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ABSTRACT 

Zinc selenide i s a I I - VI compound semiconductor with a vide band-

gap of 2.67 eV at room temperature, and i s therefore capable of emitting 

v i s i b l e luminescence. The main purpose of the research reported i n t h i s 

thesis was to study zinc selenide c r y s t a l s grown i n the depaJ^tment with 

the aim of developing a suitable material for the manufacture of red-

emitting electroluminescent diodes. I t i s hoped that these w i l l event­

u a l l y be cheaper and easier to produce than gallium arsenide-phosphide 

devices. 

The most sa t i s f a c t o r y means of reducing the r e s i s t i v i t y of sine 

selenide to values consistent with i t s use as a device (approx. 1 ohm 

cm.) was to heat nomina].ly undoped c r y s t a l s i n molten zinc. Measurements 

of the H a l l voltage and conductivity over the range 15̂ K to kOO^K 

revealed a shallow donor l e v e l (Ed = 0.012 eV) thought to be associated 

with unremoved trace Impurities of chlorine. 

Manganese was introduced into several c r y s t a l s to provide an 

e f f i c i e n t luminescent centre. The c h a r a c t e r i s t i c manganese emission 

band at 85°K was found to l i e at 587O % with a half width of O . I5 eV, 

Under 3 6 ^ % excitation, however, the manganese emission was swamped by 

a band a t 6^00 % attributed to copper contamination, and a broad band 

at 6 1 ^ % which appeared to be the self-activated emission of zinc 

selenide. The manganese emission could be Isolated when c r y s t a l s wmre 

excited i n one of the two c h a r a c t e r i s t i c excitation bands (̂ O'tO % and 

3370 %), A smaller excitation band was also observed at 4660 X* 

A l l samples, including those containing manganese, heated i n zinc 

to reduce t h e i r r e s i s t i v i t y , were found to emit the self-activated band 

only, thought to be the r e s u l t of chlorine Impurity. An Auger process 

was assumed to account for the disappearance i n semiconducting samples 

of the mamganese emission under photoexcitation and yet explain i t s 

appearance i n the emlBsion from electroluminescent diodes contadning 

manganese. 
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CHAPTER 1 

LUMIKESCENT HtOPERTIES 
OF THE I I - VI COMPOUNDS 

1.1 IMRODUCTION 

When an electron i s excited to a higher energy state i n a s o l i d , 

i t can return to i t s o r i g i n a l state by emitting the excess energy i n 

a va r i e t y of ways. For example, the energy can be released i n the form 

of phonons or can be used to promote a photochemical change. The energy 

can also be released i n the form of photons, i n which case the process 

i s known as luminescence. The term luminescence i s confined to radia­

t i o n w i t h i n the v i s i b l e region and i s used to describe the emission of 

a l l r a d i a t i o n which i s not purely thermal i n o r i g i n , such as incandescence. 

Electronic e x c i t a t i o n can be achieved i n a variety of ways. I f 

high energy particles are responsible f o r the emission the process i s 

known as cathodoluminescence or radioluminescence. I f the process i s 

the r e s u l t of an applied e l e c t r i c f i e l d , either D.C. or A.C., electro­

luminescence i s the appropriate term. Triboluminescenee can occur when 

a material i s subjected to n»chanical forces such as scraping or g r i n ­

ding, and chemiluminescence and bioliuninescence occur as a res u l t of 

certain chemical reactions. However, the process with which we shall 

be mainly concerned i n t h i s thesis i s photoluminescence. This occurs 

when the excitation energy i s supplied by means of incident photons which 

can be of various energies ranging from X-rays to infra-red radiation. 

Luminescence i s usually divided i n t o two broad classes. These 

are fluorescence and phosphorescence. The main d i s t i n c t i o n i s concerned 

( - 8 P50V 5973 ) 
N. SECTION y 



with the respective decay rates. Fluorescence i s ustially associated 
—8 

with decay times of the order of 10~ seconds and phosphorescence with 

times of several seconds. For intermediate times, however, the d i s t i n c ­

t i o n i s not clear cut and the temperature vari a t i o n of the decay times 

must be taken i n t o account. 

1.2 EDGE EMISSION 

Luminescent emission i n compound semiconductors i s usually divided 

i n t o two categories, namely edge emission and deep centre emission. 

Edge, or Ewles Kroger emission ( J . Ewles 1938» F. A. Kroger I94O) i s the 

term used to describe the luminescent emission associated with t r a n s i ­

tions with energy very close to that of the bandgap of the material, 

normally such emission i s quenched i n materials to which activator type 

impurities have been added to produce deep centre emission (see l a t e r ) . 

Although edge emission can be observed i n most I I - VI compounds at 77°K 

i t i s r e a l l y necessary to make measurements over a range of temperatures 

down to l i q u i d helium terai)eratures i n order to obtain useful information. 

