLy

2J trmee more efflclent at to0oK than at 30ooK. A slnllar
d.ecrease ln enlsslon 1s,'observed. for emlsslon at 410 nm ln
NaI(TI). Flg. 3-6 shows a pJ.ot of ühe logarlthm of the

lntenslty, correcüed. for the d.ecreaae ln efflclency d.ue to non-

rad'latlve transltlonsr agalnst the reclprocal of ühe absolute
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tenperature. Thls shows that ln NaI(ff) the electrolunlnescent
lntensrty of the 430 nn band. decreasee by a factor of
approxlurately 20"between 1J0oK and z?jo]K anö. le approxtnaüel_y

constant below 1?0oK. These d.ata appear üo obey an equatlon
slnlLar to equatlon (1.1 ) wrtn an actlvatlon energy of 0 .i !
0.1 êv. However thls actlvaülon energy cannot be lnterpreted.
as a thermal quenchlng due to non-radlaülve processes ln the
cenüre slnce the data have been corrected. for üh1s effect.
Thls quenchlng nuet affect the electrolumlneseence procesa

1tself.
Measurements of the ¡noblllty of elecüronc¡ ln alkarl

halld.esr &t low flelds, by Brovm and. rnchauspé (Lg6L) and

Ahrenklel and. Brown (L964) show a tenperature d.ependence slmilar
to that lnd.lcated ln F1g. j-6, The observed. curves of the
noblJ.lty l{ere lnüerpreted as contalnlng three eoatterlng
nechanlsme and. the totaL moblLLty /* L, glven by

!= 1 + 1 +l_
,,P ,lrop lec ¡ut

where hp represents optLceL nod.e scatterlngr,/aç represents
acoustlc mod.e ecatterlne anð, þ ls fron scatterlng at lmpurltles.
For optlcal mod.e scatterlng the ternperature varlatlon ls glven
by

fop = constant[exp (@/r)-1] (3.2)
where @ r" the Debye üenperature whlch equale h\o/n where

(3.r )

tjì;iì I i: ':1

dto ls the S.ongltudlnaL optlcar nod.e frequency" (see the book



:.j::_ai.-.)Ì:.-:::;:i ¡1ì;:,j: j:::::t:_-::;."i..:::+:âj-1:-it::.f:1iL.jt:ù=ijj_ì:.jL:-!äì:j;_)Ìi1:::a;i:1:ìaì
r. :':.i..¡

.i.
:.

t..

í
f ' '.:, Í., .: .

edlted.by Kuper and ÌIhltfleld (t963rl

has a tenperaüure depend.ence of (Se1tz,

/ad= oonstaù t T-t/t

54

Aoouetlcal nod.e scattertng

1948 )

(3.31

whlle the nob1L1ty due to lnpurlty ecatterlng /L ls constant

and. pred.omlnates aü low tenperatures. Now, provld.ed. ühe nobll,lty
ls the controlllng effeoù, ühese nechanlsms nay provld.e the

temperaüure varlatlon. Measurenente by ttood,e, Brockhouee an¿

Cow1ey(Lg63)onNaIgave4,o=3,25x1o13eec-1wh1chg1ves

a Debye tenperature of 248oK. uslng thls vaLue ln equatlon
(3,2) shows the nobtllty varlee by a factor of z.z over tlne

temperature range 2?3oK to 1?0oK. lhe lnteneltles of Flg. j.-6

could. be f ltted. to a TJ/t'd.epend.ence bet¡ueen 2?3oK and 1?0oK and

".are approrlnately coneüant aü 10wer üenperatures. Thug a'
posslbJ-e expranatlon of the tenperaüure d.epend.ence 1s that
acouetlcaL mod.e eoaüterlng governs ùhe moblllty of electrons
bet¡ceen 2?3oK and l?ooK whtle a constant noblllty aü Lower

temperature appl,les due to onLy lnpurlty scaüterlng. ,'

A further poss1b1L1üy ls that aome eLectron or hole trap
wlth thernal actlvatlon energr 0.35t o.10ev plays e vltal role
1nthee].ectro].um1nescencêprocegs.Th1sürapmustbehave1n

such a way'that whlle the trap ls fllled. lt aeelsts the process¡

Thls ls the reverse of the normal role of üraps whereby they
are requlred to releaee thelr charge carrlers. A posslble

explanaülon Le ühaü ühls trep le neoeesary to forn a barrler
regton near ühe eurfaoe and. nay lnd.eed have the forn of a
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surface state. In a later sectlon the felatlve merlüs of ühese

explanatlons 11111 be d.lscussed..

Phale- Dependence

For al-ternaütng flelct excltatlon of electrolumlneecent

materlals tt ls always of lntereeü to observe.the phase

d.epend.ence of the enltüed. Llght wlth respect üo the appLled

voltage. Thle 1e usually referred. to Ln ühe llterature as the

study of "brlghtness waves". The nornal gechnlque le to dlsplay

boüh IlShü slgnal and applled voltage on a d.oubte beam

osclll-oscope. As d.escrlbed. prevlousl-y the present results urere

obüalned uslng a nultlohannei analyser that was oontrolled by

the applled voLüage.

Typlca1 resuLte for excltatlon wlth a 500 llz slnusoldal.

waveform êre shown ln Flg. 3-?, Curve (a) represents the

emlsslon fron ühe 295 nn band. ln pure Naf; curve (b) reþresents

the emlsslon from the l+30 nn band. ln Naf(TI) whlle curve (c)

represents the JOO llz applled voLtage. These curves show thaü

the emlsslon fron the.crysüaL beglne et the voltage cross-over

polnt, rlses rapld.ly to a peak before the voltage peak and then

decays avray through ühe renalnd.er of the half cyc1e. Thls ls
then repeated over the other half-cycle. If a square lrave ls
applled üo the crystal through the hlgh voltage ampllfler
conslderabLe clletorülon of the waveforn occurs" How'ever, lt ls
stlil. posslble üo exclüe the orystal ae ls shown ln Flg, )-8,.

Thls lllustratee very olearly thaü the llght enlselon fron
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5B
:4Nar(Tl)' öurve (a), occurs after the zer.o cross and. on ühe :

rrslng edge of the applled voltage waveform, ourve (b). rn
F18.3-8thefrequencyoftheapp11edvo1ta8ewa8200Hz,A
süudy of the posslbre frequenclee thaü the nuLtlchannel
anaLyser wourd respond. to lndloated. that Llght vcaa al.ways

enlfted' as the voLtege waa Lncreaslng from zeto and peaked. before
the voltage peaked. 

:

F1g. 3-9 shows the varrous curves obtalned. as the
appLled. voltage ls lncreased.. Thls shows that at low voltageg
the lntenslty d.oes falL to the background l_eveL d.urlng the
latter haLf of the negatlve half cycLe. As the vol.tage lncreaeee

the lntenslty rlees fasüer and the emleslon does not farl to
:.zeTobefore1t1ncreasesaga1nonthenexüha1fcyc1e"Th1s

emlsslon at zero voJ-tage Le probably d.ue to energy betng

released fron meta-stable levels or trapplng cenirêsc Evid.ence
,'for ühe exlstence of such states wllL be presented Ln a Later ,1.,

sectlon.

From a etud.y of the curveÊ of ühe Þhase d.epend.ence of 
.. .ì..the enleslon, lt ls obvlous thàt there can be asymmetrles ln .,.

. ,;l

the tntenslty of Llght enltted on each half cycle of the applledl,,
volüage. The asynnetrlee varled rlùh each crystal studted. IÈ ,,

vrag even found that the so-calLed. "brlghtness waves', varled. ,l
:'.wlth the naveLength of llshü accepted by the d.etectlon systen

Flg. 3-Lo sholrs the phaee d.ependence of the enlsslon wlth the '.

d'etecülon nonochro¡nator eet on the four emleslon band.s ob"errrud, ft"

:.'-a. :l:ì

t:... L
I.t:

.i
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Flgure 3-9

Phase d.ependence of 430 nm emlsslon from Nar(Tl) at varilous
voltages

8.6 kV/cnn

. - 7,t kY/cn

..... Background
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from Type 1 NaI. These curves lndlcate a consld.erable varlatlon
and. lt ls dlfflcult to propose a nechanlsm to explaln euch

varlatlons. Besulüs from other electrolunlnescent systens aLeo 
:,r,r:,::,

show asymmetrles (Henlsch , tg6z) whlch are usually attrlbuted 
: :'::.::.

to system geometry. Thle undoubtedly can produce asylrmetrles

If lt ls assumed. that ll8ht enltted durlng one half cycle cones . i:,,,::.;.,

from a d.lfferent posltlon than 1lght emltted durlng the other l.'':'.'l
'. : :.

half cycl-e. However as d.escrlbed. prevlously vlsual observatlon i,..,iju,
' I 

"i:'::::::

of the crystals at hlgh voltages lndlcates that the llsht
leaves the crystaL through surface cracks and at the ed.ges"

Llght emltted fron the crystal ln thla maruxer can und.oubted.ly

show asymnetrles but nakes lt very dlfflculü to draw any

concluslon fron the observed asy¡nnetrlese

F1na13.y lt was observed. wtüh certaLn eampl.es that
appllcatlon of a hlgher than nornaL voS.tage resulted ln enlsslon
thaË was malnly ln phase wtth ühe applled. voLtage and. usualLy

occurlng on only one of the voltage half oycles" Thls effect ¡,.,j.-,,-
i .l,t:. ':tl

was observed together wlth the typtcal phase d.ependence but the ;.t1:,.,;r

ln-phase component pred.onlnated. at htgh voJ-tages, rt was fert '::¡.':.':;':;

thatth1swasd.uetoad'1fferentprocessfromühenorna1en1ss1on
processo perhaps due to the eetabllshment of a hlgher

cond.uctance path ührough the crystalo The enlselon observed lÌ]#

und.er these cond.ltlons lúas very erratlc and consequentry mosü

experlmente were perforned In voLtage reglons showlng the nornal ,:

phaee d.epend.ence.

