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ABSTRACT 

Zi n c s e l e n i d e and z i n c sulphide are wide band-gap I I - V I compound 

semiconductors which a r e capable of e m i t t i n g v i s i b l e luminescence. These 

two compounds form a s e r i e s of s o l i d s o l u t i o n s throughout the whole range 

of composition, w i t h band-gaps ranging from 2 .7 eV i n ZnSe t o 3 .6 eV i n 

ZnS a t 300 K. The main purpose o f the r e s e a r c h reported i n t h i s t h e s i s was 

to study the luminescence of Zn(S,Se)i c r y s t a l s grown i n the department, 

w i t h the eventual aim of producing l i g h t - e m i t t i n g diodes capable of covering 

a colour range from the r e d to the blue. 

The undoped mixed c r y s t a l s show two emission bands, whereas ZnSe and 

ZnS emit s i n g l e s e l f - a c t i v a t e d bands. These emission bands are i n t e r p r e t e d 

as being due to the presence of two d i s t i n c t s e l f - a c t i v a t e d c e n t r e s i n the 

mixed c r y s t a l s . I t i s concluded t h a t the s e l f - a c t i v a t e d c e n t r e i n ZnSe i s 

not d i r e c t l y comparable t o the centre i n ZnS. 

S e v e r a l samples were doped with copper during the growth. These 

c r y s t a l s showed two separate emission bands throughout the range of com­

p o s i t i o n which s h i f t from the red (6450 8) and the green (5350 8) i n ZnSe 

through to the green (5320 8) and the blue (4400 8) i n ZnS. There i s a con­

tinuous s h i f t i n the p o s i t i o n of the peaks w i t h v a r y i n g composition; t h i s 

c o n t r a s t s w i t h o t h e r r e p o r t s f o r the copper emission. 

Samples were doped with manganese s i n c e t h i s produces an e f f i c i e n t 
2+ 0 luminescence c e n t r e i n ZnSe and ZnS. The Mn emission occurs near 5860 A 

with a h a l f - w i d t h of 0 .15 eV a t 85 K throughout the range of composition of 

the mixed a l l o y s . T h i s has been e s t a b l i s h e d by using 5300 8 r a d i a t i o n i n 
2+ 

the lowest energy e x c i t a t i o n band to s t i m u l a t e the luminescence. The Mn 

emission i s quenched i n ZnSe f o l l o w i n g treatment i n zinc/copper and the r e d 

copper emission predominates. The copper emission i n such a sample i s 

e x c i t e d by c h a r a c t e r i s t i c manganese e x c i t a t i o n r a d i a t i o n , and i t i s suggested 
2+ 

t h a t the Mn emission may be quenched by a d e - e x c i t a t i o n to a copper c e n t r e . 
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CHAPTER 1 

INTRODUCTION 

The luminescence p r o p e r t i e s of the I I - V I compounds have been 

and s t i l l a r e the s u b j e c t of much i n t e n s i v e i n v e s t i g a t i o n . These wide 

band-gap m a t e r i a l s have long been known and used as e f f i c i e n t photo-

and cathodo-luminescent phosphors. No other c l a s s of m a t e r i a l s d i s p l a y s 

such a range of luminescence c e n t r e s capable of producing r a d i a t i o n 

ranging from the u l t r a - v i o l e t through to the i n f r a - r e d . Most I I - V I 

compounds are a l s o good conductors of e l e c t r i c i t y and p o s s e s s c a r r i e r 

m o b i l i t i e s t h a t a r e r e l a t i v e l y h i gh among compounds of comparable band-

gaps. For these reasons, the z i n c and cadmium chalcogenides have long 

been regarded as important m a t e r i a l s f o r r e a l i s i n g the e f f i c i e n t con­

v e r s i o n of e l e c t r i c a l energy i n t o l i g h t . 

Although g r e a t p r o g r e s s has been made i n the understanding and 

technology of the I I I - V compound l i g h t - e m i t t i n g diodes, p a r t i c u l a r l y 

GaP and GaAs p . , the s p e c t r a l range from the green to the blue i s not 

e a s i l y a c c e s s i b l e a t the p r e s e n t time. The wide band-gap I I - V I semi­

conductors o f f e r the p o s s i b i l i t y of complementing or r e p l a c i n g e x i s t i n g 

d e v i c e s , and of covering the s p e c t r a l range from the r e d through to the 

blue or near u l t r a - v i o l e t . 

The work d e s c r i b e d here i s p r i n c i p a l l y concerned w i t h a study of 

the luminescence of a p a r t i c u l a r s e t of I I - V I compound a l l o y s . The term 

luminescence i s used to d e s c r i b e the emission of e l e c t r o m a g n e t i c r a d i a t i o n 



i n excess o f thermal r a d i a t i o n . T h i s emission occurs when an e l e c t r o n 

has been e x c i t e d to a higher energy s t a t e i n a s o l i d and r e l a x e s to i t s 

o r i g i n a l s t a t e by r e l e a s i n g some of the excess energy i n the form of 

r a d i a t i o n . Luminescence phenomena have been f u r t h e r c l a s s i f i e d i n terms 

of the p a r t i c u l a r type of e x c i t i n g mechanism and the d u r a t i o n of the 

emission f o l l o w i n g the removal of e x c i t a t i o n . I f a beam of high energy 

e l e c t r o n s i s used to achieve the e l e c t r o n i c e x c i t a t i o n , the p r o c e s s i s 

known as cathodoluminescence. Photoluminescence occurs when the e x c i t a ­

t i o n i s provided by means of i n c i d e n t photons ranging i n energy from the 

i n f r a - r e d to X-rays. E l e c t r o l u m i n e s c e n c e i s the r e s u l t of the a p p l i c a t i o n 

o f both D.C. or a.c. e l e c t r i c f i e l d s ; here, the e l e c t r i c a l energy from 

the a p p l i e d f i e l d i s used t o e x c i t e the e l e c t r o n s to higher e n e r g e t i c 

s t a t e s . Triboluminescence o c c u r s when mechanical energy i s used to pro­

duce the e x c i t a t i o n , and chemiluminescence r e s u l t s from the u t i l i s a t i o n 

of the energy of a chemical r e a c t i o n . Thermoluminescence r e f e r s to the 

thermal s t i m u l a t i o n of emission from a m a t e r i a l which has p r e v i o u s l y been 

e x c i t e d by another source of energy. Luminescence can be d i v i d e d i n t o 

two p r o c e s s e s according to the speed of the response of the emission when 

the source.of e x c i t a t i o n i s removed. These p r o c e s s e s a r e phosphorescence 

and f l u o r e s c e n c e . When the e x c i t a t i o n i s removed, the luminescence decays 
—8 

i n i t i a l l y w i t h a c h a r a c t e r i s t i c time s h o r t e r than 10 s e c ; t h i s i s 

o f t e n termed f l u o r e s c e n c e . F r e q u e n t l y there i s an a d d i t i o n a l component 

of the afterglow which decays more s l o w l y w i t h a time c o n s t a n t up t o the 

order o f seconds; t h i s p r o c e s s i s termed phosphorescence. For i n t e r ­

mediate times, however, the d i s t i n c t i o n between the two p r o c e s s e s i s not 

so c l e a r . 

Z i n c sulphide phosphors have found e x t e n s i v e a p p l i c a t i o n i n cathode 

ray tubes and i n r a d i o g r a p h i c s c r e e n s . C u r r e n t l y one of the main i n t e r e s t s 
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i n the luminescence p r o p e r t i e s of I I - V I compounds d e r i v e s from t h e i r p o t e n t i a l 

a p p l i c a t i o n i n e l e c t r o l u m i n e s c e n t d e v i c e s . The phenomenon of e l e c t r o ­

luminescence was f i r s t r e p orted by Round (1907) i n S i C c r y s t a l s . 

D e s t r i a u (1936) observed a.c. e l e c t r o l u m i n e s c e n c e i n powder p a n e l s of 

ZnS phosphor, however h i s p a n e l s had a low b r i g h t n e s s and decayed during 

o p e r a t i o n a l l i f e . I t was not u n t i l the r a p i d development o f semiconductor 

technology i n the 1950's t h a t much prog r e s s was made i n the understanding 

of the p r i n c i p l e s i n v o l v e d i n e l e c t r o l u m i n e s c e n c e . The p r i n c i p l e of 

c a r r i e r - i n j e c t i o n a c r o s s a p-n j u n c t i o n l e a d i n g to the emission of l i g h t 

was f i r s t advanced by Lehovec e t a l (1951, 1953) . C o n s i d e r a b l e p r o g r e s s 

has been made s i n c e t h a t time, e s p e c i a l l y i n the i n v e s t i g a t i o n of the 

group I I I - V s i n g l e c r y s t a l semiconductors, f o r example GaAs and GaP. 

The I I - V I m a t e r i a l s have a l s o r e c e i v e d much a t t e n t i o n and the e l e c t r o ­

luminescence p r o p e r t i e s of these compounds have been reviewed by Aven 

( 1 9 6 7 ) . 

Z i n c s u l p h i d e has been r e c o g n i s e d as an e f f i c i e n t phosphor f o r 

photo- and cathodo-luminescence s i n c e the 1900"s, and has been the sub­

j e c t o f much examination, see f o r example the review by Shionoya ( 1966 ) . 

I t has been known f o r some time t h a t the a d d i t i o n of c e r t a i n m e t a l l i c 

i m p u r i t i e s , such as Cu, Ag or Au, can provide s p e c i f i c luminescence bands 

ranging i n wavelength from the blue to the red. Comparatively l i t t l e 

work has been done on the r e l a t e d compound of z i n c s e l e n i d e , although i t 

has been suggested t h a t t h e r e are s e l f - a c t i v a t e d and copper emissions 

s i m i l a r to those which are observed i n z i n c s u l p h i d e (Halsted e t a l , 

1965) . Z i n c s e l e n i d e and z i n c s u l p h i d e p o s s e s s wide band-gaps of 2 .67 

and 3 .60 eV r e s p e c t i v e l y a t room temperature, which makes both of them 

important m a t e r i a l s f o r the development of e l e c t r o l u m i n e s c e n t d e v i c e s . 