Hitherto the most extensive studies of edge emission have been made 

on cadmium sulphide. A t y p i c a l emission spectrum i s shown i n figure 1 . 1 , 

(C. C. K l i c k 1953) . The emission consists of a series of very narrow 

bands wi t h widths a t h a l f height of approximately 0»005 eV. The bands 

are equally spaced i n energy and decrease i n in t e n s i t y and increase i n 

width towards longer wavelengths. There are two series of bands, one 

at high energy and one at s l i ^ t l y lower energy. This l a t t e r series 

appears as the temperature i s lowered towards 4*2°K. Pedrotti and 

Reynolds {^960) sviggested that the most intense peak at 4*2°K was asso­

ciated with recombination between an electron bound at a very shallow 

donor l e v e l , Ed = 0*02 eV, and a hole at a nei^bouring acceptor level 

some 0*14 eV above the valence band. This pair recombination model has 
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since been well established and lines resxilting from the recombination 

of individual pairs have been observed (Henry et a l 1969)« More w i l l 

be said about t h i s associated pair model l a t e r . As the temperature i s 

raised the high energy series begins to appear (figure 1 .1a) . This oc-

c\irs when the donor levels are emptied and the dominant emission results 

from recombination between free electrons and trapped holes. 

The narrow bands i n each series are found to be separated by ener­

gies equal to those of the longitudinal optical phonon (0*058 eV) so that, 

with the exception of the zero order band, each band i s associated with 

phonon co-operation and the radiative t r a n s i t i o n i s accompanied by the 

release of one or more phonons to the l a t t i c e . The bands which are mem­

bers of such a series are known as phonon replicas. Replicas have also 

been observed a t energy separations corresponding to those of transverse 

optical phonons. 

With cadmium sulphide there i s s t i l l no agreement as to the atomic 

configuration of the donor centre involved, t h o u ^ sulphvir i n t e r s t i t i a l s 

are thought to play some pajrt i n the process (Kulp and Kelley I96O). 

1.3 EXCITON EMISSION 

The emission spectrum shown i n figure 1.1b which was measured at 

4'2°K exhibits a further series of very sharp lines which appear on the 

h i ^ e r energy side of the edge emission but j i i s t below the bandgap energy. 

The series of lines i s hydrogen l i k e and i s att r i b u t e d to exciton recom­

bination. An exciton can be considered to be an electron-hole pair, 

boTind together i n a si m i l a r manner to components of the hydrogen atom. 

The allowed energies of free excitons can be represented by a set of 

levels with a series l i m i t which coincides with the bottom of the con­

duction bemd (figure 1 . 2 ) . The emission energies are given by 

R P 1 
n 0 0 ^2 m ^2 



where jj i s the reduced mass of an exciton, K i s the d i e l e c t r i c constant 

of the material, R i s the Rydberg constant, m i s the free electron mass 

and h = E the bandgap of the material. 

I f the valence band of the material i s s p l i t , as i t i s f o r example 

with the hexagonal I I - VI compounds such as cadmium sulphide and cad­

mium selenide, several series m i ^ t be expected corresponding to tramsi-

tions to each branch of the valence band. The reverse' transitions have 

been observed i n absorption measurements, f o r example on zinc selenide 

(Liang and Yoffe I967 b ) . 

An exciton can exist either as a free e n t i t y or bound to a native 

defect or impiority l e v e l . Bound excitons emit l i g h t of lower energy 

upon recombination, the difference of about 0*01 eV being equal to the 

binding energy of the free exciton to the defect. Since free excitons 

are mobile with a range of k i n e t i c energies, the associated emission 

bands have a half width of approximately 10"'^ eV, ten times wider than 

those associated with bound excitons. As the temperature i s raised, above 

l i q u i d helium temperatures, free exciton emission tends to dominate as 

the bound excitons are thermally freed. 

I t has been suggested that there are four d i f f e r e n t types of bound 

exciton i n cadmium sulphide which give r i s e to emission lines known as 

the I ^ , l^t and I ^ l i n e s . They correspond respectively to excitons 

bound to neutral acceptors and donors, and ionized donors and acceptors. 

However, an I ^ l i n e has not yet been observed. Study of the energy se-

paxations of the I ^ series of lines can provide information concerning 

the donor ionization energies of certain impurities. 

1.4 DEEP CENTRE EMISSION 

Nearly a l l phosphors which f i n d practical applications are made 

luminescent, that i s activated, Iby the addition of certain impurities. 
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ffith d i f f e r e n t impxirities phosphors can be prepared to emit l i g h t cover­
ing a wide range of wavelengths extending from the edge emission region 
to the i n f r a red. The addition of impurities can also be used to control 
other properties such as -ttie e f f i c i e n c y , decay rate and long term stabi­
l i t y . The emission from I I - VI compounds associated with pgarticular 
impurities or activators i s known as deep centre luminescence. I t usually 
consists of broad bands approximately Gaussian i n shape with half widths 
of the order of 0*3 eV. 

Models are used i n order to simplify the processes occurring i n 

phosphors and we sha l l now consider those models which cam be applied 

i n the case of non-localized t r a n s i t i o n s . 

1.5 NON-LOCALIZED TRAMSITIOHS 

I n llie majority of phosphors, luminescent emission i s accompanied 

by photoconductivity. This shows t h a t the electron transitions involve 

tiie conduction or valence bands of the phosphor as well as the. luminescent 

centre i t s e l f . This interaction allows energy to be transferred from 

point to point i n the c r y s t a l and iiie luminescent centre need not be any­

where near the point i n space at which the electron i s f i r s t excited. 

Other discrete levels w i t h i n the energy gap such as trapping levels are 

also involved together with levels associated with native defects which 

add considerable complexity to the processes involved. 

The impurities which produce luminescent emission are known as 

activators and co-activators. I n the I I - VI compounds typi c a l activa­

tors axe copper,silver and gold substituted f o r the metal atoms. Co-

activators can be either elements from group V I I such as chlorine or 

bromine s u b s t i t u t i n g f o r the group VI atoms, or group I I I atoms such 

as aluminium, gallium and indium on group I I s i t e s . I n most I I - VI 

compounds the name activator i s a synonym for acceptor and s i m i l a r l y 

a co-activator i s simply a donor. 