, :. r::' . :::



,Thus the process lnvolved ln produclhg emlsslon 
"rrrruu'aa the applled voltage crossea zero but le quenched. before the

voltage reaches tüs pealc, the enleelon decaylng over the
renalnder of the half cycLe. Thls phaee d.epend.ence appears to
be ln d.leagreement wlth the reeults of unger and reegarden
(tg6?) for electrolumlneecence'lh pure Kr. They observe electro-
runlnescence under apprlcaülon of an alüernatlng fleld of
frequenoy 500 Ez thaü was d.etected aü looo Ez uslng a phase-
sensltlve d.etector. Thls slgnar they obeerve to be "9oo out
of phase ¡rlth the reference frequencyn. Thle ls lnterpreted
as meanlng that the llghü peak occura on the zero crogs of the
applled voltage, ln contraeü üo our reeults. fü must be polnted.
out that thelr desorlptlon ls sonewhat anblguoue and the uee of

ìa phase-sensltlve detector mey not glve the accuracy of our
resurts. As a resuLt of Èhls thelr reeuLts may be rn agreenenü

¡rlth oure and. our present regults are und.oubtedly slnllar to
those observed ln other eLeotrolunlneeoenü naterlale" (rvey,
Lg63r,

Vgltase DepenÊence

The voltage dependence of the enlsslon from Nar(Tl) and

pure Naf was studled at 10OoK. At room temperature the enlsslon
was too Ì'ow to nake eny accurate measurènents as to the voltage
dependence. Fig. 3-Lt eho¡vs a typloal curve for the 430 hn
emleslon ln Nar(Tl) trhen exolted by an apprled flerd of frequency
Joo Hz. The lrne d.rann through ühe daüa polnts represenüs a
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\ leasü squares flt to the equaülon

B(v) - Bs erp( -c/vt') (3.3,

where B(V) ls the observed. lntenelty, V le the applled EI'M.S.

voltage and B0 and. c are constante. Thls 1s equlval-ent to
equaülon (t.I?) (nfrey and Taylor, L95l+) wlth ühe lndex n=0.

Thls relatlonshlp le the one that flte the data best ln most

el-ectroLu¡nlnescent materlaLe and. hae been obeerved. ln Kr by

Unger and. Teegarden (L96?) ana ln CeI(Tl) by Georgoblanl and. . i;,;,:,:,

SoLod.ovnlkova (1968). Attenpts were nad.e to flü the voltage "'' 
j'i:i'!ìr

d.epend.ence wlth equatlon (1.18) Uut 1t tras found that equatlon ,,

(3,3) provlded. a betüer representatlon of the d.ata.

Flg. 3-tZ shows that the same relatlon le observed. for
ithe lntrlnslo emlsslon band ln pure Nar at L0ooK. Tlre lnpurtty

; emlsslon bsnd.e aleo foLlo¡red. thls neLatlono Curve (a) le for .' '

excltatlon wlth an appIled. voltage of frequency 100 Hz whlle

for curve (b) the frequency was 15OO Ez. Thls lndlcates that ,l',,'

'i the eLope of ühe curvear 1.ê. C ln equatlon(:"jl appears to be ,,".r,,,,
r i:'l:.,i-'.

approxlnaüely lndependent of frequênc]¡o Alfrey and. Taylor l',,,,',i,:i . iìr..,',,
. ,i r:: ::-:

(Lg55) found the elope to be ellshtly d.epend.ent upon the " " '

:l:,',
frequency ln ZnS cryetals. 

,,1

fn the presenü experlments there ls some anblgulty es
...:.

' j:'r'.:.-lr:il

to the fleld appLled to the crysüal becauge the electrodes are, ,' r,li:.i.

snalLer than the crysüal" Ihue parte of the crysta} are ln a :

non-unlform fle1d. The volüage dependence experlnents were

checked wlth an eleotrode syetem that wae larger thar¡ the 
l

6t+



$:!

Slgn¡re 3*L8

Vo3"ta$ø dependanee ef tlie å95 nffi

{a} n8# 3{s

{h} å5Û0 ãsm

ewf"wsÍ.en fren 3€aI



rd

>\
f
V'
!Ë
q)

-{-
f-

l-l

to

rco/vL3.0 4.O



66

crystal so that all the crystal experlenced. a unlforn fleld..
llllth thls systen the eame vorüage dependence was observed..

Frequency Dependence :

Wlth the present experlnentaL arrangement lt was poeslble
to vary the frequency of ühe apprled fleld fron J0 to 2o0o Hz

whlle malnüalnlng a constant voLtage on the cryetar. The

d'epend.ence of the electroLumlnescent lntenstty upon frequency
for NaI(TL) aü 10OoK ls shovm ln Flg. ],-Lj. Thls lndlcates
Ùhat ühe lntenslty appears üo lncrease llnear1.y rclth frequency,
There was no change ln the speotral dlstrlbutlon of the
emlsslon over the excLtlng frequency rangen A llnear relatlon-
shlp ls to be expeeted. tf the lntenslty emltted. d.urlng eaoh ,

cycle ls constant.

For crystals of pure Nar the frequency d.ependence of the.
emltted- l-1ghü ,ls more conpltcated" Flg. 3-LIt'shor¡s the frequency
dependence of the emlsslon from ühe z9j nm snd, 3?5 nn bands"

The 295 nm emlsslon showe a llnear d.epend.ence on frequency
iwhlIe the 375 nn emlselon shows a saturatlon effect at htgher :

frequencles. Observatlon of the enlsslon fron thls crystar 
è

w1ththemonochromatorsetaüzeîoord'era1soshowed'asaturat1on

effect. i i:1 :r':

i i.:.: i i

These resuLts are conparable wlth resuÌts on. other
electroLumtnescent naterlale, 'BulLer and. waymouth (Lgss) rrna 

,

a frequency d.ependence of the blue and green enlsslon band.s

that rs very srmlr.ar to that we observe In pure Nar. Henisch 
¡:.,:,,,
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(1962) fnafcates that slngle enlsslon band.s usually show a

Llnear frequoncy d.epend.ence whtle for two or more bands an

lnoreaso ln frequency aLtere the spectral- compoeltlon towards

the shorter wavelengths. Flg, 3-t5 shows emlsslon spectra for
pure NaI aü varlous frequenctes. Thls lndlcates ühat the 295

nm band. Ie llnearly lncreaslng whlJ.e both 3?5 nn and 4þ0 nm

bands are showlng saturaülon effecte. The spectra ln Flg,- 3-L5

have not been corrected for the efflolency of the detectlon

system.

Electrode Dependence

As d.lscussed. earller the crystals ï¡ere held. between a

hlsh voltage electrod.e and a ground eLectrod.e by a slmple

pressure arrangement. The ground electrod.e provlded' thermal

contact beù¡reen the crystal and. the cryostat. Varlous natêrla1s

were trted. as el-ectrod.es lncLud.lng brass r lnd.lumr slLver and'

alumlnum. In all cases electrolumlnescence llâs obser:ved. and

no notlceabLe d.lfferences were observed. except ühat lnd.tum

mad.e a more conslstent contact d.ue to lts rnall.eablllty. As a

resuLt ühe normal oonflguratlon used was wlth brass electrod.es

that had. a thln plece of fnafr.rt pressed' onto Ùhem.

Experlment,e were also perforned to d.etermlne lf the
;'

electrod.es had. to be tn d.lrect conùaot wtth the crystal surface.

Thln pleces of vartous lnsulators were lnserted between one or

both electrod.es and the crystaL. The results of these

experlments lndlcated that there ¡'¡as stll-l electrolumlnescent
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emlsslon wlth lnsuLators between ühe crystal and the "r.otroll". ''
However, the lntenslty obeerved. was extremeLy 1ow and.

ld.entlflcaülon of the'enlsslon wae noü posslble although lt wae

consleüenü wlüh e¡¡lsslon fron the cryeüaI. Such emlsslon only

occurred. wlth the appllcatlon of fleld.e that were larger thair ,,:

;', t

those requlred. to produce electrolunlnescence wlthout any

lnsulators between the crystars and. ühe electrod.es and the "

lntenslüy flucüuated constd.ereble. These resuLts tend. üo show "

that d.lrect conüact between the electrodee and. the crystal. ls
notrequ1red'butad'ef1n1t1vefesuJ.ürequ1.ree1denü1fl'oat1on

of the enlsslon.

Experlments ¡rlth D.C. Fle1d.s
' Appltcation of D.C. fleLde,of up üo 3 x L0þ V/cn atd

not, 1n general, caune any elecüro1umln€Beence as also obeerved..

byUngerand.Teegard.en(L967,,Ocoas1.ona11ysomefor¡nof

enlsslon was observed that was usually erratlc and. at a low

leveL. Thls emlselon was posslbly correLated wlth the observaülon

of the rln phase' e¡¡lsslon observed. wlth Large alternatlng
fleIds and. because ühe effect was.not reprod.uclble lt was not 

,,..,

stud.led." However lf the polarlty of the applled. voltage was

reversed by means of a mechanlcal reverslng swltch then a Large

burstof1tghtwasobserved'.The1n1t1a1tntens1tygreat1y
exceed.ed the nornal llght leve1 d.ue to alternaülng fleLd.s.

1h1sen1ss1onthene1ow1yd.eoayed'lw1thühef1e].doáoroff,

e8 lnd loated. ln F1g. 3-t6 whf.oh le e Logarlühnlo pLot of the
i i.:.::..
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lntenslty as a functlon of ttme after the voltage reversal.
An estlmate of ühe curient florvlng d.urlng such a reversal ras

rnad.e by llnltlng the current suppLled. by the power euppl,y. Thls 
..,;,,r,;,_,,,¡.,,;.,

lndlcated. that an lnstantaneoua current of the order of 1 nA

Ìrâs lnvo1ved..