These two compounds form a continuous s e r i e s of s o l i d s o l u t i o n s , and 
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L a r a c h e t a l (1957) have shown t h a t there i s a l i n e a r s h i f t of band-gap 

from 2 .7 to 3 .6 eV, w i t h v a r y i n g composition of the a l l o y . Work w i t h i n 

t h i s department has a l r e a d y shown t h a t e l e c t r o l u m i n e s c e n c e can be achieved 

i n s i n g l e c r y s t a l s of z i n c s e l e n i d e , Szsan and Woods (1974, 1975) . 

S o l i d s o l u t i o n s of z i n c s u l p h o - s e l e n i d e o f f e r the p o s s i b i l i t y of extending 

the c o l o u r range to s h o r t e r wavelengths. 

Previous s t u d i e s o f the luminescence p r o p e r t i e s o f Zn(S,Se) have 

concentrated mainly on powdered phosphor a l l o y s , Leverenz (1950) , K l a s e n s 

(1953) and Morehead (1963) . I n the p r e s e n t work e f f o r t has been concen­

t r a t e d on s i n g l e c r y s t a l samples grown throughout the range of composition, 

v a r y i n g the sulphur content i n s m a l l i n t e r v a l s . P r e v i o u s workers have 

rep o r t e d v a r i o u s anomalies i n the emission d i s t r i b u t i o n w i t h changing 

composition. Lehmann (1965, 1966) , f o r example, observed a r a p i d s h i f t 

i n the p o s i t i o n of the copper emission bands to lower e n e r g i e s when as 

l i t t l e as 1 mole% of ZnSe was inc o r p o r a t e d i n ZnS:Cu. He a l s o observed 

two s e l f - a c t i v a t e d emission bands i n Zn(S,Se) mixed a l l o y s , but noted 

a s i n g l e band only i n both ZnS and ZnSe. I n comparison, Ozawa and Hersh 

(1973) r e p o r t e d f i n d i n g one s e l f - a c t i v a t e d emission band throughout the 

range of composition and noted t h a t the blue band i n ZnS jumped to the green 

s p e c t r a l r e g i o n , dropping i n energy by 0 .4 eV when 5 mole% of ZnSe was 

added. Z i n c sulphide doped w i t h manganese has r e c e i v e d much a t t e n t i o n 

s i n c e d i v a l e n t manganese i s w e l l known as a luminescence a c t i v a t o r . The 
2+ o Mn emission band i s c e n t r e d a t 5860 A, almost completely independent 

2+ 

of temperature. I n c o n t r a s t to z i n c s u l p h i d e , the p o s i t i o n of the Mn 

emission band i n z i n c s e l e n i d e has been reported a t wavelengths between 

6350 8 a t 291 and 90 K (Apperson e t a l 1967), and 5900 X a t 290 K (Jones 

and Woods 1973). Asano e t a l (1968) examined the luminescence i n 

Zn(S,Se):Mn and observed a complex behaviour of the emission bands w i t h 

composition; i n ZnSe:Mn the emission occurred a t 6450 X a t 300 K and 
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s h i f t e d to 6200 8 a t 85 K. These bands s h i f t e d t o 6000 A* f o r an a l l o y 

w i t h composition of 50 mole% ZnS, and t h e r e a f t e r showed l i t t l e v a r i a t i o n 

w i t h e i t h e r p r oportion of ZnS or temperature. 

I t can be seen from these r e p o r t s t h a t the emission bands 

observed i n doped and undoped s o l i d s o l u t i o n s of Zn(S,Se) do not behave 

i n a simple manner. The o b j e c t of the work reported here, therefore,was 

t o study the photoluminescence and photoconductive p r o p e r t i e s o f s i n g l e 

c r y s t a l s of z i n c s u l p h o - s e l e n i d e i n order to r e s o l v e the nature of the 

observed c e n t r e s . 

Following t h i s b r i e f i n t r o d u c t i o n , d e t a i l i n g the background to 

the p r e s e n t work, some of the luminescence p r o p e r t i e s of the semiconductors 

of p a r t i c u l a r i n t e r e s t a r e d i s c u s s e d b r i e f l y i n Chapter 2 . 

A l l the s i n g l e c r y s t a l samples of z i n c s u l p h o - s e l e n i d e , which 

were examined during t h i s work, were grown i n t h i s l a b o r a t o r y . The t e c h ­

niques used i n the p u r i f i c a t i o n of the s t a r t i n g m a t e r i a l , c r y s t a l growth, 

h e a t treatment of the specimens and doping the sample w i t h i m p u r i t i e s 

have been d e s c r i b e d i n Chapter 3 . 

The experimental techniques used i n the examination of the lumin­

escence p r o p e r t i e s of the mixed c r y s t a l s have been d e s c r i b e d i n Chapter 4. 

T h i s s e c t i o n i n c l u d e s d e t a i l s o f the methods employed i n measuring the 

emission s p e c t r a , e x c i t a t i o n s p e c t r a and photoco n d u c t i v i t y . 

I n Chapter 5 , a d e t a i l e d account i s given of the s e l f - a c t i v a t e d 

emission observed i n undoped c r y s t a l s of z i n c s u l p h o - s e l e n i d e grown by 

both the vapour-transport and ch e m i c a l - t r a n s p o r t methods. 

The luminescence observed i n c r y s t a l s of Zn(S,Se) i n t e n t i o n a l l y 

doped with copper i s reported i n Chapter 6 . I n t h i s examination, c e r t a i n 

of these copper-doped c r y s t a l s were annealed i n l i q u i d z i n c and the 

r e s u l t s obtained from t h e s e t r e a t e d samples are a l s o i n c l u d e d . 
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I n Chapter 7, the luminescence p r o p e r t i e s of Zn(S,Se) c r y s t a l ; 

doped w i t h manganese are d e s c r i b e d . Some samples were annealed i n z i n c 

and zinc/copper, and the p r o p e r t i e s of the manganese-doped c r y s t a l s 

a f t e r these treatments are reported. 

F i n a l l y , the p r e s e n t work i s summarised i n Chapter 8 and some 

suggestions f o r f u t u r e work are put forward. 
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CHAPTER 2 

LUMINESCENT PROPERTIES OF THE I I - V I COMPOUNDS 

2.1 I n t r o d u c t i o n 

The I I - V I compounds pos s e s s e l e c t r o l u m i n e s c e n t p r o p e r t i e s 

which make them u s e f u l f o r p o s s i b l e a p p l i c a t i o n i n l i g h t - e m i t t i n g 

d e v i c e s . The term luminescence i s confined to r a d i a t i o n w i t h i n the 

v i s i b l e r egion of the spectrum and i s used to d e s c r i b e the emission 

of a l l r a d i a t i o n which i s not p u r e l y thermal i n o r i g i n . T h i s work 

i s p a r t i c u l a r l y concerned w i t h photoluminescence; i n t h i s p r o c e s s 

e x c i t a t i o n i s achieved by the i n t e r a c t i o n o f e l e c t r o n s with i n c i d e n t 

photons which vary i n wavelength from X-ray to i n f r a - r e d r a d i a t i o n . 

E l e c t r o n s r e t u r n i n g from a higher energy e x c i t e d s t a t e to the ground 

s t a t e r e l e a s e the e x c e s s energy i n the form of a c h a r a c t e r i s t i c e m i s s i o n . 

The nature of the observed r a d i a t i o n may be dependent on the band 

s t r u c t u r e of the h o s t l a t t i c e , and on the i n t r i n s i c c r y s t a l d e f e c t or 

e x t r i n s i c i mpurity c e n t r e s which are p r e s e n t . 

I n the f o l l o w i n g s e c t i o n s a b r i e f d e s c r i p t i o n w i l l be g i v e n 

of the energy-band s t r u c t u r e s , impurity c e n t r e s , and luminescent 

p r o c e s s e s of the I I - V I compounds; p a r t i c u l a r r e f e r e n c e w i l l be made 

to the p r o p e r t i e s of z i n c s e l e n i d e and z i n c s u l p h i d e . 

2.2 Band S t r u c t u r e 

A knowlege of the e l e c t r o n i c b a n d - s t r u c t u r e s of the I I - V I 
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compounds i s important i n understanding the nature of the e l e c t r i c a l 

and o p t i c a l e f f e c t s observed i n these m a t e r i a l s . The I I - V I compounds 

e x i s t i n two main c r y s t a l forms, the c u b i c z i n c blende s t r u c t u r e and 

the hexagonal w u r t z i t e s t r u c t u r e . T h i s i s a r e s u l t of the eovalent 

c o n t r i b u t i o n to the bonding which produces a t e t r a h e d r a l c o o r d i n a t i o n 

i n most of the I I - V I compounds. Each of the c r y s t a l s t r u c t u r e s p o s s e s s e s 

i t s own B r i l l o u i n zone s t r u c t u r e ; the shape of the B r i l l o u i n zone f o r 

the c u b i c z i n c blende s t r u c t u r e i s a t r u n c a t e d octahedron, which i s 

shown i n F i g u r e 2.1, d e p i c t i n g the l i n e s and p o i n t s of s p e c i a l symmetry 

w i t h t h e i r c onventional l a b e l s ; the B r i l l o u i n zone f o r the hexagonal 

w u r t z i t e s t r u c t u r e i s a l s o hexagonal i n form. The high symmetry p o i n t s 

and l i n e s of the B r i l l o u i n zone f o r the z i n c blende s t r u c t u r e are the 

zone c e n t r e ( D , and the i n t e r s e c t i o n s w i t h the zone f a c e s (L, X, K) 

on the L i l { ] , QodJ and [110] symmetry axes, r e s p e c t i v e l y . 

V a rious mathematical treatments have been employed t o make 

c a l c u l a t i o n s of the energy band s t r u c t u r e w i t h i n the B r i l l o u i n zone. 

I n g e n e r a l the methods use the p r i n c i p l e of the s u p e r p o s i t i o n of the 

e l e c t r o n wave f u n c t i o n s of the i s o l a t e d atom when the e l e c t r o n s a r e 

brought i n t o the p e r i o d i c p o t e n t i a l of the c r y s t a l l a t t i c e . These 

methods may be summarised as f o l l o w s : the OPW method, i n which the 

c r y s t a l wave f u n c t i o n i s assumed to be plane-wave-like i n the i n t e r ­

space between the atoms c o n s t i t u t i n g the c r y s t a l and a mixture of 

plane-wave and core s t a t e s w i t h i n the e l e c t r o n s h e l l s of the i o n s ; 

the APW method, where the c r y s t a l l i n e wave f u n c t i o n s are taken to be 

plane-wave-like i n the space between i o n s and s i m i l a r to atomic func­

t i o n s i n the v i c i n i t y of the n u c l e i ; the pseudo p o t e n t i a l method, 

which i s a s e m i - e m p i r i c a l use of the OPW formalism i n c o r p o r a t i n g 

experimental data; and the L i n e a r Combination of Atomic O r b i t a l s 
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scheme, which i s the most frequently employed method. 