The f i r s t phosphor to be studied i n any great d e t a i l was zinc 

sulphide. I t i s fovuad that a f t e r zinc sulphide powder i s heated to 

about 1000°C with copper and sodium chloride, a br i f i ^ i t green lumine­

scence band near 5200 S. i s produced. I f s i l v e r i s used Instead of cop­

per a blue band near 440O 1 i s produced. I t was realised that the so-

ditmi chloride not only acts as a f l u x d\aring the f i r i n g , but also pro­

vides the chlorine ions which are irworporated i n t o the l a t t i c e of the 

zinc sulphide. The function of the coactivator i s to ensure charge 

n e u t r a l i t y . Every Cu"*" ion on a Zn"̂ ^ s i t e i s compensated by the net 

positive charge of a Cl~ ion on a S s i t e (Kroger and Hellingman 1949). 

This i s fxirther i l l u s t r a t e d by the fact that group I I I elements such 

as Al''"''"'' substituted f o r the Zn'^ can be used to provide the excess 

positive charge (Kroger and Dikhoff 1950) . The colotir of the resultant 

Ixuninescence i s found to depend mainly on the activator present. I f 

zinc sulphide i s f i r e d i n the presence of a coactivator only, a blue 

band near 46OO 2, known as self-activated emission, i s produced. Charge 

n e u t r a l i t y i s s t i l l maintained and the required negative charge i s pro­

duced by the formation of zinc vacancies (Prener and Williams 1956 b). 

Self-ooaotivated emission i s also possible where an activator i s com­

pensated by the formation of anion vacancies. 

1.6 MODELS FOR NON-LOCALISED TRANSITIONS 

Three models have been used as a basis f o r interpreting non-

localised luminescent tran s i t i o n s . These are i l l u s t r a t e d i n figure 1 , 1 . 

The Schon-Klasens model was f i r s t proposed i n 1942 (M. Schon 1942) and 

elaborated (H. A. Klasens 1955) ' The i n i t i a l excitation produces a 

free electron and a free hole. The Sefaon-Klasens model assumes that 

the hole beeches trapped at a localised l e v e l above the valence band 

and the emission i s a r e s u l t of a free electron recombining with the 

hole a t t h i s centre (figure 1,3A). 
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Lambe and Kli c k (1955) proposed the model i l l u s t r a t e d i n figure 1.3B 

I n t h i s scheme, the free electron i s trapped at a level below the con­

duction band, A free hole then recombines at t h i s level to produce 

the emission. This model was found necessary to account f o r the fact 

that the decay time of photoconductivity i n certain materials was grea­

ter than the luminescence decay time (Lambe 1955). 

Prener and Williams (1956 a) introduced a t h i r d model. They con­

sidered the emission to r e s u l t from the recombination of electrons and 

holes trapped a t localised centres i n the same region of the l a t t i c e 

( f i g u r e 1.3c). This associated pair recombination was f i r s t observed 

i n gallium phosphide (Hopfield et a l I963). Fine structure was resol­

ved corresponding to transitions between centres up to 30 ̂  apart. 

The low energy edge emission series which occurs i n cadmium sulphide 

and other I I - VI compoimds can also be explained using t h i s model. 

Pair recombination can be i d e n t i f i e d by means of time resolved spec­

troscopy. I n t h i s process the emission spectrum i s scanned as i t de­

cays and any s h i f t towards lower energy with time suggests pair recom­

bination. This i s because more distant pairs take longer to recombine 

and emit less energetic photons upon recombination. 

These three models, with suitable modifications, have been used 

to describe most of the emission observed i n I I - VI compounds but with 

most luminescent systems there i s s t i l l i n s u f f i c i e n t evidence unambigu­

ously to assign specific transitions to particular bands and defect 

levels. 

1.7 APPLICATION OF THE MODgLS TO ZINC SULPHIDE 

I n order to i l l u s t r a t e the applications of the three models we 

sh a l l consider t h e i r use with zinc sulphide, p a r t l y because zinc s u l ­

phide has been studied more extensively than any other I I - VI phosphor 

and also bec&uae many of the results are, or should be, of dir e c t r e l e ­

vance to si m i l a r luminescent processes i n zinc selenide. However, i t 



w i l l be demonstrated that there i s s t i l l l i t t l e unanimity of opinion 

as to the exact nature of many of the luminescent transitions i n zinc 

sulphide and further work i s s t i l l necessary to c l a r i f y the situation. 

When the copper i s used as the activator i n zinc sulphide, four 

main emission bands are observed a t 77°K. Some of the models which 

have been used to explain these bands are depicted i n figure 1.4» 

(a) Copper Blxie and (areen Emissions 

F i r s t l y we sh a l l consider the copper blue and green emissions 

which are the most d i s t i n c t and common. At 85°K the blue band i s found 

to have i t s maximum at some wavelength between 4300 X and 4440 i irtiereas 

the green has i t s maximum a t a value between 5160 X and 5250 i. The 

actual values depend^ on whether a group I I I or group V I I coactivator 

i s used. I n addition reported values vary from worker to worker. 