A stud.y of the spectral dlstrlbutlon of the llght d.urlng 
i.,:;,:,:::j.::.:.:r
: : ..::,r:.:lt:.: :lthe d.ecay perlod showed. that lt wae ld.entloaL to ühe lmpurlty i::",:i,':,1¡:''.::

emlsslon of the crystaLs. The lntrlnslc emlsslon was not

d.etected.. Thls lnd.lcates that the voltage reversaL causea many

centres to be lonlzed. and. aleo lt p'opulates trapplng centreg,

The release of charge carrlers fron these traps and. thelr
reconblnatlon at emlsslon centres produces the observed. decay,

As a further lnd.lcatlon that many trapplng centres are f11-1-ed,

lf a thernolumlnescence experlment 1s performed. after a slngle

voltage reversal ühen several gLow peaks are observed.. These

glow peaks w111 be d.lecussed. ln a Later sectlon. Excltatton
of the crystal at tOOoK wlth garnma rays produces the same glor{ ij.*:.qr:ì

ourves on warmlng.

Thls voltage reversal effect ls posslbly rel-ated- to the

al-ternatlng fleld case slnce lt rsas found. that a voltage reversal
Ìrag necessaryr rlo emlsslon'belng observed when ühe voLtages i:ìi:::,;:,ì::::a:;::!:j.

: .::ìa:iii:: i:;:j "j:.: :¡;.ì .

i,,:"rir,iì:,¡.,,¡.,¡were applled. and. fenoved. To oxplaln the 1n!. laL hlgh leveL . 
j:"::'fiì':'r1;''"':r:ì

of emltted. Ileht two posslbtlltles exlst. One ls thaü the

voLtage ls applled for a much longer tlme before the reversal

occurs and. the oüher posslb11-lty le that the rate of change of '' '

.-,, , . _1.r,. ., ,.,,..,
: ' l:::t: r'li:l: ::i" tl l :':: ì
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the vortage as the reverse vortage ls applled. le much rarger
ühan for the alternatlng flelds used.

DlscussloI

The results quoted ln thls sectlon represent the flrst
observatlons of electrolumlnescence' ln sodlum lodlde elngle
crystars, rn an effort to explaln the electrolumlneecence
process the followlng experlmental results must be explalned r- ,:.,:,:

(a) There le no selectlve excltatlon of emlsslon centres wlthln
the crystal as ls the slüuatlon for radlolumlnescencer
(b) The emlsslon, ln general, rs observed. only wlth some form

of alternatlng fleld. and- the emlsslon maxlmum occurs before
the voltage maxlmum for slnusoldal flelds
(c) The voltage dependence of the emlsslon lntenslty appears . ,

to follow the usual Alfrey-Taylor relatlon.
(d) A tenperature dependence for whLch the exoltatlon ts nore

effectlve at low tenperatures.
(e) A llnear frequency dependence observed for the matn emlsslon ;',,,''_:

centres (tfratttum emlsslon Ln Naï(T1) and the lntrlnslc emlsslon i.-.,'',,r,'-.,

1npureNaI)wh11etherearesaturat1oneffectsforsomet.
emlsslon centres.

The processes thaü I'rere shown to be probable ln aIkaI1 . fffi
halldes must now be consrdered ln relatlon to the above *' ' 

'

experlmental observatlons. Electron tunnerllng from the

electrod_es, as consldered. by Franz (L956, , ls posslble wlüh the l

" flelde used provlded the barrler beüween the metal an¿ the Fii
i.:.,.,
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crystal ls not too hlgh. rf such a mechanlsm was operatlve a
supply of hoLes would also be requlred wlthout havlng to lnfer
lmpacü lonlzatlon. These cou1d. be provlded by tunnelllng fro,
the opposlte elecürode. such a mechanlsm has been proposed. by

Flscher (t963) for rr-vr compounds and was suggesüed. also by

unger and. Teegard.en (tg6z) for erectrolumlnescence ln Kr.
Emlsslon results from thls process r+hen the voltage ls reversed
and. the electrons tunnelllng ln recomblne wlth trapped. holes.
Thls mechanlsm was reJected by unger and. Teegard.en (196?) slnce
they posüulated that thls process would. glve emlsslon ln phase

wlth the applled voltage, 1n contrast to thelr observattons.

However lt ls worthwhlle reexamlnlng thls mechanlsm ln the
llghü of our observed. phase depend.eÍì.c€¡

From the model of Flscher (tg6i), as the voltage ts
lncreased. eleetrons and holes tunnel lnto the crystal from

opposlte electrod-es. The noblllty of holes ln alkall hal-1des

ls small and. they are trapped at a varlety of centres. Thus

the holes trap ln the vlclnlty of the electrode. These trapped.

holes form a polarlzatlon fleld that llnlts the tunnelllng of
holes lnto the crystal, and. hence also llmlüs electron
tunnelllng slnce equal numbers of electrons and. holes wll-l
tunnel ln. As thd appfied ffeld. reverses then electrons tunnel
lnüo the reglon contalnlng trapped. holes and the space charge

d.ue to these holes enhances the electron tunne111ng. Re-

comblnatlon of elecürons and. hores prod.uces emlsslon. Hole
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tunnelllng from the opposlte erectrode also occurs and the
process trs llmlted. agaln by a polarlzatlon fleId. Therefore

ln an alternaütng fteld. lt ls nore IlkeIy for emlsslon to occur

as the voltage ls lncreasl[g fron zero ln agreemenü wlth the
presenü results.

Thevo1taged.ependenceofsuchatunne111ngmechan1sn

follows the bastc form of equatron (1.18) provld.ed. the

lnternal fleld. ls proportlonal to the applled. voltâgêr However

d.ue to the space charge enhancemenü effect the lnternal fleld
may be nod.lf1ed.. Assumlng a Mott-schottky mod.lflcatlon, then

the observed. voltage d.epend.ence can be derlved.. ThLg moder

assumes that the holes are trapped. The temperature d.epend.ence

can be explalned on the assumptlon that at a certaln temperature

the holes are free to move and decrease the probablllty of
recomblnatlon. the present measurements lndlcate an actlvatlon
energy of 0.3 + 0.1 ev for thls process. The results of unger

and Teegarden (L96?) also lndlcate ühat the electrolumlnescence
decreases as v6 cenüres, whlch are trapped holes, become

moblle ln pure Kr. rn pure Nar some other hole t,rap would have

to be responslble slnce V6 centfes efe moblle aþ 58of accord.lng s

to Murray and. Keller (Lg6?1. The fact that lnürlnslc emlsslon

ls observed. ln ühe pure Nar electrolumlnescence experlmenü

ts then dlfflcult þo explarn on thle noder. For Nar(Tl) a hole
trap 1s provld.ed. b¡r the T1* oentre becomlng a T1++ centre. The

observed actlvatlon energy could. be that requlred. to free a hoLe
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from a T1++ centre, The llnear frequency depend-ence requlres

that an equal numbor of electrons and holes tunner ln durlng

each voltage cycIe. Slnce the process ls llrnlted. by the

polarlzatlon fleld tt ls the naxlmum applled. voltage and not the

length of tlme the voltage ls app1led. that llnlüs the number

of carrlers tunnelllng. Thus a llnear frequency d.epend.ence

would. be expected. Saturatton effects can be accounted for by

notlng that the tlme for recomblnatlon to take place ls decreased

at hlgh frequency. Consequently for centres that have a. 1ow

d.enslty ln the elecürode reglon the hlgher frequencles w111

al1ow less recomblnatton at these centres. ALso the hlgher

frequencles may red-uce the reglon of excltatton t¡ecause the

carrlers cannot move as far. Thls w111 decrease the 1lght

output from Iow denslty centres whlle for the maJor centres an

lncreased denslty of exclted centres w111 result. Wlth thls
model lt ls dlfflculü to explaln the large amount of l1ght

observed. upon reversal of the polarlty of a D.C. fleld. Slnce

the lntenslty of enlsslon 1s depend.ent on the number of holes

whtch tunnel ln and -'''.r.. thls depend.s upon the naxlmum applled

ffet¿, thè lntenslty observed, d-urlng a polarlti reveisal should

be the same as the arnount of lleht ernltted durlng a half cycle

of an alternatlng fle1d.. Consequently some other mechanlsm

must be lnvolved. ln thls process.

thus lt ls posslble to explaln most of the experlmental

data wlth the electron and hole tunneLl-lng modeJ.. A naJor

i--f-1:, -:'

;-i.r-..:. 1
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problem 11es ln determlnlng whether the electrod.e system v¡l11
allow electrons and holes to tunnel lnto the alka11 hallde from
opposlte electrodes, or are electrons removed ührough one

electrod.e. Flsoher (L966) has shown that the former mechanlsm
can be achleved. but only wlth speclal electrode systems. rt
ls lnteresülng to comment that the electron and hole tunnelllng
mechanlsn ls the one that at present explalns the electrolumlnescenco
of zns powders suspended ln a dlelectrlc medlum (Flscher , Lg6il,
rn such systeme eleotrolumlnescence 1e observed. only under
alternatlng fleld excltatlon. The rnod.el assumes that there are
lncluslons of cu2s ln the zns partlcles whlch have been doped

wlüh copper. The f1eld. around_ these cond_uctlng reglons ls
enhanced- and electron and hole tunnelllng lnto the ZnS occurs
on opposlte cycles of the alternatlng flel-d. L1ght ls emltted
when electrons and. hores recomblne at actlvator centres. A

slmllar mechanlsm lnvolvlng sllver lncruslons ln pure Agcr has
been suggested. for the electrolumlnescence observed. by i

iMeczynska and Oczkowskl (1 968)" However, lt ls dlfflcult to ;

suggesü posslble lncluslons that may occur ln alkall halld.e
crystals, ln partlcular the, pure crystals.