The f i r s t electronic band structure calculations on ZnSc, 

and on thirteen other semiconductors including ZnS, were made by Cohen 

and Bergstresser (1966), and Bergstresser and Cohen (1967) . These 

authors used the empirical pseudopotential method to f i t the band 

structure to the experimental data on photoemission and r e f l e c t i v i t y 

obtained by Cardona (1961) and Aven et a l (1961). The band structures 

obtained for ZnSe and ZnS are shown i n Figure 2.2. I t can be seen that 

both these materials possess a dir e c t minimum energy gap centred on 

the T-point: the energy gap for ZnSe i s 2.8 eV and for cubic ZnS i s 

3.7 eV, both measured at 77 K. Herman and Skillman (1961) have made 

a calculation of the energy band structure for hexagonal ZnS by the 

OPW method} t h i s also suggests that there i s a d i r e c t gap at k = 0 

with a s l i g h t l y higher energy gap of 3.8 eV. From experimental data, 

Larach,,Schrader and Stocker (1957) suggested that the range of cubic 

mixed alloys formed by ZnS and ZnSe a l l possess a d i r e c t gap, and that 

there i s a li n e a r progression of band-gap energy with composition. 

The inclusion of the spin-orbit interaction has an influence 

on the calculated band structure; p r i n c i p a l l y , the e f f e c t i s to s p l i t 

the degeneracy of the valence band (see for example Parmenter 1955) . 

The most important s p l i t t i n g i s that of the s i x - f o l d degenerate k = 0 

state at r, c into a four-fold Tn state and a lower two-fold r_ , 15v 8 7 
(see Figure 2.2a). The r o state i s s p l i t by an energy, denoted by 

o 
A__, from the lower T_ state (the teplit-off' valence band). The T Q SO 7 o 
state i s i t s e l f s p l i t into two parabolic bands and V^i with d i f ­

ferent curvatures; these represent the heavy-hole and light-hole 

valence bands respectively. Spin-orbit s p l i t t i n g also occurs at other 
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symmetry states, namely and shown i n the energy band diagrams. 

A consideration of the r e s u l t s of studies on the band structure 

suggests certain conclusions: the band-gaps tend to widen i n the 

sequence groups IV, I I I - V , I I - V I and I - V I I across the periodic table; 

the lowest conduction band states at symmetry points tend to be the 

s-levels for the compounds. In addition, there i s a tendency for the 

I I - V I compounds to possess a d i r e c t minimum energy gap at the r-point 

i n the B r i l l o u i n zone; t h i s c h a r a c t e r i s t i c i s confirmed by experi­

ments on the o p t i c a l absorption properties. In the I I - V I compounds 

the band-gaps generally tend to decrease with increasing atomic number. 

This decrease i s i n a large part due to the fac t that the s - l e v e l s tend 

to be of lower energy, r e l a t i v e to the p- and other l e v e l s in the 

heavier atoms, as a r e s u l t of a strong attraction to the nucleus. The 

band-gap energy i n the I I - V I compounds, from the uppermost valence band 

to the conduction band at the T-point (It = 0 ) , covers the wide range 

from 3.83 eV i n ZnS (in the near U.V.) to 1.59 eV i n CdTe (in the red 

region of the v i s i b l e spectrum), see Figure 2.3. 

2.3 Edge Emission 

The luminescent emission from semiconductors may be divided into 

two categories, edge emission and deep centre emission. Edge emission 

i s the term used to cover the radiation which occurs with a photon 

energy close to that of the band-gap of the material. This emission, 

which often occurs with the simultaneous emission of phonons, was f i r s t 

reported by Ewles (1938) and Kroger (1940). The radiation can usually 

be observed at 77 K, but i s more readily observable at l i q u i d helium 

temperatures using high intensity excitation. Three di f f e r e n t recom­

bination processes are termed as edge emission, namely: free exciton, 
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bound e x c i t o n and d i s t a n t p a i r recombination. Normally t h i s emission 

i s quenched i n m a t e r i a l s t o which a c t i v a t o r type i m p u r i t i e s have been 

added; these i m p u r i t i e s produce l e v e l s close t o the valence band and 

lead t o deep centre emission. 

The most extensive studies o f edge emission have been made on 

cadmium sulphide ( K l i c k 1953, Thomas and H o p f i e l d 1962). The high 

energy, green edge-emission consists of a se r i e s of very narrow l i n e s 

w i t h h a l f - w i d t h approximately 0.005 eV> t h i s emission has been 

a t t r i b u t e d t o the recombination o f f r e e and bound ex c i t o n s . P e d r o t t i 

and Reynolds (1960) suggested t h a t the most intense peak i n the CdS 

emission a t 4.2 K was due t o p a i r emission, which they associated w i t h 

the recombination between an e l e c t r o n bound t o a shallow donor and a 

hole bound t o an acceptor l e v e l above the valence band. The associated 

p a i r emission diminishes i n i n t e n s i t y a t temperatures above 4.2 K, 

since the donor l e v e l s are emptied, and the dominant emission r e s u l t s 

from recombination between f r e e e l e c t r o n s and bound holes. 

2.3.1 Exciton emission 

The absorption by a c r y s t a l o f energy i n excess o f the band-gap 

causes the generation o f ele c t r o n - h o l e p a i r s ; e l e c t r o n s are e x c i t e d 

from s t a t e s i n the valence band t o s t a t e s i n the conduction band. The 

ele c t r o n - h o l e p a i r may become bound due t o the coulombic i n t e r a c t i o n 

between them. This a t t r a c t i o n r e s u l t s i n the formation of an e x c i t o n 

possessing an energy s l i g h t l y below t h a t of the band gap. Excitons 

can be regarded as the e x c i t e d s t a t e s of the host c r y s t a l l a t t i c e b u t , 

u n l i k e the e x c i t e d s t a t e s o f an i s o l a t e d atom, they are not l o c a l i s e d 

and possess w e l l defined wave-vectors. Excitons are e l e c t r i c a l l y 
—8 

n e u t r a l and have sh o r t l i f e - t i m e s (10 sec i n CdS) a f t e r which they 
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make a r a d i a t i v e recombination producing e x c i t o n emission i n the 

v i c i n i t y o f the band-edge. 

An e x c i t o n can e x i s t e i t h e r as a f r e e e n t i t y , which may move 

through the l a t t i c e and i n t e r a c t w i t h phonons, or as a s t a t e bound 

t o a na t i v e d e f e c t or i m p u r i t y l e v e l . Bound excitons emit r a d i a t i o n 

lower i n energy than f r e e excitons upon recombination, the d i f f e r e n c e 

being the energy b i n d i n g the e x c i t o n t o the defect. The emission 

bands associated w i t h the f r e e e x c i t o n possess a h a l f - w i d t h of approxi­

mately 1.0 meV, ten times wider than f o r bound e x c i t o n emission. 

The bound excitons become ther m a l l y f r e e d as the temperature i s r a i s e d 

above l i q u i d helium temperatures, and f r e e e x c i t o n recombination tends 

t o dominate the emission. 

The energy of the photon emitted when a f r e e e x c i t o n recombines 

i s equal t o the band-gap energy less the bin d i n g energy of the e x c i t o n . 

The b i n d i n g energy o f the e x c i t o n may be c a l c u l a t e d using a simple 

hydrogen model, t a k i n g the e l e c t r o n and hole t o o r b i t about each other 

a t distances large compared w i t h atomic dimensions. The allowed 

energies o f f r e e excitons can be represented by a set of l e v e l s w i t h 

a s e r i e s l i m i t which coincides w i t h the bottom of the conduction band. 

The emission energies are given by 

h v = h v ~ . ̂  . \ , n = 1,2, (2.1) n 0 0 „2 m 2 K n 

where i± i s the reduced mass of an e x c i t o n , K i s the d i e l e c t r i c constant 

of the m a t e r i a l r R i s the Rydberg constant, m i s the f r e e e l e c t r o n 

mass and h v = E i s the energy-gap of the m a t e r i a l , see Figure 2.4. 
oo g 

The ground and e x c i t e d states of an e x c i t o n can be found e x p e r i ­

mentally from absorption, r e f l e c t i o n and emission measurements. Aven 

et a l (1961) measured the r e f l e c t i v i t y and absorption o f cubic zinc 
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selenide, and observed the ground (n = l ) state of the exciton 2.81 eV 

above the valence band. Lemplcki et a l (1961) measured the reflectance of 

of cubic zinc sulphide c r y s t a l s at 14 K; they observed the character­

i s t i c d i r e c t exciton l i n e s and attributed the lowest energy l i n e (3.799 

eV) to be the ground state. 

Bound excitons are usually observed i n the presence of ionised and 

neutral c r y s t a l defects. The bound excitons observed i n CdS have been 

extensively examined, and Thomas and Hopfield (1962) have postulated four 

excitonic complexes giving r i s e to emission l i n e s referred to as 1^, I ^ , 

and 1^. These correspond to excitons bound to neutral acceptors and 

donors, and ionized donors and acceptors, respectively. The ionisation 

energy E. for the bound exciton i s given by E. = E + E, , where E i s i i ex b ex 
the free exciton binding energy and E i s the additional energy bindLng 

b 
the free exciton to the centre. 

2.3.2 Donor-Acceptor Pair emission 

The model of donor-acceptor p a i r emission was f i r s t suggested by 

Prener and Williams (1956) i n order to explain the broad green and red 

luminescence bands observed in ZnS. In t h i s model, recombination takes 

place between an electron on a donor and a hole on an acceptor. The 

energy separating the pair of states i s modified by a coulombic i n t e r ­

action and i s given by 

2 
E(r) = E - ( E a + E ) + f — (2.2) g a d K r 

where E^ i s the band gap energy, E^ and E^ are the ionisation energies 

of the isolated acceptors and donors respectively, r i s the donor-

acceptor spacing, K i s the d i e l e c t r i c constant and e i s the electronic 
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charge. The values of r are d i s c r e t e l y distributed, since the possible 

s i t e s for the donor and acceptor are r e s t r i c t e d by the c r y s t a l structure, 

and an emission spectrum consisting of discrete l i n e s r e s u l t s . Evidence 

for t h i s model was obtained by Hopfield et a l (1963) and Thomas et a l 

(1964) who observed the c h a r a c t e r i s t i c l i n e structure resulting from many 

different discrete pairs i n gallium phosphide. 