Possible explanations f o r the lack of agreement on the actual positions 

of the emission bands are (1) the observed bands may be a superposition 

of a number of sub-bands or (2) d i f f e r e n t samples may contain d i f f e r e n t 

imperfections w i t h i n the l a t t i c e , such as stacking faults and polytypes, 

which may a l t e r the detailed band structure of the material. The maxima 

of both the blue and green copper bands s h i f t towards longer wavelengths 

on r a i s i n g the temperature from 77°K "to 300°K, the blue by about 30 i 

and the green by about 100 £ . 

I t l a fo\md that the green emission dominates when approximately 

equal amounts of coactivator and activator are present. As the copper 

concentration i s increased, the bltie band becomes more pronounced. 

The green band i s sometimes at t r i b u t e d to a Prener-Williajns t r a n s i t i o n 

between an electron i n a coactivator centre and a hole localised at 

an associated copper centre (G. and D. Curie I96O). This interpreta­

t i o n i s supported by measurements of the time resolved spectrum (Shionoya 

et a l 1966). The dependence of the position of the emission peak on 
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the natvire of the coactivator can probably be explained using the model 

proposed by Prener and Weil (1959) to explain the similar e f f e c t on 

the s e l f - a c t i v a t e d band (see l a t e r ) . The blue emission has been consi­

dered to r e s u l t from a Schon-Klasens transition to the same copper l e v e l 

associated with the green band (G. and D. Curie I 9 6 O ) . 

Both bands have also been described i n terms of Schon-Klasens 

tra n s i t i o n s to d i f f e r e n t ionization states of the copper centre (Broser 

and Schulz I 9 6 I ) . 

The blue emission has even been attributed to a Lamber-Klick tran­

s i t i o n although t h i s i s tmlikely (Birman I96O). 

As can be seen, the actual defects and the transitions responsible 

for the copper green and bliie luminescence are s t i l l not d e f i n i t e l y 

known a f t e r over twenty years of serious study. 

(b) Copper Bed Emission 

Zinc sulphide containing copper also exhibits emission i n the red 

region of the spectrum, which consists of a band with i t s maximum a t 

6970 ^ a t 77°K. I n contrast to the blue and green emissions, t h i s 

band s h i f t s to shorter wavelengths on heating. The emission peak i s 

located at 6740 2. at room temperature. The red emission i s usually 

observed only when the activator to coactivator r a t i o i s extremely high. 

Shionoya et a l ( I 9 6 2 ) proposed that the emission was due to a lo c a l i s e d 

t r a n s i t i o n of the Prener-Williams type between a sulphur vacancy and 

an associated acceptor l e v e l due to the copper. However, EjS.R. ex­

periments by Dieleman et a l ( I 9 6 4 ) tend to show that the copper atom 

and the vacancy act as a complex producing a l e v e l below the conduction 

band, i n which case the emission would be associated with a LamberKlick 

type t r a n s i t i o n . Which of these two mechanisms i s correct i s s t i l l 

\mdecided. 
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( c ) Copper Infra-Red Bnlsalon 

The infra-red luminescence of zinc siilphide i s enhanced when copper 

i s incorporated and consists of two main bands located at aroxind 1-46 fj m 

and 1 '65 p m a t 77°K. There i s an additional smaller Tjand at about 

1 p m. The whole emission i a enhanced when the phosphor i s prepared 

under excess sulphur pressvire which i s thought to reduce the concentra­

tion of sulphiir vacancies leaving the copper i n an imcompensated state. 

This view i s supported by measurements on phosphors containing radio­

es 6s 
active Zn which slowly decays to Cu whereupon the infra-red emis­

sion gradually r i s e s (Scoser and Pranke 1965)- Several sviggestions 

have been made to explain the two major peaks. Broser and Schulz (I96I) 
associated them with Lambe-Klick transitions involving the ground and 

excited states of a hole bound to the copper impurity. Ullman and 

Dropkin (I96I) showed that the excitation responsible for the infra-red 

emission produced hole photoconductivity, thus supporting this view. 

A s i m i l a r model involving transitions from a single copper l e v e l to 

a s p l i t valence band was suggested by Bryant and Cox (I965). A com­

pletely different mechanism was suggested by Birman (I96I) who a t t r i ­

buted the emission to internal transitions between the energy level s within 

the copper ion which r e s u l t from c r y s t a l f i e l d and spin orbit s p l i t t i n g . 

I n f a c t the emission may be due to a combination of internal and free 

electron t r a n s i t i o n s . 

(d) Self-Activated Emission 

So f a r we have considered ainc sulphide to which an activator, 

namely copper, has been added. I f , however, zinc sulphide i s simply 

f i r e d so as to introduce a coactivator such as chlorine or aluminium, 

a blue luminescence band with i t s peak between 4710 £ and 4560 X at 
77°K i s produced. The actual value depends on the coactivator group 

used. The band i s very near to the copper blue emission but i t can 
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be e a s i l y distinguished since i t i s found to s h i f t to shorter wavelengths 

on heating, unlike the copper blue which moves to longer wavelengths. 

Kroger and Vink (1954) suggested that the centre consisted of a zinc 

vacancy whose surroundings had l o s t one electron, to compensate for the 

coactivator jaresent. A d i f f e r e n t model had to be proposed however 

because Bowers and Helcuaed (1955) f a i l e d to observe any paramagnetic 

resonance. Prener and Williams (1956 b) therefore suggested that a 

coactivator-vacancy complex was responsible for the ground state of 

a Sohon-Klasraas t r a n s i t i o n . Prener and Weil (1959) showed that a zinc 

vacancy was involved and also explained the variation i n peak position 

with coactivator group. This variation was considered a function of 

the d i f f e r e n t l a t t i c e s i t e s a t which the two types of atom (group I I I 

and group V I I ) substituted. 