The oüher mechanlsm that can be applled. to alkall hal1d.e 
i

icrystals ls that of lnpact lonlzatlon. Thls mechanlsm rs the
one used by unger and. Teegarden (tg6z) and Georgl0blanl and

solodlvnlkova (L968) to explaln the el-ectrolumlnescence observed. .

ln pure KI and. CsI(TI) respecülvely. In both cases such a ,
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mechantsm was lnfqed from the voltage depend.ence of the emltted
lntenslüy and a Mott-schottky barrrer reglon was assumed.
Furthermore unger and reegarden (Lg6?) assuned that the electrons 

,;,....,1,..

whlch aro aocelerated. are produced by a tunnelllng process fron
the metal eLectrodes.

ls perhaps worthv¡hlle at thls ülme to summarlse the .:'..,1:,,,;:':l L- ^â i,:i:.:,..t,, results of these two papers whlch stand. as the only other ì;.r,.,,,,

quantltatlve measurements of electrolumlnescence ln alkall
hattd'es. Both observed the same voltage dependence reported
here. unger and Teegarden (Lg6?) reported that electroLunlnescence
was not observed' wlth lnsulatlng layers between the crystal and
the electrodes whlle Georgloblanl and. Solodovnlkova (Lg6B)
act'ually had a dlelectrlc between the erystal flln and one
electrode. Georgloblanl and. Solodovnlkova (tg6}) observed the
lntenslty to be lnd.epend.ent of the frequency between 1 kgz and

100 kHz although thelr results do lnd.lcate that ühe lntenslty
was decreaslng aB ühe frequency was d_ecreased from z kfrz.
Measurements Ìrere not mad.e below approxfinately go0 Hz. unger
and' Teegard-en (Lg67) observed thaü electrolumlnescence became,.

und'etectable as the temperature was ralsed. past the temperature
af whlch v6 centres became noblle and. also they ln¿lcate¿ that ,.::.iì:Ì::,::j,,

^'t-¡- .--^^ ^-¡!! 
'' 'r;''l:11 the llght was emltted. flom a reglon close to the electrod,es.

The naln reason for attrlbutlng the electrolumlnescence.
to lnpact 1onlzaþron ls because such a process can occur ln
lower average flerds than most other processes. Eowever, the
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model ls complrcated by the requrrenent of some mechanlsm to
supply the accelerated. electrons. Normally thermal enptylng.:
of shallow traps ls proposed. but such a mechanlsm would. not ;,';,,,.:.,r.,,;,

i,t , :.. i ;- ::.r: _1

account for our observed temperature d.ependence. The suggestlon
of unger and- Teegarden (L96?) was that these electrons tunnel
ln from the electrod.es. Thls r""ta"rrt"n ltself d.epend.s upon the 

Ì,.,,:,,.,,,,;.,,,:.,.,,,'.:. -..:-:. ..fleld. as E-1 ln the exponentlal argument and so makes tt d.lfflcult l.';r'r"i.i,1.'
. i.-.:-. -... . ..to ldentlfy whlch ls the donlnant process. The observed. voltage f...:i..,i,:,

d.epend-ence ls obtalned. from elther process by the assumptlon of :

a Mott-Schoütky bbrrler reglon. 
i

In the lnpact lonl zatlon nodel lt ls assumed that the l

:

electrons ln the cond.uctlon band are accelerated. to optlcar 
i

energles where they can exclte or lonlze lmpurltles and the 
i

llattlce' slnce the lnpurlty excltaüton process wlll have a 
l

1sma11ercro8ssect1onthane1üherofthe1on1zat1onprocesses
.the1atterwt11pred'om1nate.Furthernore,s1ncethe1npur1ty

centres have ground. states close to the top of the valence ¡''',::'"r.''

band-, the most llkely process ls slmply ühat of lonlzatlon of j'..i,' '',-''
'¡l'l:::':::::::::

centres havlng the hlghest denslty, so that latülce lonlzatlon
w111 be the nost lmportant klnd of excltatlon 1n the lnpact {,

lonl zat\on process. Thus thls mechanlsm w111 prod.uce a supply 
i;;_,;jrt]ri,,

of electrons ln the conductlon band. and holes ln the valence -:

band.. these holes w111 then be captured at varlous centres as 
u 

'

'jln the radlolunlnescence process and reconblnaülon wlth 
I

electrons glvee the emlselon. rn thls way the enlsslon spectrun '
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observed would be slnllar to the radlolumlnescence spectrum.

To explaln why an alternatlng fleld ls necessary to
support thrs mechantsm some form of polarlzaülon must be

prod-uced' that 1lmlts the flow of charge carrlers. polar LzatLon
effects d.ue to the movement of charge carrlers are observed.

Ln moblllty measurements 1n arkall halldes (e.g. iflrth and

Tödhelde-Haupt , t969), The appllcatlon of an alternatlng fIeld.
w111 remove any slow polarlzaülon ühat does occur. The observed.
phase d-ependence ls compatlble wlth the ld.ea that there ls. some

process llrnltlng excltatlon slnce the lnüenslty peaks.before

the voltage peak, and. lt ls posslble that a polarl zaþran
mechantsm 1s responslble. Experlnents wlth D.C" flelds would

allow a substantlal lnternal polarlzatlon to bul.ld. up whlch
would be removed- on reversal of the voltage poj-arltyr glvlng
a large amount of excltatlon probabl-y d.ue to lnpact lonlzatlon.

The observed temperature depend.ence on thls rnodeL musü

be due to lncreased scaüterlng of the electrons at hlgher
temperatures. As was dlscuesed. earller, experlments on electron
noblllüy ln alkall halldes show three types of scatterlng,
namely longltudlnal optlcal mode scatterlng, acoustlc mod.e (,

scatterlng and. lmpurlty scatterlng" seltz (tg4g) has shovm

that acoustlc mode scatterlng w1L1 predomlnate over longltu¿lnal
mode scatterlng at hlgher electron energles. Thusr âs alread.y

lndtcated, the d.ecrease ln efflclency can be fltted. wlth^a T-32,

d-ependence characterlstlc of acoustlc node scaüterlng (seltz,
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1948 ). the level reglon of the temperature dependence can be

attrtbuted to lmpurlty scatterlng of the accolerated. elecürons.
Longltucì.lna1 optlcal mode scatterlng ls probably too weak to 

.,,,,_.,.

contrtbute. The observed frequency dependence must be explalned 
: '

ag1nthetunne111ngmod.e1,thatanequa1numberofe1ecürong

must be accelerated. for each voltage cycle, regardless of the 
i::,,::,:i,.:

rate of change of ühe voltage "y"iu. rn thls mod.el the ]:ti..ì.,
I

lnternal polarlzatlon couId. llnlt the number of electrons that , [iì.,i:i.,
are accelerated.,

Thusr &s has been lndlcated., there appear to be two

mechanlsms capable of explalnlng the observed electrolumlnescenceo

However. ùo obtaln the observed. voltage d.epend.ence the models

must be coupled wlth the postulate ùhat excltatlon occurs as a
result of a Iocally enhanced flel-d at a Mott-Schottky barrler.
The work of Lehmann (fg6O) tn ZnS showed. that the A1frey-Taylor
relatlon courd. be obtalned. from a superposlülon of varlous
Destrlau relatlons, equatlon (1.18). Thls removes the

restrlctlon of a loca1ly enhanced. fleld. but ls dlfflcult to

Justlfy for alkall hallde slng1e crystals,
Wlth regard- to the poeslblllty of a unlform f1eld

throughout the crystal or an enhanced. one at the electrod.es lt:' ffi.ìiìls worthwhlle conòldering experlnents on the moblllty of electrons ,,::\'' -

1n alkall halld.es (e.g. Brown and. rnchauspé, tg6L¡ Ahrenklel
and. Brovm , L96l+), These experlments were performed. wlth crystals
where the f1eId was malntalned. between plane para13.e1 electrod.es i

:..': :. i.r:

.1s:'.:i:{
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ùhat Ìrere usually consldered to be blocklng electrodes, that le

non-ohmlc. Low voltages were used ., such that the electrodes

behaved. as lf they were ohmtc and a unlforn f1eld r^¡as rnalntalned.

across the crystal. Photoqurrents prod.uced. by electrons released 
i

from F-centres obey Ohmrs Law at low voltages. .Experlments

performed. wlth hlgher fleld.s ln AgCl by Masumt (Lg63) and. ln
KBr by Mlkkor and. Brown (L96?) showed. d.evlatlons from Ohm's Law

such that the photocurrents were proportlonal to 80.5 ln AgCl

and to E0'6 ln KBr. Thls behavlour was explalned by the authors

ln terms of 'hot electron' effects uslng the approach lntroduced

by Schockley (tgsL). Thls theory ls the same theory that was

used to treat lnpact LonLzatLon, glvlng the voltage dependence

of equatlon (1.13). Thls observatlon polnts to the posslblllty
of lnpact lonlzatlon occurlng at hlgher fleld-s. fn these

experlmente care was always taken to work wlth snaLL photocurrents"

Thls lnd.lcates the posslblIlty of poJ-arlzatlon and space charge

effects lf hlgher currents are lnvolved. Also slnce the

electrod.es ln our experlments can be consldered. as blocklng

electrodes ln our hlgh fleld experlments lt ls llke1y thaü some 
':':.:.':

form of barrler reglon occurs.

Thus, ttr concluslon, lt has been shown that two posslble :

models can be fnfgrËA brom tfre present data, Reference to

noblllty experlments lnd.lcates thaü lnpact lonlzatlon ls a llkely
process ln alkall haltd.es r whlle there ls no col-laboratlng

evld.ence ln favour of the electron and. hole tunnelllng modelo

Furüher experlments at lower temperatures nay rnoroase our
ì.': ..::.:.':, .;



:.: i: :--.: :¡:.1:_r:-: .:: :-':-:::.r-::-.'.-'.1.\: ai.c:=:?3;;1i:i¡i-:iii-i li.::¡i:::.i3ä:!î.:ìiì ?-:àf:ali::;?-,.}í1:j

B4

knowred.ge of the systen and. measurements of the moblllty of
electrons ln these crystals should provlde lnslght lnto the

'' ', . ,', .-t. ,
posslblllty of lmpact lonlzatlon, 

r:::,::,:
:.:' :.: i:'

J-2 ElegtroJrhotolumlnescence

In an attenpt to elucld.ate pösslble effects of electrlc 
:. :.fleId.s ln sodlum lodld.e crystals experlmentg were performed. i,i,,,,,',r,,
i:-..:; i:'.í:

ttj'::wlth crystals exolted by f-rays. For ühese experlments the 
¡.::,,,¡¡.:1:,

crystals were ln the sane conflguratlons as for the electro- '':'.:':"

lumlnescence experlments but a source of f-rays was pl-aced.

elther ln the crystal hold.er or beslde one of the wlndows of .

the cryostat thaü was not ln use. It was observed that a voltage ,i

I

applled. to the crystals usually resuLted. Ln a d.ecrease ln I1ghü .i

output fron the varlous emlsslon bands. Thls ls llIustraùed. j

tn Flgure 3-L? whlch shows a mod.ulatlon of the llghü output
I

from a crystal under the appllcatlon of a smalL alternatlng :

fle1d. at room temperature. These results were taken for the '

; 
':.,.i,,',.,ì.