Transitions between the close p a i r s are more probable than tran­

s i t i o n s between distant p a i r s . At large separations (>40 A*) the emission 

l i n e s overlap to form a broad spectral band. The life-time of the p a i r s 

varies with separation, and hence time-resolved-spectroscopy i s an effec­

tive method for investigating the pair emission process. The spectral 

d i s t r i b u t i o n of a decaying pair band after f l a s h excitation w i l l s h i f t 

to lower energies. This i s a consequence of the more rapid decay of the 

p a i r s with smaller separations which contribute the higher energy photons. 

The pairs with large r with the longer decay times are saturated with 

increasing excitation intensity. This r e s u l t s i n a s h i f t of the p a i r 

emission band to higher energies with increasing excitation i n t e n s i t y . 

2.4 Deep Centre Emission 

In many of the wider band-gap II-VT compounds i t has long been 

the practice to enhance the luminescent properties by the inclusion of 

certain impurities. Metallic impurities, such as copper, s i l v e r and gold, 

were found to produce activator l e v e l s above the valence band (Aven and 

Potter 1958) and other impurities, such as the halogens, aluminium, 

indium and gallium, produce coactivator l e v e l s below the conduction band. 

A possible explanation of the role of activators and coactivators, j . n 

terms of a charge compensation mechanism, was f i r s t proposed by Kroger 
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and Hellingman (1949) i Th's relationship of the activator and coactivator 

impurities to acceptors and donors was pointed out by Klasens (1953), 

Bowers and Melamed (1955) and Prener and Williams (1956). This r e l a t i o n ­

ship i s demonstrated i n Figure 2.5: the activator impurities Cu, Ag 

and Au when substituted for Zn, Cd or Hg, or P, As and Sb wh'jn sub­

s t i t u t e d for S, Se or Te, would be expected to act as acceptors. Analog­

ously the coactivators C I , Br or I at anion s i t e s or Al, Ga at cation 

s i t e s , would be expected to have donor properties. These donor and 

acceptor defects could then give r i s e to l o c a l i s e d l e v e l s near the con­

duction or valence bands, respectively. 

I t was i n i t i a l l y believed that the recombination of the photo-

generated electrons or holes with the opposite c a r r i e r trapped at activator 

or coactivator l e v e l s gave r i s e to the observed luminescence bands. Now, 

however, the luminescence centres are considered to be more complex th.in 

compensated, isolated, randomly distributed donor or acceptor impurities 

at substitutional s i t e s . In addition to defects created by deliberately 

added impurities, there e x i s t natural defects such as zinc and sulphur 

or selenium vacancies which produce s e l f - a c t i v a t i o n and coactivation i n 

the I I - V I compounds. The zinc and sulphur (selenium) vacancies behave 

as double acceptor and double donor impurities, respectively, Incor­

poration of either activator or coactivator impurities can lead to s e l f -

compensation by l a t t i c e defects which themselves may give r i s e to l o c a l ­

ised l e v e l s . Association at near neighbour s i t e s of the activator or 

coactivator impurities with sulphur or zinc vacancies, respectively, 

i s thought to be responsible for two of the observed luminescence bands 

i n I I - V I compounds. Where s p e c i f i c activator and coactivator impurities 

are introduced together i n I I - V I compounds, the observed luminescence 

bands have been shown to depend on the absolute and r e l a t i v e concentration 
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of the two i m p u r i t i e s . Van Gool (1961) has c a r r i e d out much work on 

ZnS i n r e l a t i o n t o the doping w i t h copper, and t h i s w i l l be discussed 

f u r t h e r i n a l a t e r s e c t i o n . 

There are three basic models f o r i n t e r p r e t i n g the n o n - l o c a l i s e d 

luminescent t r a n s i t i o n s , t h a t i s the emission r e s u l t i n g from the rad­

i a t i v e recombination o f f r e e c a r r i e r s w i t h e l e c t r o n s and holes a t d e f e c t 

l e v e l s located i n the forbidden energy gap; these d e f e c t l e v e l s are 

p o s i t i o n e d a t a g r e a t e r depth than the hydrogenic l e v e l s already described 

i n these compounds. The mechanisms o f the three emission processes are 

i l l u s t r a t e d i n Figure 2.6.. According t o the Schbn-Klasens model (Schbn 

1942, 1948; Klasens 1946, 1953) the luminescence r e s u l t s from the 

r a d i a t i v e recombination of a photo-generated e l e c t r o n i n the conduction 

band w i t h a hole trapped a t a l o c a l i s e d a c c e p t o r - l i k e l e v e l above the 

valence band. The Lambe-Klick model (Lambe and K l i c k 1955) describes 

the luminescence t r a n s i t i o n due t o the recombination of a hole i n the 

valence band w i t h an e l e c t r o n trapped a t a l e v e l below the conduction 

band. The t h i r d model proposed by Prener and Williams (1956), describes 

the luminescence as being due t o a l o c a l i s e d e l e c t r o n t r a n s i t i o n w i t h i n 

the associated p a i r formed by the a s s o c i a t i o n between compensated donor-

and acceptor-type i m p u r i t i e s a t various i n t e r a t o m i c distances. 

The luminescence emission from ZnS has received wide a t t e n t i o n , 

and the r e s u l t s obtained have been shown t o apply g e n e r a l l y t o most o f 

the I I - V I compounds. Shionoya e t a l (1964) have reported the temperature 

dependence o f the peak energies and h a l f - w i d t h s o f various luminescences 

observed i n ZnS, see Figure 2.7. These authors p o i n t e d out t h a t the 

luminescence emissions may be d i v i d e d i n t o two groups; one i n c l u d i n g 

the copper-green and copper-blue emission, and the other i n c l u d i n g the 

s e l f - a c t i v a t e d and copper-red emissions. I n the f i r s t group, the 
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emission peak g e n e r a l l y s h i f t s t o lower energies w i t h i n c r e a s i n g tem­

p e r a t u r e , i n the d i r e c t i o n o f the v a r i a t i o n o f the band-gap energy, and 

the h a l f - w i d t h s have values o f 0.2 t o 0.3 eV which increase s l i g h t l y 

w i t h temperature. I n the second group, the emission peak s h i f t s towards 

higher energies w i t h i n c r e a s i n g temperature, and the h a l f - w i d t h s have 

values o f 0.3 t o 0.5 eV a t low temperature and increase markedly w i t h 

temperature as T ; t h i s behaviour of h a l f - w i d t h and peak p o s i t i o n w i t h 

temperature may be explained by applying the c o n f i g u r a t i o n a l coordinate 

model. This model i s used t o describe o p t i c a l t r a n s i t i o n s w i t h i n 

l o c a l i s e d centres, such as t r a n s i t i o n metal i o n s , and w i l l be described 

l a t e r . 

2.5 S e l f - A c t i v a t e d Emission 

As has been mentioned, c r y s t a l defects i n the I I - V I compounds 

produce s e l f - a c t i v a t e d and co a c t i v a t e d l e v e l s near the valence and con­

d u c t i o n bands r e s p e c t i v e l y , due t o the c r e a t i o n of anion and c a t i o n 

compensating vacancies and i n t e r s t i t i a l s . The exact p o s i t i o n o f the 

s e l f - a c t i v a t e d luminescence band has been shown t o be dependent on the 

nature o f the added c o a c t i v a t o r i m p u r i t y , f o r example C I , Br, I , A l or 

Ga. Van.Gool (1961) has shown t h a t i n ZnS the peak wavelength v a r i e s 

w i t h c o a c t i v a t o r i m p u r i t y type from 4560 t o 4710 X a t 80 K. A s i m i l a r 

behaviour has been reported i n ZnSe (Holton e t a l 1965) and i n CdS, 

ZnTe and CdTe (Halsted e t a l 1965). 

The mechanism of the s e l f - a c t i v a t e d luminescence i n I I - V I com­

pounds has not been g e n e r a l l y resolved. However, much work has been 

done on ZnS and a c o n s i s t e n t i n t e r p r e t a t i o n of the s e l f - a c t i v a t e d 

luminescence has been achieved on the basis of a s i n g l e model. The 

f a c t t h a t a v a r i e t y of d i f f e r e n t c o a c t i v a t o r i m p u r i t i e s produced s i m i l a r 
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emission bands caused Kroger and Vink (1954) to suggest that the lum­

inescence centre was a zinc vacancy with a hole trapped i n i t s v i c i n i t y 

(V ) . This defect was formed i n order to compensate the e f f e c t i v e 

single positive charge of the coactivator. Magnetic s u s c e p t i b i l i t y 

measurements caused t h i s model to be modified, and Prener and Williams 

(1956) suggested that the luminescence centre consisted of an associa­
tion at nearest neighbour s i t e s of the doubly-ionised zinc acceptor 

2-
vacancy defect (V ) and the ionised impurity donor. This association zn 
resulted i n a complex such as (V„ . CI) , with an e f f e c t i v e single 

2 n 

negative charge; the complex was considered to behave as a compensated 

singly-ionisable acceptor introducing a l o c a l i s e d l e v e l above the valence 

band. The excitation and luminescence were explained i n terms of the 

Scho'n-Klasens model as a t r a n s i t i o n between the conduction band and t h i s 

l o c a l i s e d l e v e l . A similar analysis has also been applied by Holton 

et a l (1965) to the se l f - a c t i v a t e d emission i n ZnSe. Koda and Shionoya 

(1964, 1965) investigated the polarisation of the s e l f - a c t i v a t e d lumin­

escence i n cubic zinc sulphide c r y s t a l s doped with chlorine. They found 

that the luminescence showed p a r t i c u l a r polarisation properties s p e c i f i c 

to C^ v symmetry which tended to confirm a l o c a l i s e d centre of the form 

( C l s - V Z n>. Physically the luminescence t r a n s i t i o n was pictured as a 

lo c a l i s e d t r a n s i t i o n between a donor-like upper l e v e l , due to the 

chlorine a t a sulphur s i t e , and the ground acceptor-like l e v e l due to 

the zinc vacancy. Shionoya et a l (1965) measured the decay character­

i s t i c s of the s e l f - a c t i v a t e d emission and found a monomolecular decay, 

c h a r a c t e r i s t i c of a l o c a l i s e d t r a n s i t i o n . 