E.S.E. measurements on S.A. zinc sulphide have iden t i f i e d a centre 

which, due to the presence of a trapped hole, becomes paramagnetic when 

photoezcited. fhia centre, known as the A-centre, consists of a zinc 

vacancy associated with the coactivator impurity (Schneider t965) and 

appears to be the centre also responsible for the S.A. emission. 

The s h i f t i n peak position with temperature has been explained 

i n terms of an increasing dissociation of the complex as the temperature 

i s r a i s e d . This would lead to increasing transitions from the conduc­

tion band to the isolated zinc vacemcies. 

' C l e a r l y the mechanisms used to explain the self-activated emis­

sion are very s i m i l a r to those used to discuss the copper red luminescence, 

and i n f a c t the l a t t e r i s sometimes known as the self-coactivated band. 

Both emission processes can be treated to some extent i n terms of the 

configurational coordinate model which i s described l a t e r . 

1.8 LOCALISED TRAM5ITI0N3 

When an impurity such as a transition element or a rare earth 



ion i s introduced into a I I - VI compound,the impxjrity emission and 

absorption processes are associated e n t i r e l y with electronic t r a n s i ­

tions within the atomic s h e l l of that ion. The c r y s t a l l a t t i c e plays 

a r o l a t i v e l y unimportant part i n the process. The excited electron 

does not interact with any free electrons or holes and the band struc­

ture of the material can be completely ignored. The host l a t t i c e , how­

ever, a f f e c t s the transitions v i a phonon interactions and c r y s t a l f i e l d 

s p l i t t i n g of the energy l e v e l s of the free ion. 

I t i s very d i f f i c u l t to interpret the broadening and shape of 

the emission and absorption bands of deep centre luminescence of the 

type described i n the previous section. The shape, width and Stokes 

s h i f t , that i s the f a c t that the emission usually occurs a t lower energy 

than the excitation, a l l depend on the interaction of the electronic 

state of the luminescent centre with lo c a l i s e d and non-localised pnonons. 

To take one extreme, for a very shallow donor with a binding energy 

of 0-01 eV the electron o r b i t a l can be considered to extend over many 

interatomic spacings suid only the host l a t t i c e phonons w i l l have any 

e f f e c t . However, i n the case of deeper l e v e l s , which the majority 

of important activators produce, the electron i s f a i r l y l o c a l i s e d and 

tends to i n t e r a c t with several l o c a l i s e d phonon modes as well as the 

l a t t i c e . Since these can have widely d i f f e r i n g frequencies the matter 

i s severely complicated and no suitable theories have yet been suggested. 

I n the other extreme however, when the electron can be considered to 

be t i g h t l y bound to the centre, as i s the case we are now about to 

consider, i t can be assumed that only the l o c a l i s e d modes interact. 

Usually i t i s assumed that only one type of phonon i s involved. This 

means that the form of the emission and absorption bands can be quite 

well predicted by means of the configurational coordinate model. A l t h o u ^ 

i t has been extended to cover more than one interacting mode, the equa­

tions which then r e s i i l t contain so many adjustable parameters that tney 

ajre of limited use. 
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1.9 CONFIGURATIONAL COOHJINATE MODEL 

Htxe configurational coordinate model was f i r s t suggested by Seitz 

(1959) and has since been modified and improved (P. E. Williams 1953» 

OcC. K l i c k 1952). I t i s a very useful tool for the analysis of absorp­

tion and emission bands i n l o c a l i s e d electronic transitions. A typical 

configurational coordinate diagram i s shown i n figure 1.5. Plotted 

v e r t i c a l l y i s the potential energy of the system near the impurity ion 

for the electron i n the ground and excited states of the centre, taking 

into account both electronic and vibrational energy. This i s plotted 

against the configurational coordinate r , which i s a parameter speci­

fying the configuration of the ions around the centre. In a diffuse 

centre the configurational coordinate covild specify the positions of 

a large nvunber of ions aro\uid the centre, whereas i n the case of a centre 

with a wave function hot extending very f a r , i t might only describe 

the positions of nearest neighbour ions. For -tiie thallium ion i n po­

tassium chloride, for ejtample, the configurational coordinate i s simply 

the displacement i n Angstrom units of the C l ~ ions surrounding the th a l ­

lium ion. 

The configurational coordinate curve i s assumed to be parabolic, 

following a c l a s s i c a l harmonic o s c i l l a t i o n , the frequency of the simple 

harmonic motion being the same as the phonon frequency V . I n the 

simplest case the vibration i s associated with a breathing mode i n which 

the surrounding ions vibrate r a d i a l l y i n phase. According to c l a s s i c a l 

theories, the width of an emission band should be proportional to the 

square root of the temperature, and at absolute zero the emission band 

should have zero width. I n order to explain the f i n i t e width of the . 

bands a t absolute zero,quantum mechanical concepts are Introduced i n c l u ­

ding a zero point energy of h U. Allowed energies are thus quantized 

as shown i n figure 1.5« 

To help xmderstand the emission and absorption processes we s h a l l 
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Fig.1-5. A typical Configurational Coordinate Diagram. 



use figure I.5. The electron i s i n i t i a l l y i n i t s groxmd state and the 

combined energy of the electron and vibrating ions i s represented by 

the parabola E^. The Pranck-Condon principle i a assumed to hold. This 

states that an optical t r a n s i t i o n can occur i n a madn. shorter time than 

•Uie l a t t i c e takes to respond to the change i n charge distribution. I n 

other words the absorption of energy and the electron transition can be 

represented by a v e r t i c a l l i n e on the configurational cooitlinat6 diagram. 