375 nn emlsslon band. ln pure sod.lum lodlde ustrng the same .,
1...1.: .:'

Ã--- !l__ ^L Â I i_:'::_l:l'-':t-experlmental set up as for the observatlon of brlghtness I'raves. l:r,.:;:,,.;

Mod-ulatlon wlth an alternatlng fleld. was only posslble at room

temperature and. wlth voltages 1ow enough not to cause

observable electrolumlnescerrcê¡ Such observatlons were not ;...., 
',.,

posstble at llquld nltrogen temperatures where the electrolumlnescenc

mechanlsm ls more efflclent. Consequently fleld effects were

observed. wlth only D.c. applled voLtages at Ilquld nltrogen I

.:'
temperaüurea whlle both 4.C.. and. D.C. flelds were used at room : .

ì)-:-:,:a.;l
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Pure Qod lum Ïod ld.e ,

':....
The largest effects of an applled fle.ld. were É¡een ln '.,.,,

the case of pure sod.lum lodlde, Flgure 3-LB shows the emlsslon

spectra of a pure sod.lum lod.ld.e crystal when exclted by y-rays

at room tenperaturêr Curve (a) ls wlth no applled. fleld., cúrve i'.''.,
l-: r' ":'

(b) ls for 2.0 KVDC applled fteld and curve (c) for 0,6 KvAc. 
.

Thls shows no observable varlatlon ln the 295 nn band but the 
'.:';:i)t)'

375 nn emlsslon shows a large decrease when electrlc fleld.s
are appIled. to the crystal. The sma1l peak at 440 nrn shows a

smaII lncrease wlth applled. fle1d. These spectra also lnd.lcate

that an alternatlng fleld. ls more efflclent ln the quenchlng

process. Thls 1s probably d.ue to a polarlzatlon effect
red.uclng the bulk fleId. ln the caae of a D.C. applled. vo1tage..
Flg. 3-tg lndtcates the change ln peak helght of the 3?5 nn and.

4þ0 nn band.s wlth lncreaslng alternatlng fleld." The 3?5 na band.

shoT{s a llnear decrease wlth lncreaslng voltage whlle ühe 440 it't't
nm band. shows a l-lnear lncrease ln peak helght wlth applled. volüage. i','..':i..,.

The emlsslon spectrum for pure crystals at Ilquld'nltrogen
{È

temperature ls shown ln Flg, 3-2Q(a) " Here the 295 nn enls$lon

band. ls comparable wlth the 3?5 nn band.. WLth the appltcaüton ini;;1
of a D.C. voltage to ühe crystal a red.uctlon l-n lntenslty of the s

2)J nm anô.3?5 nn bands ls observed, Flg. 3-20(b), whtle the

1;Ll'O nrn band. shows no observable varlatlon. The varlatlon of
peak helght wlth applled. voltage for the 295 nm and. 3?S nn band.s :,::.

l' :::'" ::::

ls ehown ln F1g, 3-2L and. agaLn a 11near decrease wlth lncreaslng t, 
,;
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voltage Is observed. A d.etalled. analysls of the emlsslon band.

shapes of the ZpJ nm and. j?j nn bande ls shown ln Flg, )-zz and

thls lndlcates that there ls no varlatlon ln the band. shapes

(flrsü and second. moments), Just a d.ecrease ln area (zeroþh
moment ) tnAfcatlng a decrease ln emlsslon. Thls. observatlon
lndlcates ühat the fleld ls not affectlng the emlsslon centre

l::: 
:,: :::ltself but ls alterlng the energy transport propertles of the i:'.,:,,':

crystal d.urlng the sclnül1latlon process.

Thalllum doped Sod_lum- Iodld.e

Ihe effect of an applled. fleld orr the sclnt1llatlon process

ln Nar(Tl) was arso lnvestlgated. Flg, 1'-23 shows the room

temperaüure sclnülIIatlon spectrum wlth ard wlthout an applled D.C.

fleld. Agaln a d.ecrease 1n lntenslty ls observed ln the naln
emlsslon band.at l+10 nn but the decrease 1n lntenslty ls not as
pronounced. as ln pt-lre NaI. It ls not posslble to observe whether

there ls a d-ecrease ln the emlsslon from dlner centres aþ 1¡,e nm.
l,,rtti.::rl;

A small decrease ln lntenslty ls observed. at LNT as shown ln Flg. i:"':iiÌj
ì- -r'-.1 i :: 

I

3-24(a), The dependence of the d.ecrease .ln peak helghü on applled ;,:.:,tt,:,i'

voltage ls lnd,lcaüed. ln Flg. j-24(b). Here the relatlonshlp does

not appear to be 11near uut trre statlsttcs are not good. enough ,

' to draw any deflnlte co¡rcluslon as to thls relatlonshlp.
:'.

Optlcal Excltatlon
Asafurther1nvest1gat1onoftheeffectofthee1ectr1c

t..flerd. ln pure and" tharllum doped. sod.lurn lod.lde, emlsslon and 
,:,.,;.¡excltatlon spectra for ühe crysüals T{ere taken wlth and wlthout "l
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an applled fleld. lrllth our present excltatlon system

posslble to observe the optlcal excltatlon of the 375

ln pure sod.lum lodld.e. The emlsslon lntenslty showed.

d.ue üo the electrlc fleld and. the excltatlon spectrum, conslstlng

of band.s at 2J0 nn and 26O nm (Van Sclver and Fontayla, t96B))

dld noü alter when a fleld was applled to the crystal" In NaI(TI)

lt was posslble to see excltatlon bands comespondlng to the A,

B, A'and B'absorptlon band.s and agaln no notlceable change ln

lntenslty was noüed ln eralsslon or excltatlon spectra. Thls 1s

ln agreement wlth the work of Denks (Lg66) and Denks and Lelnan

(Lg6B) who showed. that a fleld d.ld not affect the emlsslon fron

thalllum and tndlun doped. afkall halldes when exclted ln A and B

band-s. However they dld observe fle1d effects when excltlng wlth

U.V. llghü 1n the C band of the thaLllun and lndl-um d.oped

absorptlon spectra and when band--to-band. transltlons ïrere exclted."

Dl scusslon

It 1s pertlnent at thls polnt to summarlse the results of

other workers who have observed electrophotolumlnescence tn alkall
halld.e crystals. Flrst the work of Zaiklrarko and Trlska (L965\ 

-

showed- a decrease ln llght output from NaI(T1) when exclted by

X-rays. They observed. a llnear d.ecrease wlth applled fleld. for
X-rays strlklng ühe crystal through the negatlve electrod.e and a

more complex relatlonshlp when thls electrode was mad.e the anod.e.

Also the reLatlve reductlon decreased as the X-ray lntenslty was

lncreased. The work of Denks (tg66) showed. f le1d. e.ffects for

1t
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was only

emlsslon
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U.V. excltatlon of the thalllum centre ln the fundamental ab-

sorptlon reglon. In ühese experlments the crystale were exclted
through a gr1d. eLectrod.e and. d.ue to the hlgh abeorptlon coefflclent
of the crystals ln the fundarnental reglon only a thln layer of
the crystal was exclted. Und.er these condltlons appllcatlon of
an electrlc fleld showed a translent st¡presslon of the emltted

lntenslty, Taklng the lnltlal value of the srpressed lntenslty
reproduclble resul-üs were obtalned. These showed that ln KI(T1)
and RbI(T1) the emlsslon fron the thalIlum cenüres was sgpressed.

for excltatlon that prod.uced. band-to-band. transltlons and. there

Ì¡as no effect for excltatlon ln the thal11um absorptlon bands or
the flrst exclton peak. For Nar(T1) and. csr(T1) a sqpresslon

was seen for excltatlon ln the flrst exclton peak as well as for
band-üo-band. transltlons but no effect was seen d.ue to the normal-

thalllum absorptlon band.s. In these experlnents the effect of an

appIled. fleld can be explalned as alterlng the movement of electrons
and.' to a l-esser extent, holes formed by band-to-band. excltatlon,
These carrlers can be removed. from the reglon of excltatron,
decreaslng thelr concentratlon ln the lumlnesclng reglon. rn

KI(TI) and. BbI(T1) excltatlon ln the flrst exclton peak does not
produce free carrlers and. hence no fleld effect ls observed., but

ln NaI(Tl) and. C"i(fl).'tfre excltons formed by absorptlon ln the

flrsü exclton peak must be lonlzed produclng free carrlers.
Results slmllar to those of Denks (tg65) have been

observed. for the lntrlnslc emlsslon ln pure KI at llquld nltrogerr
ternperature by onaka (t966) when the crystals were exclted. ln

I ." ,,'-::
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the band--to=band. reglon. However a study by onaka et a1. (Lg6?)

of Nacl(gsl showed. an enhancement of the Ag+ emlsslon bands

exclted- by band"-to-band transltlons when an electrlc f1eld
was applled to ühe orystal. The enhancement ls explalned by
the assumptlon that the free electrons produced are not only
moved by the fleld. but actually accelerated by the fleld..
these accelerated. erectrons exclte centres by coIllslon as

envtsaged' ln el-ectrolumlnescence processesr Further results by
Denks and. Lelman (Lg6B) show quenchlng of emlsslon 1n KBr(T1),
KI(TI)' KBr(rn) and Kr(rn¡ when exclted by band-to-band
transltlons and also when exclüed ln the C absorptlon band. Thls
latter effect ls explalned ln the same way as that for band-to- i

band excltatlon slnce excltaülon ln the c band leaves the
electron ln a 1P1 exclted state that can easl-l-¡r be thermally
lonlzed whlch produces free electrons.

Flna11y electrophotolumlnescence experlments by Stella
and- Gusttnettt (L969) on Kcl(Kr) sho¡yed an enhancement of the
430 nrn emlsslon at room temperature. Thls emlsslon was shown

to be d.ue to the capture of a hore by an F-centre by Tlmusk and.