Self-activated emission i n ZnSe has been reported at wavelengths 

i n the orange spectral region between 6020 and 6450 A*. There i s some 

uncertainty about the position of t h i s band and the nature of the centre 
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responsible has not be«>n resolved. By comparison, the s e l f - a c t i v a t e d 

emission i n ZnS occurs i n the blue region i n the range from 4560 t o 

4710 A*. Lehmann (1967) has reported t h a t i n mixed phosphors o f ZnS-

ZnSe:Br the blue emission band i s g r a d u a l l y replaced by a second band 

i n the green-orange region as the Se content i s increased, and t h a t 

the green band appears w i t h the a d d i t i o n o f as l i t t l e as 1% Se. Ozawa 

and Hersh (1973) observed t h a t the S.A. band i n c r y s t a l s o f Zn(S,Se):I 

jumped from the blue s p e c t r a l region i n ZnS t o the green region when 

small amounts o f ZnSe were added. These authors concluded t h a t t h ere 

were d i f f e r e n t s e l f - a c t i v a t e d centres i n v o l v e d i n ZnS and i n Zn(S,Se) 

a l l o y s . The emission processes i n the Zn(S,Se) mixed a l l o y s have not 

been resolved. 

2.6 Copper-Activated Emission 

Copper a c t i v a t i o n i s probably the most widely used form o f sen-

s i t i s a t i o n i n producing e f f i c i e n t p r a c t i c a l phosphors, and copper i s 

also o f t e n u n i n t e n t i o n a l l y present as an i m p u r i t y . The luminescent 

p r o p e r t i e s of copper as an a c t i v a t o r have been most widely s t u d i e d i n 

ZnS. Van Gool (1961) has i n v e s t i g a t e d i n g r e a t d e t a i l the f l u o r e s c e n t 

emission o f copper-activated ZnS w i t h both h a l i d e and aluminium co-

a c t i v a t i o n . He observed t h a t the emission bands are dependent on the 

r a t i o of a c t i v a t o r t o c o - a c t i v a t o r concentrations, see Figure 2.8. 

Copper i n ZnS produces f o u r main emission bands i n the b l u e , green, 

red and i n f r a - r e d s p e c t r a l regions. The copper-green and blue emissions 

are s e n s i t i v e t o small changes i n copper c o n c e n t r a t i o n , the presence o f 

excess copper r e l a t i v e t o the added c o - a c t i v a t o r concentration enhances 

the dominance o f the blue band. At 85 K, t h i s blue band has a maximum 

between 4300 and 4440 A* and the green band between 5160 and 5250 8 j 
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the a c t u a l v a l u e s depend on whether a group I I I or group V I I co-

a c t i v a t o r i s p r e s e n t , and i n a d d i t i o n may be due t o the f a c t t h a t the 

emission c o n s i s t s of a number of u n r e s o l v a b l e sub-bands. The d i s t i n c t 

d i f f e r e n c e between the copper-blue and s e l f - a c t i v a t e d blue emissions 

was demonstrated by Shrader and L a r a c h (1956) who reported t h a t the 

maxima of the two emission bands moved i n opposite d i r e c t i o n s w i t h 

changing temperature; the copper-blue, and the copper-green, moving 

t o higher energy w i t h decreasing temperature. 

The mechanism a s s o c i a t e d w i t h the copper-blue and green 

emissions has not been r e s o l v e d . C u r i e (1964) has suggested t h a t the 

green .emission r e s u l t s from a Prener-Williams t r a n s i t i o n between a 

c o - a c t i v a t o r l e v e l and an a s s o c i a t e d copper a c t i v a t o r l e v e l . Time 

r e s o l v e d spectroscopy on the green emission (Shionoya e t a l , 1966) 

has shown t h a t the decay of luminescence s h i f t s t o lower e n e r g i e s w i t h 

time d e l a y . T h i s tends to confirm an a s s o c i a t i o n model, i n which the 

p a i r s s e p arated by g r e a t e r d i s t a n c e s take longer t o decay and have 

s m a l l e r t r a n s i t i o n e n e r g i e s . The copper-blue emission has been con­

s i d e r e d to r e s u l t from a Schbn-Klasens t r a n s i t i o n to the same c e n t r e 

a s s o c i a t e d w i t h the copper-green emission (Gaand D . C u r i e 1 9 6 0 ) . An 

a l t e r n a t i v e model was proposed (Broser and Schulz 1961) i n which the 

two bands of emission were considered to r e s u l t from Schtin-Klasens 

t r a n s i t i o n s t o d i f f e r e n t i o n i s a t i o n s t a t e s of the copper c e n t r e . 

I n ZnSe the wavelengths of the emission bands a s s o c i a t e d w i t h 

copper have been e s t a b l i s h e d as 5300 8 i n the green, and 6360 8, i n 

the red a t 85 K (Halsted e t a l 1965). These bands have been considered 

to be e q u i v a l e n t to the copper-blue and copper-green emission, 

r e s p e c t i v e l y , i n ZnS. Morehead (1963) i n v e s t i g a t e d the luminescence 

of Zn(S,Se):Cu,Cl phosphors and concluded t h a t the emissions could be 
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explained w i t h a modified SchSn-Klasens model with recombination to 

two of the t h r e e p o s s i b l e s t a t e s o f a s i n g l e , d o u b l y - i o n i s a b l e c e n t r e . 

Lehmann (1966) observed t h a t i n Zn(S,Se):Cu,Cl the blue and green 

emissions a t 4440 8 and 5280 X i n ZnS were r e p l a c e d by bands a t 4770 X 

and 5530 8, r e s p e c t i v e l y , when l e s s than 1% of ZnSe was i n c o r p o r a t e d ; 

f u r t h e r i n c r e a s e i n the proportion of ZnSe caused only a slow s h i f t 

towards the p o s i t i o n s observed i n ZnSe:Cu,Cl. From t h i s i t may be 

seen t h a t the copper emission i n the mixed c r y s t a l s i s not w e l l under­

stood . 

Z i n c s u l p h i d e c o n t a i n i n g a high r a t i o of copper to c o - a c t i v a t o r 

c o n c e n t r a t i o n a l s o shows a red band of emission a t 6970 8 (85 K ) , which 

s h i f t s to s h o r t e r wavelengths on i n c r e a s i n g the temperature; t h i s i s 

i n c o n t r a s t to the behaviour of the blue and green e m i s s i o n s . The 

c e n t r e r e s p o n s i b l e f o r t h i s emission i s b e l i e v e d to be a copper atom 

a s s o c i a t e d w i t h sulphur vacancy ( C u
Z n

- V g ) - Dielemann e t a l (1964) 

made E.S.R. s t u d i e s of the copper-red emission and concluded t h a t the 

a s s o c i a t e d c e n t r e behaves as a s i n g l y - i o n i s a b l e donor d e f e c t . The 

emission i s considered to r e s u l t from a Lambe-Klick t r a n s i t i o n from 

the a s s o c i a t e d donor l e v e l to the valence band. 

I n a d d i t i o n to the v i s i b l e luminescence, ZnS e x h i b i t s i n f r a ­

red emission i n bands a t 1.46 urn, 1.65 |im and 1.80 vm. T h i s emission 

i s enhanced when the phosphor i s prepared under an e x c e s s p r e s s u r e of 

sulphur. The treatment i s thought to reduce the c o n c e n t r a t i o n of 

sulphur v a c a n c i e s l e a v i n g the copper i n an uncompensated s t a t e . The 

nature of the i n f r a - r e d emission has not been r e s o l v e d but i t i s 

b e l i e v e d to i n v o l v e a t r a n s i t i o n from the copper ac c e p t o r l e v e l . 

Suggestions have i n c l u d e d a Lambe-Kljck t r a n s i t i o n i n v o l v i n g the ground 

and e x c i t e d s t a t e s o f a hole bound to the copper i m p u r i t y , and t r a n s i ­

t i o n s between a s i n g l e copper l e v e l and the s p i n - o r b i t s p l i t valence bands. 
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2 . 7 C o n f l g u r a t i o n a l Co-ordinate Model 

Another form of luminescence observed i n the I I - V I compounds 

i s t h a t due t o l o c a l i s e d t r a n s i t i o n s , e s p e c i a l l y those a s s o c i a t e d w i t h 

i o n s of the t r a n s i t i o n metal elements such as manganese or the r a r e 

e a r t h s . The ab s o r p t i o n and emission p r o c e s s e s i n t h i s t r a n s i t i o n take 

p l a c e w i t h i n the e l e c t r o n i c c o n f i g u r a t i o n o f the i o n } the e x c i t e d 

s t a t e i s an e l e c t r o n i c s t a t e of the i o n , and th e r e i s no i n t e r a c t i o n 

w i t h f r e e e l e c t r o n s o r h o l e s . The e l e c t r o n i c a b s o r p t i o n and em i s s i o n 

p r o c e s s e s are b e s t d e s c r i b e d by the c o n f i g u r a t i o n a l co-ordinate model 

which was f i r s t suggested by S e i t z ( 1939 ) and was improved by W i l l i a m s 

( 1 9 5 3 ) . I n t h i s model the impurity i o n i s thought of as being s u r ­

rounded by the neighbouring l a t t i c e i o n s which v i b r a t e about i t . The 

energy of the system i s determined by the i n t e r a c t i o n of the e l e c t r o n i c 

s t a t e s of the imp u r i t y i o n w i t h the v i b r a t i o n a l s t a t e s of the neigh­

bouring l a t t i c e , and can be d e s c r i b e d as a f u n c t i o n of the c o n f i g u r a ­

t i o n a l co-ordinate d i s t a n c e r , see F i g u r e 2 . 9 . P l o t t e d v e r t i c a l l y i s 

the p o t e n t i a l energy o f the system near the i m p u r i t y i o n f o r the 

e l e c t r o n i n the ground and e x c i t e d s t a t e s of the c e n t r e , t a k i n g i n t o 

account both e l e c t r o n i c and v i b r a t i o n a l energy. T h i s energy i s p l o t t e d 

a g a i n s t r , which i s a parameter s p e c i f y i n g the c o n f i g u r a t i o n o f the 

ions around the c e n t r e . The c o n f i g u r a t i o n a l c o - o r d i n a t e curve i s 

assumed to be p a r a b o l i c , f o l l o w i n g 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 c o n f i g u r a t i o n shown i n F i g u r e 2 . 9 , the ground and 

e x c i t e d s t a t e s of the system a re represented by two p a r a b o l i c c u r v e s , 

and the e x a c t energy of the system i s d e f i n e d by the co-ordinate r . 