After the t r a n s i t i o n the system gradually reverts to i t s thermal equi­

librium positpn, E^, i n the excited state by interacting with and emitting 

a number, S^i of l o c a l i s e d phonons of energy h v ^ . I n -ttiis situation 

the energy of the system i s given by the curve Eg* the minimum of which 

i s T i s u a l l y displaced from 0, the direction depending on the r e l a t i v e 

movement of the surroxinding ions, on excitation. Boission can be repre­

sented by a v e r t i c a l t r a n s i t i o n which i s accompanied by the emission of 

a photon with energy h v , On reaching the ground state, the ions again 
is 

r e v e r t to their equilibrium positions dissipating'their excess energy 

as phonons, th i s time with energy hv^» The system then reverts to 

i t s equilibrium position 0. S i s usually of the order of 40 and the 

phonon energy i s around 0»015 eV. The distance r,, i s some representac­

tion of the displacement of the surrounding ions produced when the elec­

tron i s r a i s e d to i t s excited s t a t e . 

This representation of the emission and absorption processes shows 

that the emitted energy h i s always l e s s than the excitation energy 

h V^ because of phonon interaction, thus i l l u s t r a t i n g Stokes law more 

c l e a r l y than with non-localised transitions. With the l a t t e r transitions 

the energy l e v e l s within the forbidden gap are raised i n energy i n a 

polar s o l i d when an electron i s removed from the centre. Thus when an 

electron i s excited from a centre, the associated energy l e v e l i s raised 

and on recombination the energy emitted i s l e s s , the excess being emitted 

as l a t t i c e phonons i n a s i m i l a r manner to the l o c a l i s e d case. 



-15-

As the temperature i s r a i s e d , the amplitude of vibration increases 

leading to a much wider range of coordinates and hence a wider variation 

i n energy. This means that transitions can occur ftom either side of 

the point of minimtim energy 0. The distribution of luminescent centres 

with respect to energy i s determined by Maxwell Boltzmann s t a t i s t i c s 

and therefore forms a Gaxissian di s t r i b u t i o n with a maximum number at 

0. I f Eg can be considered l i n e a r over the range of coordinates involved, 

the excitation band i t s e l f w i l l be Gaussian. I f , however, tiie minima 

are close together, that i s there i s l i t t l e e f f e c t on the surrovmding 

ions upon excitation, the resultant band w i l l be distorted towards 

higher or lower energy. This model applies eqiaally to the emission 

process. I t can therefore be seen that the symmetry of the absorption 

and emission bands i s related to -Uie Stokes s h i f t . 

Since the energy of the system i s quantized, the emission and absorp­

tion bands w i l l consist of a number of discrete l i n e s each associated 

with a t r a n s i t i o n between individual l e v e l s . Each l i n e w i l l be broadened 

by Stark f i e l d e f f e c t s and interaction with l a t t i c e and l o c a l i s e d pho-

nons ignored by the model. The sharp l i n e s making up these broad bands are 

analogous to the phonon r e p l i c a s seen i n edge emission except that i n 

t h i s case the phonons concerned are l o c a l i s e d . The individual l i n e s can­

not usually be resolved but a t very low temperatures, when the nmber 

of l a t t i c e and l o c a l i s e d phonons i s reduced, several l i n e s may be seen. 

The most intense l i n e normally, i s known as the zero phonon l i n e . This 

appears around l i q u i d helium temperatures when the excitation and emission 

take place beiween the zero point energy l e v e l s i n the excited and groxmd 

s t a t e s . The energies of emission and excitation are therefore the same 

and t h i s r e s u l t s i n the appearance of the zero phonon l i n e a t :the same 

energy i n both absorption and emission. Lines sometimes also occur at 

higher absorption energies and lower emission energies a t intervals cor­

responding to the energies of l a t t i c e optical and acoustic phonons and 

of l o c a l i s e d phonons. 
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Using quantum mechanical considerations, the wid'tti of the emission 

band at h a l f height can be calculated and i s 

W_ - Wo T 
hv 

^ 1 
2 

( 1 . 1 ) 

A s i m i l a r expression i s obtained for the width of the absorption band 

with replaced by y.j. 

I n eqiiation ( 1 . 1 ) Wo i s the width a t ha l f height at absolute zero. 

This i s s t i l l f i n i t e since the system w i l l s t i l l possess zero point energy. 

At low temperatures, when the system has relaxed to the zero point energy, 

the h alf width according to eqviation ( 1 . 1 ) becomes independent of tem­

perature. At h i ^ temperatures when 2kT.̂  » hUg the system reverts to 
"2 

the c l a s s i c a l approximation and Ŵ  oc T . By measuring the change i n 

h a l f width as a function of temperature i t becomes possible to obtain 

a value for the phonon frequency 

Normally a configurational coordinate diagram i s b u i l t up from 

empirical r e s t i l t s , f a r example the temperature variation of half width, 

\ the positions of the absorption and emission maxima and the Stokes s h i f t . 