I{artlenssen (Lg6?') , The enhancemenü ln thls emlsslon seen by
sbella and Gustlnettl (t969) was found. for excltatlon tn the
x exclton reglon. The classlflcatlon of the peaks ln the
fund'amental absorptlon reglon ls made from the work of BaLd.lnl
and Bosacchl (tg6}) and Roessler and lJalker (1968). To explaln
these results ste1la and. Gustlnettl (Lg6g) proposed. that the

-.l-: ':: '
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electrlc fleld. lonlzed. the x excltons formed leadlng to an

lncrease ln the number' of free holes present ln the excl tatLon
reglon and hence glvlng an lncrease ln 1lght observed due to
the process of an F-centre capturlng a hole.

rt ls posslble to explaln the effects of.an electrlc
f1eLd, wltlr the exceptlon of those of Onaka et al , (t967¡, by

a sllght rnod.lflcatlon of the theory proposed by Denks and-

Lelman (1968). Here we must conslder the posslble excltatlon
and. recomblnatlon processês r-

' (r ) an exclton ls created- r+hrch then transfers lts energy

dlrectly to a radlaülve cenüre whlch produces thls centrers

characterlstlc emlsslon (2) electron-hore palrs are created

d.urlng exclüatlon whlch then d-lffuse separately to an actlvator
centre. Emlsslon ls only observed after a centre has trapped

an electron and a hole 1n any ord.er. An electrlc fleld. ls
consld.ered. to be able to affect only ühe motlon of separate

charge carrlers and. thus only process (2) ls lnfluenced. Now

thls Laüter process may be further subd.lvlded. (a) Untmolecular

Becomblnatlon. Thls means that a free electron must recomblne

wlth the hole created. by the same photon at some recomblnatlon

centre. (b) Dlmolecular Reconblnatlon, Thls allovrs for the

posslblllty of a free Q'lectron recomblnlng wlth a hole from a i

dlfferenü electron-hole pa1r. competlng wlth these processes

1satrapp1ngprocessfore1ectronsand.ho1esatvar1ous

trapplng centres and. such a process may enlt llght characterlstlc:
.::::ji:1. r::.i¡,
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of the trapplng process. Thus lt ls posslble to summarlge the
varlous processes as followst-
exclton---¡-(as¡lvator)r+racülvator emlsslon (1) 1,-,.:.:;

:,i.:.:.1 ::.:

elecüron + hole 
{"":lvator 

+ erectron) + hote*(actlvator)*
-(acülvator + hole) + erectron/ actLvator emlsslon

(2,) 
;, ,,r :,,
i::r:-:l-'electron*electron trap-.-posslble emtsslon d.urlng trapplng (j') ",,'.,'

hole + hole trap È---+- posslble emlsslon durlng trapplng (4) , i.,,,i¡,,

!,Ihenaf1e1d.1sapp11ed.1ttend.stoseparatethee1ectronsand'

holes thus lncreasing the probablllty of processes (3) and (4) .1

atbheexpenseofprocess(2),Consequent1ytheexper1ments'i
whlch monltor the actlvator ernlsslon see a reductlon ln 1nüenslty
wh11etheworkofSte11aand.Gust1nett1(Lg6g),observ1ng

11shtem1tted.v1aprocess(þ),showsan1ncrease1nobserved'

lntenslty. The experlments of Denlt3 and. LeLman (1968) provlde 
I

good. conflrmatlon of the above mechanlsm. They observed. a fleld.
effect for excltatlon 1n the c-band. of rL+ and ïn*" Thls l:.',.":,.-.

I 
t': ' tll

prod-uces the system of a hole trapped at the actlvator centre |rir,ir.,
.t.-:..-:::.

and an'electron that can be freed. fron the centre" Now lt can

recomblne at the centre or be trapped. vla process (3). So wlth +

the fleld helplng process (3) a d.ecrease ln actlvator emlsslon 
r,,,::*;:,

ls observed.. As ühe excltaülon lntenslty i.s r.ncreased. a '''i:" '

red.uctlon of the fleld. effect ts observed. and. le attrlbuted. to
a transltlon fron unlmolecuLar to d.lnoleoular reconblnatlon i

klnetlcs. Thls means ühat the eLecüron traps beoome lonlzed.
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aoflvator centres and. process (3) actuaLly becomes ld.entlcal
wlüh process (2),

our present experlmentaL results are consletent wlth
the nod.el proposed by Denlrs and Lelnan (f96g). In ühe case of
Nar(Tl) the effecü ls smalrer than ln pure Nar and. can be

explalned. ln terns of the thalIlum centres belng nost efflclent
ln capturlng electrons and. holes. rhls ls the reason that
NaI(TI) ls a very efflclent solntlllator. In pure Naf at
room temperature the centres responslble for the i?5 nn

emlsslon are the pred.omlnant actlvator centres partlclpatlng
ln the sclntlllatlon process. Appllcatlon of a fleld red.uces

the lntenslty of the 3?5 nn emlsslon but lncreases the 440 nm

emlsslon. thla we can tnterpret by proposlng the 325 nn

emlsslon occurs through process (z) whlle the 4þo nm emrsslon

1s d.ue üo process (3) or (4). At llquld nltrogen temperatures

the 295 nn lntrlnslc emlsslon ls observed besldes the 3?5 nn

enlsslon and. both show a d.ecrease ln lntenslty upon appllcatlon
of an elecùr1c fleld.. Thus both of these emlsslors are exclted
vla procoss (2') and.' appltcatlon of a fleld. lncreases the
probablllty of processes (3) and. (¿l). No lncrease of any

emlsslon ts observed. at IIquld. nltrogen temperature whlch means

these processes afe eltther radlaülonless or the emlsslon :

efflclency ls low. A subsldl:ary experlment on a pure crystal
showlng an appreclable 440 nm band at room temperature dld
lndlcate thaü the enltted. lntenelty aü 440 nrn was loru at llquld

::_::
.:...:.

.: :-

l!:,:È:ì:Ì
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nltrogen temperatures. consequently the centre produclng

the 440'nm emrssron can stl11 be actlng through process
(3)or(l+).onef1na1po1nt1sthattheworkofDenks(Lg66)

lndlcated. that excltatlon lnto the flrsü exclton peak ln
NaI(T1) stlIl produced a fleld effect. Thls compllcates the
process slnce the fle1d affects n"o".*" (1 ) to break up the
exclton glvlng an electron-hole palr and. then process (Z) nust
be lnvolved. ln recomblnatlon. However lt 1s dlfflcult to
estlmate how much thls contrlbutes to the emlsslon process an¿

lt may be concluded. that the electron-hole process ls the most

lmportant 1n the sclntlIlatlon processc

3-3 Th.ermolumlnescence-end Degay Curves

Excltatlon of the crystals by a sudden reversal of the
applled voltage produces a large emlsslon of 1leht that slowly.
d-ecays (see Flg. 3-16), Also thls forn of excltatlon at 1ow

temperature populates ühe trapplng states that are therrnally
stable at that temperaüürê¡ consequently, lncreaslng the
tenperature of crystals exclted. ln thls nanner prod.uces glow

, curvêsr Excltatlon of the crystals wlth alternatlng flel¿s at
s

.low tenperatures produced. weak glow peaks when the crystal''ör,
temperature was lncreased, lndlcatlng that trapplng d.ld occìlx¡

. An analysls of the d-ecay curves glves a mee'sure of the r

traps that contrlbute to phosphorescence aü that temperature and.

glow curves glve lnformatlon bf traps that are stable at thaü

temperatürê r
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.The decay curves were lnltlally analysed assumlng that

flrst order klnettcs were lnvolved.. That ls tha| the d_ecay

curves were composed. of a sun of exponentlal d.ecays as glven
J=nequat1onft,2)),Inüh1sana_1ys1sa1eastgquaresf1tt1ng
program developed by I'Iall (L968 ) was used. However d.lff lculüles
were found wlth thls method of analysls because conslstent
values of the tlne constants for the decays lnvolved, were not
obtalned.. lhls sltuatlon occurred even though the Cht-squared.

analysls lnd.lcated. that the flts vrere a good representatlon of
the d-ata. Two explanatlons of thls result are posslble. Flrst
lt ls posslble that because of the mode of excltatlon conslderable
Joule heatlng occurs and. thus the decay curves were not taken
at a constant temperatì,rrêr secondly tt may be necessary to
lnvoke second ord.er klnetlcs to expr-aln the observed. d.ecays.

rn the former case no analysls ls posslble but the data can be

analysed ln terms of the latter explanatlon"

Flg. 3-25 shows a ô-ecay curve obtalned at 100oK and ls
plotted as the logarlthm of the lntenslty versus the logarlthm
of the tlme measured from the'tlne of excltatlon. ThIs lnd.Icates
Ehat the decay on thls type of plot can be represented. by a (,

stralght llne of slope -L,3. As was lnd.1cated. ln the lntroductlon i..,:,,

the normal analysrs of second order decays usually requlres i:"r

that thls slope be equal to -2. However, curle (Lg6o) has shovm

that thls Is only a speclal solutlon to the general second. ord.er

equatlonsr;.and. the lndex ln the d.enomlnaüor of equatlon (t.30),
.:
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and thus the negaülve slope of the llne In Flg, )-?J, can dlffer
from 2, Consequently the decay curves observed aE L0OoK follow
second ord.er klnetlce or a temperature effect makes lt lnr.posslble

to ld.entlfy f lrst ord.er d.ecays. . Decay curves obtalned. b"'t*""n
100oK and- 300oK follorued thls patüern although ln some cases a.

comblnatlon of an lnltlal second. o"å"" d.ecay wlth a flnal
exponentlal decay vras observed. For the purpose of stud.ylng

the trapplng of charge camlers the analysls of grow curves

gave more lnforrnatlon.

Flg. 3-26 shows a typlcal glow curve obtalned. from pure

Nar wlth bhe monochromator set to look at the 3?5 nn emisslon
-oand-. Thls shows that there are two maln glow peaks between

10JoKand2g5oKwhenthecrysta1swerêexc1ted-byaf1e1d

reversal at 100oK" These peaks occur at temperatures of 134oK

and. 1B?oK. other smaller peaks also are detectable at ühe

approxlmate tenperatures of 17so\, 2O5oK a.nd. Z45oK but these

peaks rrrere too smal1 to allow any analysls. Excltatlon wlth
gamma rays at low temperatures glves the same glow curves.