The minimum energy of the e x c i t e d s t a t e i s u s u a l l y d i s p l a c e d to a 
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d i f f e r e n t value of r compared with the minimum of the ground s t a t e . 

According to the Frank-Condon p r i n c i p l e , o p t i c a l t r a n s i t i o n s take 

p l a c e i n a time much s h o r t e r than the l a t t i c e takes t o r e l a x to such 

a change and hence a b s o r p t i o n and emission of photons occur without 

c o n f i g u r a t i o n a l change. Subsequently the system can r e l a x to the m i n i ­

mum energy c o n d i t i o n by e m i t t i n g phonons. As a r e s u l t , the emitted 

photon energy i s l e s s than the absorbed photon energy, r e p r e s e n t e d i n 

the diagram by E and E . T h i s i s the w e l l known Stokes law of f l u o -
S cl 

r e s c e n c e . 

Since the energy of the system i s q u a n t i s e d , the observed 

emission and absorption bands are i n f a c t the envelopes of numerous 

l i n e s each of which i s due to a t r a n s i t i o n between one v i b r a t i o n a l 

l e v e l of the e x c i t e d s t a t e and one v i b r a t i o n a l l e v e l of the ground 

e l e c t r o n i c s t a t e . As the temperature i s r a i s e d , more phonons can couple 

w i t h the e l e c t r o n g i v i n g r i s e to a wider range of e n e r g i e s . The 

energy d i s t r i b u t i o n of the e l e c t r o n w i t h i n the v i b r a t i o n a l s t a t e s i s 

determined by Maxwell-Boltzmann s t a t i s t i c s , and a consequence of t h i s 

d i s t r i b u t i o n i s t h a t the emission band takes a Gaussian form. 

One of the r e s u l t s of the c o n f i g u r a t i o n a l co-ordinate model 

i s the p r e d i c t e d form of the temperature dependence of h a l f - w i d t h s 

u>(T) of the emission and a b s o r p t i o n bands. 

w(T) = o)(0) [ c o t h (hv / 2 k T ) ] (2.3) 

where w(T) i s the h a l f - w i d t h a t T K, and hv i s the phonon energy 

a s s o c i a t e d with the v i b r a t i o n a l mode of the e x c i t e d s t a t e . At high 

temperature (2 kT » hv)u> (T) v a r i e s as T , and a t low temperatures 

u)(T) i s independent of temperature and reduces to ui(T) = u ( 0 ) . Hence 

measuring the v a r i a t i o n of h a l f - w i d t h with temperature can i n d i c a t e 
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the nature of the type of luminescent t r a n s i t i o n and g i v e a v a l u e 

f o r the phonon energy. 

2.8 Manganese Emission 

Manganese as an i m p u r i t y i n ZnS has r e c e i v e d a g r e a t d e a l of 
2+ 

a t t e n t i o n . I t i s g e n e r a l l y agreed t h a t the manganese Mn ion occupies 

s u b s t i t u t i o n a l z i n c s i t e s i n the l a t t i c e , and g i v e s r i s e to a band of 

orange emission c e n t r e d a t 5860 X. The r a d i a t i v e t r a n s i t i o n respon­

s i b l e f o r the observed emission occurs w i t h i n the outermost 3d s h e l l 

which i s s p l i t by an i n t e r a c t i o n w i t h the l a t t i c e . The ground s t a t e 
2+ 5 6 of the Mn i o n (3d c o n f i g u r a t i o n ) has a s p h e r i c a l l y symmetrical S 

c o n f i g u r a t i o n i n which a l l f i v e 3d e l e c t r o n s have p a r a l l e l s p i n . I n 

the e x c i t e d s t a t e s , one of the e l e c t r o n s p i n s i s r e v e r s e d g i v i n g r i s e 
4 4 4 4 t o four l e v e l s G, P, D and F. These f r e e ion s t a t e s a r e s p l i t 

by i n t e r a c t i o n w i t h the c r y s t a l f i e l d of the c u b i c l a t t i c e as shown 
6 6 

i n F i g u r e 2.10 (Orgel 1955): the ground s t a t e i s ( S) and the next 
4 4 4 4 4 h i g h e r s t a t e s a r e T^ f T^ and ( E, A ^ d e r i v e d from the G f r e e 

i o n s t a t e . The observed e x c i t a t i o n and absorption s p e c t r a (McClure 

1963, Langer and I b u k i 1965) c o n s i s t s of f i v e s eparate bands a t 5350 8, 

4980 8, 4650 8, 4300 A* and 3900 which have been a t t r i b u t e d to 

t r a n s i t i o n s between the ground s t a t e and the higher s t a t e s : 
6 4 6 4 6 4 4 6 4 4 
^ - * T X , A 2 - \ 2 , Aj - ME, A j ) f \ +\l ( P ) , and 
6 4 4 4 4 
A 1 -*•' E ( D) or T 2 ( D) , although there i s some u n c e r t a i n t y con­

ce r n i n g the l a t t e r two t r a n s i t i o n s . The r a d i a t i v e t r a n s i t i o n i s 

a s c r i b e d to an e l e c t r o n r e t u r n i n g from the f i r s t e x c i t e d s t a t e to the 
4 ,4 6 ,6 ground s t a t e ( G) •* ( S ) . 

2+ 

The s p l i t t i n g of the e l e c t r o n l e v e l s of the Mn i o n i s d e t e r ­

mined by the c r y s t a l - f i e l d s p l i t t i n g energy and t h i s would be expected 
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to be s i m i l a r I n ZnSe to ZnS, assuming t h a t the Ion occupies an equiv­

a l e n t l a t t i c e s i t e . The a c t i v a t i o n of ZnSe w i t h manganese has r e c e i v e d 

r e l a t i v e l y l i t t l e a t t e n t i o n and t h e r e a r e c o n f l i c t i n g r e p o r t s of the 

p o s i t i o n of the emission band between 5900 and 6400 S? (Asano e t a l 1968 , 

Apperson e t a l 1967 , Jones and Woods 1 9 7 3 ) ; t h i s v a r i a t i o n may be 

due t o the presence of overlapping s e l f - a c t i v a t e d and copper emission 

bands. Jones and Woods showed t h a t a band i s observed a t 5860 X when 
2+ 

ZnSe:Mn i s s e l e c t i v e l y e x c i t e d i n a c h a r a c t e r i s t i c Mn e x c i t a t i o n 

band, and t h a t s e l f - a c t i v a t e d e mission dominates the luminescence when 

u.v. e x c i t a t i o n i s used. Langer and R i c h t e r (1966) examined the 

a b s o r p t i o n of ZnSe:Mn and observed two bands a t 5300 A* and 4995 A* 
6 4 4 

which they a s s o c i a t e d w i t h the t r a n s i t i o n s A^ T^ ( G) and 
6 4 4 

A^ •+ T^ ( G ) . Asano e t a l a l s o s t u d i e d phosphors of Zn(S,Se) doped 

w i t h manganese and reported t h a t the emission s h i f t e d n o n - l i n e a r l y 

from 6500 % i n ZnSe:Mn to 5900 % i n ZnS:Mn. They a s s o c i a t e d t h i s 
behaviour with a v a r y i n g arrangement of sulphur and selenium i o n s 

2+ 

around the Mn i o n which a l t e r e d with composition. From t h i s i t can 

be seen t h a t t h e r e i s u n c e r t a i n t y concerning the p o s i t i o n of the man­

ganese emission i n ZnSe and Z n ( S , S e ) . 

W h i l s t e x c i t a t i o n and a b s o r p t i o n measurements g i v e c o n s i s t e n t 
2+ 

v a l u e s f o r the s e p a r a t i o n of the e l e c t r o n l e v e l s w i t h i n the Mn i o n , 
g 

t h e r e i s no agreement on the p o s i t i o n of the A^ ground s t a t e r e l a t i v e 

to the band edges of the h o s t l a t t i c e . Gumlich e t a l ( 1 9 6 3 ) , using 

an energy c y c l e method, p l a c e d the ground s t a t e 10 eV below the 

v a l e n c e band edge i n ZnS, w h i l e A l l e n (1964) using c r y s t a l f i e l d 
2+ 

theory concluded t h a t the ground s t a t e of Mn l i e s some te n t h s of 
an eV above the valence band. Braun e t a l (1972) using photocapac-

2+ 
i t a n c e measurements p l a c e d the ground s t a t e o f Mn i n ZnSe some 
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0 . 6 eV above the balence band. Hence i t can be seen t h a t the p o s i t i o n 

of the ground s t a t e has not been r e s o l v e d . 

2 . 9 P o l a r i s a t i o n of luminescence 

Measurement of the p o l a r i s a t i o n of luminescence can g i v e 

u s e f u l i n f o r m a t i o n concerning the nature and symmetry of luminescence 

c e n t r e s . For example, Lempicki ( 1959 ,1960) observed t h a t the copper-

blue emission from hexagonal ZnS:Cu c r y s t a l s i s p o l a r i s e d p r e f e r e n ­

t i a l l y p e r p e n d i c u l a r to the c - a x i s independently of whether the 

e x c i t a t i o n i s p o l a r i s e d . Koda and Shionoya (1963 ,1964) examined the 

p o l a r i s a t i o n of the s e l f - a c t i v a t e d luminescence i n c u b i c ZnS:Cl 

c r y s t a l s and observed a p a r t i c u l a r p o l a r i s a t i o n of the luminescence 

i f p o l a r i s e d c h a r a c t e r i s t i c e x c i t a t i o n was used. There was no p o l a r ­

i s a t i o n o f the luminescence i f the e x c i t a t i o n was u n p o l a r i s e d . 

The p o l a r i s a t i o n p r o p e r t i e s may be c a t e g o r i s e d i n t o two t y p e s : 

one which i s independent of the s t a t e of p o l a r i s a t i o n of the e x c i t i n g 

l i g h t , and the other which i s dependent on i t . An examination of 

d i f f e r e n t emissions has shown t h a t the copper-blue and copper-green 

bands i n ZnS a r e of the f i r s t type and t h a t the s e l f - a c t i v a t e d 

e m i ssion and copper r e d bands i n ZnS are of the second. 