Then from t h i s configurational coordinate curve, predictions aoari.iiw.jn&de 

as to other properties of itoe centre. However, the configurational. co­

ordinate cxirve has been calculated theoretically for the thallium centre 

i n potassium chloride ( F . E. Williams 1951 ) . The resu:j.ting curve has 

been used to predict the observed iTiminescent properties to a reiasonable 

degree of accuracy. Williams considered both the s i x nearest neighbouring 

chlorine ions to the thallium ion and the s i x nearest potassium ions. 

He then calculated the energy of the system taking into account the energy 

due to e l e c t r o s t a t i c . Van der Waals and exchange interactions between 

the ions when the electron was i n i t s ground and excited states. Although 

the treatment was necessarily simplified, i t s predictions were found 

to be reasonably accurate. 
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This model i s useful only when the transitions involved are highly 

l o c a l i s e d , ana hence i t applies to situations where the transitions take 

place within the impxirity atoms themselves. I n rare earth atoms such as 

feolnium and thulium, for example, the 4 f s h e l l i s only partly f i l l e d and 

i t i s possible for the electron to be excited within this s h e l l . Since 

the s h e l l l i e s deep within the atom, there i s very l i t t l e influence from 

phonons and the emission tends to consist of f a i r l y sharp l i n e s . 

Another cl a s s of luminescence activators which behave s i m i l a r l y 

to the rare earths are the t r a n s i t i o n elements such as vanadium, iron, 

cobalt, n i c k e l and manganese. However, since the electron transitions 

i n these ions take place i n the outermost 3d s h e l l , phonon interaction 

i s more important and as a r e s u l t the emission bands are broader. So 

far'most e f f o r t has been concentrated on manganese which i s an effective 

a c t i v a t o r i n numerous phosphor systems and i s responsible for an e f f i ­

c i e n t orange luminescence i n zinc sulphide. I n the ground state, ^S of 

the Mii''̂''̂  ion, the f i v e Jd electrons are aligned with their spins p a r a l l e l . 

On e x c i t a t i o n one electron spin i s reversed, giving r i s e to a f i v e fold 

degenerate l e v e l , which i s s p l i t by spin orbit interaction into the ^G, 

^P, ^D, ^ and '̂ S l e v e l s , i n order of increasing energy. The ^S l e v e l 

l i e s approximately 7*2 eV above the ^S l e v e l and i s therefore too high 

to be involved i n most optical transitions. Crystal f i e l d effects s p l i t 

these l e v e l s even f\irther to produce the l e v e l s involved i n ihe liiminescent 

t r a n s i t i o n s . The s i t u a t i o n resultinjs from a cubic f i e l d i s i l l u s t r a t e d 

i n figure 1 . 6 , (Orgel 1 9 5 5 ) . The observed emission r e s u l t s from the tran­

s i t i o n from the 4T.j (4G) excited state to the (^S) gro\jnd state. 

I n most nanganese activated phosphors the emitted lig ^ i t i s i n the yellow 

to orange spectral region although willemite, because of a different 

interaction with the c r y s t a l f i e l d , emits i n the green (Vlam 1949)* 

The absorption and emission bands i n manganese activated zinc sulphide 

are i l l u s t r a t e d i n figures 1.7 and 1.8 (McClure I965, Langer and Ibuki 

1 9 6 5 ) . 
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A l t h o u ^ many of the properties of these luminescent activators 

such as ran'*""'" are well known and the emission and absorption bands are 

e a s i l y explained, the actual locations of the energy l e v e l s of the ions 

wifh respect to the band edges of the host materials are veyy d i f f i c u l t 

to determine and generally not known. 

1.10 THSRMAL aOENCHING 

The liominescent e f f i c i e n c y of a phosphor i s found to remain f a i r l y 

constant as the temperature i s raised i m t i l a certain temperature i s 

reached a t which ilie e f f i c i e n c y begins to f a l l exponentially. This pro­

cess i s known as thermal quenching. I t i s caused by an increase i n non-

radiative recombination ptrocesses whi<di are more temperature dependent 

than the r a d i a t i v e processes. 

With zinc sulphide type phosphors the process i s usually interpre­

ted using the model shown i n figure I.9. I f the luminescent transition 

i s of the Schon-Klasens type as i n A, a t s u f f i c i e n t l y h i ^ temperatures 

an electron can be excited from the valence band to f i l l the empty state 

of the Ixminescent centre. The excited electron i n the conduction band 

cannot therefore recombine v i a t h i s centre. The electron w i l l thus mi­

grate u n t i l i t can recombine v i a a non-radiative centre. As the tempera-

tvace i s r a i s e d further, more centres eure f i l l e d and the luminescence de­

creases correspondingly. The luminescence ef f i c i e n c y varies with T 

as 

' ( 1 . 2 ) 
1 + C exp ( k l ) 

where C i s a constant and w i s the energy required to excite an electron 

from the valence band to the luminescence centre. Similarly, witii a 

Lambe-Klick tra n s i t i o n , 1.9B» the electron can be excited thermally 

from the luminescence centre to the conduction band before i t has 



Fig. 1-9. Models for Thermal Quenching of Non-Localized Emission Processes. 

b. c. 

Figl-10 Models for Eff iciency Reducing P r o c e s s e s in Localized Emission Centres. 
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s u f f i c i e n t time to recombine with a free hole. I n this case the energy 

w corresponds to the depth of the luminescent centre below the conduc­

tion band. By measuring the variation of the luminescence efficiency 

with, temperature i t i s therefore possible to obtain a value for w. 