Experlments 'wlth Type 1 crystals wlth the nonochromator set' at

J00 nm revealed. two pronlnent peaks whlch agaln occured. at +

1l4oK and 1B7oK. No glow curves were observed. when the

nonochromator was seü to observe tkre 2)J nm lntrlnslc emlsslonn

Thls Is to be expected slnce v6 centres are noblle at 5BoK

aecord-Ing to Murray and Keller (Lg6?) and so at üemperatures

above thls they move through the lattlce untll they remove an

Ì'.
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electron from an actlvator centre, leavlng an lonlzed centre.

Kaufman and. Had.ley (1968) report a glow curve at sgoK whlch

they attrlbute to ühls p"o""". tn NaI(ff¡. îhus above thls
temperature v6 centres d.o not exlst for longer than the tlne
requlred to dlffuse to an actlvaüor. centre once the source of
excltatlon has been removed. Therefore ln pure NaI two maln

glow peaks are observed- whlch glve emlsslon ln the lmpurlty
emlsston bands. Consequently these peaks can be asslgned" to
some d.efecüs of the pure. lattlce whlch supply elecürons or holes

to lmpurlty centres ln the crystal.
Experlments were also performed.'on NaI(î1). Flg" 3-Z?

shows a typlcal glow curve for ühe 410 nm emlsslon ln Nar(Tl)
between lOJoK and. 300oK after the crystar had been exclted. by

a fIeld. reversal at 1OOoK. Peaks are observed at Lt4oK, l66oK,

lB/oK and. 23BoK. The same peaks are observed after the crystal
has been exclted by gamma rays. rt ls lnterestlng to note that
two of these peaks correspond to peaks observed ln pure Nar for
the tnpurlty emlsslon bands. Thls strengthens the hypothesls

that these peaks result from the release of electrons or holes

from d.efects that are propertles of the pure lattlcê¡ The glowr,

peak a.t 1 66olç may be the same as the small one ln the regton

of 1 ?soT ln Flg , 3-26 aut the large peak at Zl,BoK must be

assoclated wlth the add.ltlon of thalllum to the pure crystal.
Posslbly the L66oK peak may also be assoclated. wlth thaIIlum
centres. A study of the llfetlmes lnvolved ln the rad.lo-

l-umlnescence process by ttall (L968) between 1B0oK and. 300oK

i..rl:i:r l::l:
rì1::t11:-.ii:-:j.
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lndlcates three dlscontlnultles ln the temperature varlatlon
of the ltfetlmes observed. ln Nar(Tl) (0.11 mole fi tnatrtun
whleh ls the,same nomlnal concentratlon as the crystal used..ln

the ,present experlments. ) These occured at'l-g8oK t ZiO}K and.

2?3ot<. Und.oubtedly the dlscontlnulty observed at Zleoç can be

assoclated. wlth the glow peak at 23BoK, provldlng further
verlflcatlon ühat thls glow peak ls assoclated. wlth thalIlum
centres ln NaI(ft¡.

fhe four peaks observed. ln the varloue glow curves trere

analysed. to determlne the ùrap depth Ae and. the frequency factor
s d.eflned. ln equatlon (1.19). the analysls was performed. uslng

the lead.lng ed.ge neühod. (Nlcholas and Woods, L964) to determlne

the actlvatlon energy of each peak uslng equatlon (L,34). The

problem of overlapplng peaks was removed by perfornlng an

excltatlon at a temperature Just below each peak such that a

clean 1ead.lng ed,ge was obtalned. The peak at 1 6?oX appeared. to
be composed of more than a slngle peak and the actlvatlon
energles for thls peak were not reprod.uclble. the value of

the ,frequency factor s was determlned. from equatlon (t"2?)

whlch lnvolves the glow peak posltlon T* and. the heatlng rate. +

Thls equatlon ls valld. for flrst order klnetlcs and so nust be

regarded as only a rough estlmate of ùhe frequency factor whlch

ls all that can normally be obtatned.. The results of the
present measurements are presented. ln Table 3,! along wlth 

:

results of earller work ln NaI and NaI(T1) ¡
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Table 3-L

Authors Glow Peak
Temperature

TrT ( oi< )

A.e
(ev)

1og1 9s

Present
lnlork

L34
L66
LB7
238

0,34

0,42
0.44

+

+I
o,o3

0.03
0,03

LO+2

9 +2
7 +?

Bonanoml
and-

RosseL
(1,9 5L )

tLt+
139
LL9
140
L5o

0. 30
0.38

2:27

tL,g
L2 r7

lz-'
Bonanoml

and.
Bossel

(19 5L )

LL5
138
148

0,35
0.41
o,53

L3,4
L3.5
l_ 6.0

Sharma
(L9 56)

140
L70

Lyskovlch
ChornI 1

and
Guseva
(1965)

L20
140
L60
220
290

Shamovskll
(1966)

LL+5
265
325

Lyskovlch &
Chornrt (L96?)

L20
140

Kaufman &
Hadley

(L968)
59

L05
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Dlscusslon

As can be seen from Table 3,L lt ls dlfflcult to compare
the thermolumrnescence results of varrous workêrs¡ The maln
problem rn maklng such a comparlson ls the d.lfferent heatlng
rates B used by varlous work€rsr As can be seen'from ecluatlon
(t,27) ror a glven trap the temperature Tre correspond.lng to ühe
maxlmum of the glow peak 1s a functron of the heatlng rate þ,
Therefore only Lf P rs quoted ls rt possrble to compare grow
curves. Only the results of Bonanoml and Bossel (tgsZ) lnclud.e
the heatlng rate and the thermolumlnescence peak posltlons
quoted are wlth a heatlng rate that ls approxlmately the same

as used ln the present experlments (approxrmately o,o6oK/sec).
The heatlng rate used by Kaufr"^. and. Had.ley (Lg6B) can be
estlmated. f rom thelr dsta to be approxlmately O,e3o]K¡sec.. Of
these results, the glow peaks observed by Kaufman and Hadley
(L968) tte outslde the range of the present experrments and so
only those of Bonanoml and Rossel (Lgsz) can be used to make a
conparlson. Most 11keIy the glow peak they observe aü 138ott ls
the'same aa that observed by thls author at L],uoK. The thermal
actlvatlon energles for ühese peaks agree wlthln experlnent,al
error but ühere are d.lscrepancles ln the frequency facüors.
As was mentloned. bòfore ij ,nu measurement of the frequency factor
ls dlfflcult to perform wlth preclslon. The peak observed at
14BoK by Bonanomt and. Bossel (tgsZ) ts probably hld.den tn ühe
lead.lng edge of the peak at 1 66ox whlch would. account for the
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dlfflculty ln obtalnlng conslstent actlvatlon energles for thls
peak. The traps thaü prod.uce the peaks at LL5og probably empty

;. even at 100oK and. so thls peak 1s not to be expected ln the i,',,.-

present data. The peak at llJoK observed, by Bonanoml and. Roeeel
(tgsz) probably rs the same as that.observed at 105oK by

,,,,) Kaufman and Had.ley (1968). 
¡.:,;,,,:,,' ':.1::'.i: :..

"l In an attempü to explaln the varlous glow peaks that l.,:';':

:..ì, .....,,

,ii

' Kaufman and IIadley (L968) have assoclated the glow peak at
59oK wlth the temperature at whlch V6 cenüres become moblle,
}lurray and KelLer (t967 ) report that thls temperature ls 5BoK

: from stud-les of the reorlentatlon of V6 centres, Llght ls :

emltted when the V6 centre, whlch ls essentlally a hole trapped_ ,

1 
- a 4v vÞeçrlvJ'ø¿J.J aa II(J-LE t/. 

i

i tn the lattlce, moves to a T1o centre, that ls a T1* centre

I that has trapped. an electrono thls process was d.escrlbed 1n

equatlons (t"l+) and (1.5). The glow peak at L0JoK ls attrlbuted.
,,:,,, to . the release of electrons from Tlo centres and- thelr ¡,,.,,t,r¡

-- '!.L lt""l 
"

:: recomblnatlon at T1++ centres as d.escrlbed. 1n equaülons (1.6) 
,,.,,.,,,,,,,,,,, -. -¿--- l' 

, 
,r:._.:.,,:,1

ànd (L,3). Thls mechanlsm would. also lead to a d.ecay curve
ab thls temperature that obeyed. second ord.er klnetlcs as was +

. observed.. Thts ls because the electron released from the T1o j.,,: ,

i h !^ -^^---, '.' ''l''' cenlre must flnd a T1+* aË whlch to recomblne and prod.uce ' i:r'r

_a

llght. There 1s opportunlty for retrapplng at a T1+ oentre as

the electron moves through the lattlce and so second. ord.er

ktnetlcs apply to the d.ecay. Shamovskll (Lg66) lnd.lcat,es ühab ¡::
. ;,:rt:.:r.r:r-,ji' ' .. :..

t...:l

:;.-:'I':-i..
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a posslble rnechanlsm responslble for the glow peak at z65oK ls
the release of holes from T1++ centres and thelr recomblnatlon

at rlo centres. our present results lndlcate that the glow

peak at ?35oK ts caused. by thalllum centres and the nechanlsm

suggested by shamovskll (L966) would be a posslble explanatlon.

To explaln the two other *"fn glow peaks observed at
13¿loK and. l8loK a mechanlsm lnvolvlng the Nar lattlce ltself
must be constd.ered slnce these peaks appear ln the varlous types

of sod.lum lod.ld.e crystals. The work of Townsend. et a1. (Lg6?)

consldered the observable glow peaks ln relatlon to the lattlce
parameters of alkall halldes. They observed correlatlons between

the temperatures of the glow peaks and the lattlce parameters

of varlous a1ka1l halld.és. these correlaülons lndlcate peaks

ln Nar would- be expected at approxlnately 60oK, 130oK and 150oK,

These they attrlbute to H-centres (two halogen lons at the slte
of a slngle halogen lon), a hole trapplng defect and an el-ectron

trapplng defect, probably an Ft-cenitr€r reepecülvely. However,

these asslgnments are very speculatlve but they d.o lndlcate
that Lntrlnslc lattlce defects are üo be expected. to produce

'lii
glow peaks ln the reglon observed-.