2 . 9 . 1 S e l f - a c t i v a t e d Luminescence 

Koda and Shionoya ( 1963 ,1964) examined the azimuthal depend­

ence of the degree of p o l a r i s a t i o n of the luminescence i n c r y s t a l s 

of ZnS:Cl under d i f f e r e n t c o n d i t i o n s , v a r y i n g the wavelength and 

p o l a r i s a t i o n of the e x c i t a t i o n . The experimental r e s u l t s i n d i c a t e d 

t h a t t h e r e were two c h a r a c t e r i s t i c e x c i t a t i o n bands f o r the p o l a r i s a ­

t i o n s p e c t r a a t 3 .42 eV and 3 .76 eV, and t h a t the second band produced 
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negative v a l u e s f o r the p o l a r i s a t i o n P ( 9 ) , where 

P(6) = [(I„ - Ij.) / (I„ + I A ) ] e (2.4) 

and I„ and I x are the emission i n t e n s i t i e s measured w i t h the a n a l y s e r 

p a r a l l e l and p e r p e n d i c u l a r to the p o l a r i s e r , r e s p e c t i v e l y , and 8 i s 

the angle between the o p t i c a l a x i s of the p o l a r i s e r and a p a r t i c u l a r 

c r y s t a l a x i s . The e x i s t e n c e of the second e x c i t a t i o n band was i n t e r ­

p r e t e d as i n d i c a t i n g t h a t the t r a n s i t i o n i n v o l v e d a d i p o l e o r i e n t e d 

p e r p e n d i c u l a r to the d i p o l e e m i t t i n g the luminescence. From the 

azimuthal dependence of the p o l a r i s a t i o n I? ( 6 ) , i t was concluded t h a t 

the p o l a r i s a t i o n of the s e l f - a c t i v a t e d c e n t r e i s caused by the l o c a l 

symmetry possessed by the c e n t r e . T h i s l o c a l symmetry i s of a lower 

order than t h a t of the ho s t l a t t i c e . Koda and Shionoya considered 

t h a t the luminescence c e n t r e could be d e s c r i b e d i n terms of IT and o 

e l e c t r i c d i p o l e o s c i l l a t o r s o r i e n t e d along the <111> a x i s i n the ZnS 

c u b i c l a t t i c e , see F i g u r e 2.11. By it or o o s c i l l a t o r i s meant a 

d i p o l e i n which charge i s o s c i l l a t i n g l i n e a r l y along the d i p o l e a x i s 

or c i r c u l a t i n g around i t , r e s p e c t i v e l y . T h i s suggestion i s i n agree­

ment wi t h the model f o r the s e l f - a c t i v a t e d c e n t r e proposed by Prener 

and W i l l i a m s (1956) t h a t the c e n t r e i s a z i n c vacancy w i t h i t s two 

h o l e s i o n i s e d , and w i t h one of i t s two charge compensating halogen 

i o n s occupying one of the n e a r e s t neighbour s i t e s . According t o t h i s 

model the c e n t r e should have the a x i a l symmetry of cjv' a n d each 

energy s t a t e of the c e n t r e should belong to one of the i r r e d u c i b l e 

r e p r e s e n t a t i o n s , A j , A^ or E of the group. A Group t h e o r e t i c a l 

treatment i n d i c a t e s t h a t o p t i c a l d i p o l e t r a n s i t i o n s are allowed i n 

Aj-***" A j f o r l i n e a r l y p o l a r i s e d l i g h t along the symmetry a x i s , and 

A -«-»• E f o r c i r c u l a r l y p o l a r i s e d l i g h t around the a x i s . These two 
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kinds o f t r a n s i t i o n are e q u i v a l e n t to the c l a s s i c TT and a e l e c t r i c 

d i p o l e s , see F i g u r e 2.11. 

2.9.2 Copper-blue and green emissions 

I n hexagonal ZnS:Cu c r y s t a l s both the copper-blue (see Lempicki 

1959,1960) and copper-green (Shionoya e t a l 1965) emissions are p o l a r ­

i s e d p r e f e r e n t i a l l y p e r p e n d i c u l a r to the c - a x i s r e g a r d l e s s o f whether 

the e x c i t a t i o n i s p o l a r i s e d ; the p o l a r i s a t i o n of the luminescence i s 

a l s o independent of whether c h a r a c t e r i s t i c o r host e x c i t a t i o n r a d i a t i o n 

i s used. The r a t i o of the i n t e n s i t y of the emission with 12 -«• c to 

t h a t w i t h E^//c f o r both luminescence bands has been shown to be i n the 

range 1.2 t o 1.4 approximately, and the r a t i o i n c r e a s e s s l i g h t l y w i t h 

d e c r e a s i n g temperature. Lempicki concluded from a t h e o r e t i c a l a n a l y s i s 

t h a t h i s r e s u l t s f o r the copper-blue luminescence cannot be i n t e r p r e t e d 

on the assumption t h a t the luminescence i s caused by an e l e c t r i c o s c i l ­

l a t o r which i s f i x e d i n the c e n t r e and has some a n i s o t r o p i c o r i e n t a t i o n . 

Birman (1959,1960) pointed out t h a t t h i s p o l a r i s a t i o n may be i n t e r ­

p r e t e d by a t t r i b u t i n g i t to the symmetry nature of the energy bands 

of the hexagonal h o s t l a t t i c e and the s e l e c t i o n r u l e s a s s o c i a t e d w i t h 

i t . He p r e s e n t e d s e v e r a l models f o r the t r a n s i t i o n s i n terms of the 

Schon-Klasens and Lambe-Klick models p r e d i c t i n g p o l a r i s a t i o n perpen­

d i c u l a r t o the c - a x i s . I n the Lambe-Klick model i t was assumed t h a t 

t r a n s i t i o n s o c c u r r e d between the luminescence c e n t r e and the T^, 

l e v e l s o f the s p l i t valence band; i n the Schon-Klasens model i t was 

assumed t h a t the luminescence c e n t r e p o s s e s s e s a s t r u c t u r e which i s a 

d u p l i c a t e of the s p l i t v a l e n c e band, and t h a t t r a n s i t i o n s o c c u r r e d 

between the conduction band and the s p l i t l e v e l s of the c e n t r e . An 

examination of the p o l a r i s a t i o n p r o p e r t i e s i n terms of the two models 
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i n d i c a t e s (Shionoya 1 9 6 5 ) t h a t a simple Lambe-Klick model cannot be 

a p p l i e d to both the copper-blue and copper-green c e n t r e s , and Shionoya 

has suggested t h a t both emissions may be d e s c r i b e d i n terms of the 

Sch6n-Kl,asens model. 

2 . 1 0 E l e c t r o n Spin Resonance 

E l e c t r o n Spin Resonance (E.S.R.) i s a technique which i s 

proving to be a. u s e f u l method f o r i n v e s t i g a t i n g the atomic environment 

of an i m p u r i t y or d e f e c t i n the I I - V I compounds. E.S.R. measurements 

can confirm the v a r i o u s models f o r the luminescence c e n t r e s which are 

i n f e r r e d from o p t i c a l and e l e c t r i c a l measurements. The bonding i n the 

I I - V I compounds i s p a r t l y i o n i c and p a r t l y c o v a l e n t , but the s p i n s of 

the bonding e l e c t r o n s are p a i r e d and as a r e s u l t t h e r e i s no n e t t s p i n 

f o r the e l e c t r o n s . Hence, the p e r f e c t l a t t i c e , f r e e of i m p u r i t i e s and 

d e f e c t s , i s diamagnetic. The i n c l u s i o n of d e f e c t s and i m p u r i t i e s causes 

a p e r t u r b a t i o n i n the surroundings of the d e f e c t . T h i s i r r e g u l a r i t y may 

upset the p a i r i n g of the s p i n s of the bonding e l e c t r o n s and i n t r o d u c e 

a paramagnetic c h a r a c t e r which can be d e t e c t e d by E.S.R. T r a n s i t i o n 

metal i o n s p o s s e s s a n a t u r a l paramagnetic c h a r a c t e r due to the unpaired 

d and f e l e c t r o n s i n the core of the atom} E.S.R. measurements can be 

made, t h e r e f o r e , i n the study of these d e f e c t s . 

The bonding e l e c t r o n s i n many d e f e c t s may become p a i r e d because 

of the tendency f o r d e f e c t s i n I I - V I compounds t o be compensated. T h i s 

l e a d s to no paramagnetic moment being p r e s e n t . The e f f e c t can be over­

come by o p t i c a l l y e x c i t i n g the d e f e c t t o c r e a t e an e l e c t r o n - h o l e p a i r 

and leave an unpaired e l e c t r o n or hole on the d e f e c t . I t i s a neces­

s a r y c o n d i t i o n when o p t i c a l e x c i t a t i o n i s used, t h a t the l i f e t i m e of 

the trapped e l e c t r o n or hole should be long. There are two reasons f o r 
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t h i s ; (1) the number of unpaired d e f e c t s must be g r e a t e r than the m i n i ­

mum number d e t e c t a b l e by the apparatus. The number of such s i t e s i s 

determined by the i n t e n s i t y of the o p t i c a l e x c i t a t i o n and the l i f e t i m e 

of the e l e c t r o n or hole on the d e f e c t . (2 ) The l i f e t i m e must be 

longer than the s p i n l a t t i c e r e l a x a t i o n time, which i s a measure of 

the time i t tak e s f o r an e l e c t r o n to r e l a x to i t s ground magnetic s t a t e 

when e x c i t e d by resonance t o an e x c i t e d magnetic s t a t e . I t i s p o s s i b l e 

to o b t a i n i n f o r m a t i o n about the d e f e c t by monitoring the i n t e n s i t y of 

the E.S.R. spectrum as a f u n c t i o n of the o p t i c a l e x c i t a t i o n wavelength, 

and comparing the r e s u l t w i t h the luminescence e x c i t a t i o n s p e c t r a . 