The q\xenching t r a n s i t i o n produced can also be induced by optical 

means. Since the energy required i s quite low, infra-red radiation i s 

usually required. This process i s then known as infra-red quenching. 

Normally, the measured optical and thermal quenching energies are not 

i d e n t i c a l . This i s explained i n terms of the Franck-Condon principle 

which states that there i s time for the l a t t i c e to adjust i t s e l f to 

f a c i l i t a t e a lower energy tr a n s i t i o n during thermal excitation, whereas 

there i s i n s t i f f i c i e n t time during an optical transition. 

I n a l o c a l i s e d t r a n s i t i o n where the configurational coordinate 

model i s applicable, quenching can be explained using the models shown 

i n figure 1,10. Figure 1.10a indicates how quenching i s assumed to occur 

according to Mott (1940). Since the potential energy i s more dependent 

on configurational coordinate when the electron i s i n the ground state, 

the ground state parabola crosses the excited state parabola at some 

point X. As the temperature i s raised, the system reaches an energy-

corresponding to E above the equilibrium position and i t becomes possible 

for an electron to return to the ground state non-radiatlvely. The l u ­

minescence e f f i c i e n c y T) i s then given by 

^ = V V N ( 1 - 5 ) 
W C e x p 

where C i s a constant 

This equation i s c l e a r l y the same as that for non-localised transitions. 

I n figure 1,1 Ob a model i s shown which was proposed by Dexter, Kl i c k 

and E u s s e l l (1955) "to explain the liiminescence mechanism i n materials 

with low emission probabilities even at very low temperatures. Immediately 
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upon excitation the system w i l l possess an energy greater than that at 

the cross over point X> and hence on relaxation the electron w i l l pass 

t h r o u ^ the point X at which non-radiative reconbination w i l l occur. 

F.lnally a non-radiative material can be explained on the basis 

of the model proposed by S e i t z (1959)» eee figure 1,10c. I n t h i s case 

the minimum i n the excited state l i e s outside the ground state and forms 

a metastable l e v e l . Following excitation the electron w i l l either f a l l 

back non-radiatively a t X or become trapped with the system i n the con­

figuration represented by 0. I n that case, further energy must be pro­

vided to permit the system to reach X and allow the electron to f a l l 

back to i t s groiuid state. One Interesting deduction fvm the curves 

of figure 1.10b i s that a large Stokes s h i f t i s associated with poor 

luminescent e f f i c i e n c y . 

1.11 LroUHBSCENCE IN ZINC SBLgNIDE 

Hitherto the conpouncls zinc sulphide and cadmium sulphide have 

been investigated mainly and the Ituninescent properties of zinc selenide 

have received comparatively l i t t l e attention. This i s partly because 

of the d i f f i c u l t i e s which have been encountered i n growing c r y s t a l s r e -

producibly and of incorporating suitable impurities i n known and controlled 

qu a n t i t i e s . Recent improvements i n these techniques have resulted i n 

an increase i n i n t e r e s t , but r e s u l t s are s t i l l complex and their i n t e r ­

pretation i s s t i l l unclear. 

(a) Edge and Egciton Badssion 

The edge emission of zinc selenide c r y s t a l s l i e s i n the blue r e ­

gion of the spectrum i n the wavelength range 4400 S to. 4800 i . The f i r s t 

important work was carried out by Reynolds, Pedrotti and Larson (1961). 
They explained their r e s u l t s using the model proposed e a r l i e r for cadmium 

sulphide. Thus the two edge emission series were attributed to a bound 



to bound transition involving a donor level 0*015 eV below the conduc­
tion band and an acceptor level 0*12 eV above the valence band and a 
free to bound transition between a conduction electron and a hole bound 
}.- .t-up r-.a.m'^' acceptor. Resellts on hexagonal material have also been ex­
plained with the same model, though with slightly different values for 
the energy levels involved, (Gross and Suslina I 9 6 5 , Liang and Yoffe 
1967 a). Discrete distant pair recombination lines f i r s t seen in gal­
lium phosphide (Hopfield et al 196^) and later i n cadmim sulphide (Henry 
et a l 1969) have been observed i n zinc selenide (Dean and Merz 1969) -

Time resolved spectroscopy also supports the suggestion that the low en­
ergy series i s associated with distant pair recombination (lida I 9 6 8 ) . 

Exciton emission i n zinc selenide has been studied by several workers 
and the , I 2 and bound exciton lines have been identified (Park 
and Schneider I 9 6 8 , l i d a and Toyama 1971 , Merz et al 1972 ) . These results 
a l l suggest that the edge emission processes i n zinc selenide axe very 
similar to those proposed for cadmium sulphide, though the exact positions 
of the levels and nature of the centres involved are s t i l l not generally 
agreed upon. 

(b) Deep Centre Emission 
Some of the f i r s t work reported concerning the deep centre emission 

i n zinc selenide was by Leverenz ( 1950 )• Since then most interest has 
centred on self-activated and copper-activated material. Tables 1 . 1 , 

and 1 . 2 , summarize the work done i n these fields. 
Prom table 1 . 1 , self-activated material can be seen to emit i n the 

orange region of the si)ectrum although some uncertainty exists as to ihe 

actixal position of the band. There i s no agreement as to the centre 

responsible. Several workers suggest a zinc vacancy i s present.as in 

self-activated zinc sulphide, whereas others consider excess zinc is 

responsible. 
Table 1.2 shows the results obtained from copper activated material. 




































































































































































































































































































































































































