Therefore there are four maJor traps ln NaI(T1) that

trrrod.uce glow peaks between 100oK and. 295oIç, OnIy one (2)5oK)

can be d.lrectly aütrlbuted to thalllum centres whlle the

remalnd.er are d.ue to lattlce d.efect centres and these prod.uce

glow peaks ln nomlnally pure crystals. The actlvatlon energles

of three of these üraps have been measured.

ì;:.1t. :

't.: :

¡':i.:l'



CHAPTER IV
:

:

CONCLUSTONS

4-1 Ele ctrophotolumlne s cence-

The radlolumlnescence spectrum of nomlnally pure NaI

and. thalllun doped NaI was observed.ln relatlon to an applled.

electrlc fleId. At both 100oK and. 300oK the effect of ühe

electrlc flel-d was to reduce the lntenslty of the maln emlsston ilii
band.s whl1e an ênhancement of one of the nlnor band,s ln pure

NaI was also observed.. The f1e1d effects have been explalned.

uslng a modlflcatlon of the mechanlsm proposed by Denks and.

Lelman (Lg6B) whlch assumes that free electrons and holes are

created ln the sclntlllatlon process and the applled fleld
a1terstheprobab111tythatd.1reêtrecomb1nat1onofane1ectron
and.ho1ew111occur.Thef1e}dcausesthee1ectrontomove
farther through the latü1ce glvlng a greater probablllty to
vartous 

.trapplng 
process€sr These trapplng processes may

produce 1lght whlch wouId. acc.ount for the lncrease ln one

emlsslon band.. The reductlon ln lntenslty appears to be

llnear wlth applted fleld and. thls ls ln agreement wlth the ù

theory of free electron mobllltles where the mean d.lstance an
ii,r '.i::.

electron movesr or Schubweg, 1S proportlonal to the applled. i. ¡¡

fleld.. A study of the tlne constants ln the sclntlllatlon v

processa8afunct1onofapp11ed.f1e1d.wou1d.prov1d'efurther
:

lnslght tnto thls Process.
ìi::1'-:.::¡t::a:ì
.:.::lf:;::1,..:
Ìr'
I...1 ::

ìl
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These experlments were orlglnally performed. to posslbly

provld.e lnformatlon about the lnternal flelds. Slnce the

sclntllIatlon process cbn be assumed. to be a bulk phenomenon 
,,..,,,.,.,, ,,:.;

the fact that fteld. effects were observed serves to tnd.lcate

that substantlal flelds do occur ln the bulk and are not

completely concentrated ln a bamler reglon. Also these fleld.s

do affect the movemenü of free charge camlers. The observatlon

that an alternatlng fLeld red.uced. the emlsslon more than an

equlvalent D.C. fleld. does lndlcate the posslblllty of an

lnternal polarlzatlon occurrlng ln the latter case whlch red.uces l

the fleld ln the bulk of the crystal. Thls polarlzatlon ls d.ue

to the movement and. subsequent drapptns of free charge carrlers

and these charge carrlers are probably lnvolved. ln prod.uclng

the large amounts of. llght observed when the polarlty ls

reversed.

þ-2 Thermolumlnescence

The thermolumlnescence experlments' served. to show

that the effect prod.uced. by reversLng the polarlty of a D.C'

applled fleld. d.ld. populate the trapplng centres ln NaI that

were stable at the temperature of excltatlonn These trapplng 
G

states were also populated. ln the alternatlng fle1d. electro-

lumlnescence process lndlcatlng a slmllarlüy between these r

processea.

The results tnd.lcate that at least ühree trapplng centres

exlst ln pure NaI ühat are stable at 10OoK and.. are characterlstlc



' values of the actlvatlon energy for thls peak were ln agreement.

I The present calculatlons of the frequency factors were roughly
II fn agreemenü wlth prevlous values slnce the errors lnvolved. ln

LL5

of the pure lattlce. A fourth trapplng centre ihat producee

a glow peak at 235oK ls assoclated. wlth thalllum centres ln

Naf crystals. A d.lscontlnulty ln the tilne constants of the 
,.,,i..,,

NaI(T1)rad.1o1um1nescenceatth1sternperature(lrla1].,L96B)can

be assoclated wlth ühe fact that thls trapplng centre w111 be

effectlve below thls temperaturer consequently renovtng an r,,,,.,,.¡
';i:. : 

,:.ji::

::'-l'"r' '-.r'ìenergy transfer Process

The thermal actlvatlon energles assoclated wlth three ¡:.,.r;:,'i,:r::;:t ::

of the glow peaks were evaluated. and are llsted- ln Table 3-L, 
i

Conparlson wlth the results of other workers lnd.lcâted- t'hat

only one of ühe peaks had been analysed prevlously and the

these results allowed- the frequency factors to vary by up to ,:

two ord.ers of nagnltud-e. Thls ls because the analysls of glow

peaks ts not sensttlve to the value of the frequency factor. jli";ta
i"'t'¡:':¡;'¡¡. ::: ":: .:'|.:-.":l '

4-3 Electrolumlnescence i-::::j;'

The resulüs presented. here are the lnltlal observatlons

of electrolumlnescence ln lsod.lum lod.ld.e slngle crystals. Thls

j emlsslon was produced. .by excltlng the crystals wlth a hlgh
t:l:.:,:.::.,t:::i

voltage alternatlng fleld. The emlsslon spectra observed-

fromthevar1oussod.1um1od.1d.ecrysta1sstud'1ed.rureremarkab1y

slnlIar to the rad-lolumlnescence spectra d-ue to gamna rays.

From thls tt ls lnferred that slnllar processes are lnvolved r ',,',
ì::: .: :.Ì
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that ls the reconblnatlon of free electrons and. holes that

have been prod.uced by some excltatlon mechanlsm. Indeed- thls
statement may be extended. to lnclude the same mechanlsm pro-

ductng the free electrons and. holes, namely lnpact lonlzatlon

by hlsh energy electrons. However lt ls not obvlous lf the

analogy can be extend.ed. that far.
In the present work two mechanlsms have been d.lscussed.

wlth regard. to explalnlng the experlmental observatlons'

namely electron and. hole tunnelllng fron the electrod-es and,

excltatlon'by lnpact lonlzatlon. Both of these mechanlsms can

accountformostoftheexper1menta1observat1ons.However

the observed. effects rolth reversal of the polarlty of a D.C.

f1eld. are compatlble wlth the lnpact lonl zatLon mechanlsm on1y"

The d.erlvaülon of the observed. voltage d.ependence of the

emlsslon lntenslty provldes a dlfflculty wlth both the pfoposed.

mechanlsms and. thls problern ls unresolved. ln many electro-
lumlnescence systems where the Alfrey-Taylor relatlon ls
observed-: A Moüt-Schoütky barrler reglon ls usually proposed.

to overcome thls dlfflculty. The eiecürodes used. ln the present

lnvestlgatlons were blocklng electrodes and. und.oubtedly a e

barrler reglon d.oes exlst bótween the eLectrod.e and. the crysta3.

whlch can be assumed to be slnllar to a Mott-Schottky barrler.
the observed. voltage d-ependence ls then explalned as d.ue to

the number of electrons tunnelllng through such a barrler

reglon. In the lnpact lonlzatlon nod.el 1ü ls these electrons.
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ühat are then accelerated to optlcal ener¿gres.

The results of the electrophotolumlnescence and the
thermolumlnescence experlments must also be lncl-ud.ed. ln a ::::

;:'::j.::.:::

dlscusslon of the posslble electrolumlnescence mechanlsûìs r

From the electrophotolumlnescence results lt 1s .clear Enat a
substantlal fleld exlsts throughout, the bulk of the crystal 

i,,ir,Ì:-,
andthatsuchaf1e1d.can1nf1uencethenot1onofcharge

:

carrlers, There ls also evldence of a polarl zatlon bulld. up ;i':r,:..i,

d.ue to the motlpn of charge carrlers when a D.c. fleld. ls 
I
i

applled- whlch ls necessary to explaln the emlsslon observed. i

whenthepo1ar1ty1sreversed..Theseresu1tsfavourthe1mpact':
lonl zatl-on mod.el. Thermolumlnescence measurements show that i

l

fhere are several stable trapplng centres at lor,r temperatures 
i

where the lumlnescence process ls more efflclent. However 
j

these traps are only populated after some form of excltatlon
has occu*ed. at low temperatures. Thus they are populated by 

r , ::

the electrolumlnescence process and. d.o not supply eledrons i,,..¡.i;:
¡- t' ::t:': ¡ ::that are accelerated ln the conductlon band. The electron ,,-,tt,,,.,.,:i

and hole tunnelllng mechanlsm depend.s upon the holes belng
trapped- and so thls mechanlsm wou1d. pred.lct a strong temperature

,

. d-epend.ence ln ühe reglons of the varlous glow peaks. A ' 
,.,r..,,,.ii,r:i

t l l 
'i.;,;r,varlatlon 1s observed. lìn ühe reglon of only one glow peak and.

taken as a l¡ho1e thls can be consld.ered. as evldence agalnst the
electron and" hole tunnelllng mechanlsm.

Therefore lt must be concluded that lmpact lonlzatlon
l :.::.:r::..,. :::;:i,.

i'1r,.;'j::ÌÌ:ì.:.
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1s the. most llkery mechanlsn"responslble for the observed.
:

electrolumlnescerrce¡ Thls mechanlsm 1s ln agreement wlth the
experlmental observatlons and'a1so experlments on electron
mobllltles ln hlgh flelds do lnd.lcate effects that are relaüed,

to thls mechanlsm. Experlments to study the electron. nobl1lty
ln these crystals are suggested. as a promlslng approach to
provlde further lnslght lnto the lumlnescence process together
wlth the stud.y of electrolumlnescence of alkall halld.es at
lower ternperatures.
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