For a paramagnetic c e n t r e i n a s o l i d , t h e r e i s an i n t e r a c t i o n 

between the i o n and the c r y s t a l l i n e e l e c t r i c f i e l d produced by the 

charges on the diamagnetic neighbours i n the l a t t i c e . Because of t h i s 

i n t e r a c t i o n the energy l e v e l s of the i o n i n the s o l i d a r e d i f f e r e n t from 

those i n the f r e e i o n and are dependent on the l o c a l symmetry o f the 

paramagnetic i o n . As a r e s u l t the E.S.R. s p e c t r a can g i v e i n f o r m a t i o n 

about the l o c a l environment of the paramagnetic i o n . Hyperfine i n t e r ­

a c t i o n s may occur between the s p i n on the i o n and the n u c l e a r s p i n s on 

neighbouring l a t t i c e s i t e s . T h i s can g i v e information about the nature 

of the ions i n the v i c i n i t y of the paramagnetic c e n t r e . 

E.S.R. s t u d i e s have been made of the s e l f - a c t i v a t e d d e f e c t i n 

ZnS, and Kasa.i and Otomo ( 1 9 6 1 , 1 9 6 2 ) have reported an E.S.R. a b s o r p t i o n 

i n ZnS:Cl and ZnS:Br when e x c i t e d with u l t r a - v i o l e t l i g h t . The p a r a ­

magnetic s t a t e of the s e l f - a c t i v a t e d c e n t r e i s produced when h o l e s a r e 

trapped on the c e n t r e and e l e c t r o n s are trapped a t a compensating d e f e c t 

or impurity. The observed E.S.R. s p e c t r a showed symmetry about the 

<111> a x i s and were i n t e r p r e t e d i n terms of the model proposed by Prener 

and W i l l i a m s ( 1 9 5 6 ) , see F i g u r e 2 . 1 1 . Holton e t a l ( 1 9 6 5 ) and 
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Schneider e t a l (1965) have observed h y p e r f i n e s t r u c t u r e i n the E.S.R. 

s p e c t r a which were a t t r i b u t e d to the presence of Ga, Br and I i n the 

v i c i n i t y o f the paramagnetic d e f e c t . 

I n ZnS f i v e resonances have been i d e n t i f i e d as i n v o l v i n g a 

copper im p u r i t y (Hoiton e t a l 1964), two of which are p h o t o s e n s i t i v e 

and occur i n c r y s t a l s showing c h a r a c t e r i s t i c copper-luminescence. 

Dielemann e t a l (1964) have observed a resonance due to an a s s o c i a t i o n 

o f a sulphur vacancy and a copper i m p u r i t y i n ZnS. An i n t e r p r e t a t i o n 

o f the E.S.R. s p e c t r a observed due to the presence of copper may l e a d 

to more information concerning the nature of the complexes formed. 

2.11 Thermal Quenching 

I n g e n e r a l , the i n t e n s i t y of emission from a phosphor i s found 

to be temperature dependent, and de c r e a s e s w i t h i n c r e a s i n g temperature. 

T h i s p r o c e s s i s mainly caused by an i n c r e a s e i n n o n - r a d i a t i v e t r a n s i ­

t i o n s and i s r e f e r r e d to as thermal quenching. I n terms of a non-

l o c a l i s e d t r a n s i t i o n of the SchOn-Klasens type, the quenching p r o c e s s 

may be envisaged as an e l e c t r o n being t h e r m a l l y e x c i t e d from the va l e n c e 

band t o f i l l an empty a c t i v a t o r s t a t e . T h i s prevents an e l e c t r o n i n 

the conduction band making a r a d i a t i v e t r a n s i t i o n to the a c t i v a t o r 

c e n t r e . S i m i l a r l y , i n a Lambe-Klick t r a n s i t i o n , an e l e c t r o n a t a 

c o - a c t i v a t o r c e n t r e may be th e r m a l l y e x c i t e d to the conduction band 

before i t has s u f f i c i e n t time t o recombine w i t h a f r e e h o l e . I n the 

case of a l o c a l i s e d t r a n s i t i o n , the quenching may be e x p l a i n e d i n terms 

of the c o n f i g u r a t i o n a l co-ordinate model, see F i g u r e 2.9.: the ground 

and e x c i t e d s t a t e s are represented as c r o s s i n g a t some p o i n t a t an 

energy E* above the minimum of the e x c i t e d s t a t e . When the tempera­

tu r e i s r a i s e d the e l e c t r o n can reach t h i s c r o s s - o v e r energy and 
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r e t u r n to the ground s t a t e n o n - r a d i a t i v e l y . 

When the temperature of a phosphor i s r a i s e d beyond a c e r t a i n 

p o i n t , the luminescence e f f i c i e n c y i s observed to decay e x p o n e n t i a l l y . 

The v a r i a t i o n of the luminescence e f f i c i e n c y w i t h temperature (T) i s 

g i v e n by 

where C i s a constant and E i s the a c t i v a t i o n energy. For the non-

l o c a l i s e d t r a n s i t i o n s of the SchOn-Klasens or Lambe-Klick t y p e s , the 

a c t i v a t i o n energy r e p r e s e n t s the s e p a r a t i o n of the a c t i v a t o r s t a t e 

from the va l e n c e band and of the c o - a c t i v a t o r s t a t e from the conduction 

band, r e s p e c t i v e l y . For the l o c a l i s e d t r a n s i t i o n , the a c t i v a t i o n 

energy i s represented by E* on the c o n f i g u r a t i o n a l co-ordinate diagram. 

By making measurements of the thermal quenching of luminescence i t i s 

p o s s i b l e t o ob t a i n v a l u e s f o r the a c t i v a t i o n energy. 

I n f r a - r e d r a d i a t i o n can e x c i t e e l e c t r o n s to luminescence c e n t r e s causing 

a r e d u c t i o n i n the emission e f f i c i e n c y . I n p r a c t i c e , the measured 

o p t i c a l and thermal a c t i v a t i o n e n e r g i e s are not e q u i v a l e n t . T h i s d i f ­

f e r e n c e can be exp l a i n e d i n terms of the Frank-Condon p r i n c i p l e which 

s t a t e s t h a t there i s i n s u f f i c i e n t time during an o p t i c a l t r a n s i t i o n 

f o r the l a t t i c e to a d j u s t t o a change of energy, whereas the l a t t i c e 

may r e l a x during a thermal t r a n s i t i o n r e q u i r i n g l e s s energy f o r e x c i t a ­

t i o n . As a r e s u l t , the measured o p t i c a l quenching e n e r g i e s a r e hi g h e r 

than the e q u i v a l e n t thermal quenching e n e r g i e s . 

(-%T)1 1 + C exp 

-1 

n 2.5 

The quenching t r a n s i t i o n may a l s o be e x c i t e d by o p t i c a l means. 

2.12 Auger E f f e c t 

I n many semi-conductors the n o n - r a d i a t i v e t r a n s i t i o n i s the 
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dominant recombination p r o c e s s . I t has been c a l c u l a t e d t h a t i n g e r ­

manium the n o n - r a d i a t i v e recombination p r o c e s s i s a t l e a s t a thousand 

tdones more probable than the r a d i a t i v e t r a n s i t i o n . The term non-

r a d i a t i v e recombination d e s c r i b e s the p r o c e s s i n which an e x c i t e d s t a t e 

r e t u r n s t o the ground s t a t e r e l e a s i n g the d i f f e r e n c e i n energy by a 

means which does not i n v o l v e the emission of a photon. I n the Auger 

e f f e c t , the energy r e l e a s e d by a recombining e l e c t r o n i s immediately 

absorbed by another e l e c t r o n which then d i s s i p a t e s t h i s energy by 

e m i t t i n g phonons. T h i s p r o c e s s i n v o l v e s the i n t e r a c t i o n of two e l e c t r o n s 

and a hole and the three-body c o l l i s i o n r e s u l t s i n no n e t t photon 

emission. I n an n-type m a t e r i a l where e l e c t r o n s are the m a j o r i t y 

c a r r i e r s , the second e l e c t r o n transforms the energy which i t absorbs 

from the recombination t r a n s i t i o n i n t o k i n e t i c energy, by being e x c i t e d 

high i n t o the conduction band; i n a p-type m a t e r i a l , the second e l e c ­

t r o n i s e x c i t e d from deep i n the v a l e n c e band, t h i s can a l s o be con­

s i d e r e d to be a hole being e x c i t e d deep i n t o the v a l e n c e band. S i n c e 

the Auger e f f e c t i s dependent on a c a r r i e r - c a r r i e r i n t e r a c t i o n , the 

e f f e c t should become more i n t e n s e as the c a r r i e r c o n c e n t r a t i o n i n c r e a s e s . 

I t would be expected, t h e r e f o r e , t h a t the Auger e f f e c t would i n c r e a s e 

as a f u n c t i o n of temperature and c o n c e n t r a t i o n of donors or a c c e p t o r s . 

The Auger e f f e c t has been used i n a model to e x p l a i n the 

quenching of manganese luminescence i n z i n c t r e a t e d z i n c s e l e n i d e . 

Jones and Woods (1973) and A l l e n e t a l (1973) have r e p o r t e d t h a t the 

c h a r a c t e r i s t i c Mn^+ emission a t 5860 X i n ZnSe was not observed f o l l o w i n g 

annealing i n z i n c , although the manganese was shown to be s t i l l p r e s e n t . 

The e f f e c t of heating i n l i q u i d z i n c i s to i n c r e a s e the c o n d u c t i v i t y 

of the m a t e r i a l by many or d e r s of magnitude by d e c r e a s i n g the concen­

t r a t i o n of a c c e p t o r s a s s o c i a t e d w i t h z i n c v a c a n c i e s . Br :n e t a l (1972) 
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reported t h a t the f i r s t e x c i t e d s t a t e of the Mn ion l i e s «-0.1 eV 

c l o s e to the conduction band i n ZnSe. A l l e n e t a l proposed t h a t the 

manganese emission cannot be e x c i t e d i n the presence of a l a r g e concen­

t r a t i o n of f r e e e l e c t r o n s because the r a d i a t i v e energy e x c i t e s Auger 

e l e c t r o n s high i n t o the conduction band where the energy i s r e l e a s e d 

as phonons. However, more work i s r e q u i r e d i n t h i s a r e a i n order to 

e s t a b l i s h the mechanism c o n c l u s i v e l y . 

2.13 Photoconductivity 

Photoconductivity may be d e s c r i b e d as the i n c r e a s e i n e l e c t r i c a l 

c o n d u c t i v i t y of an i n s u l a t i n g c r y s t a l f o l l o w i n g the absorption of 

i n c i d e n t r a d i a t i o n . The absorption of r a d i a t i o n of a s u i t a b l e frequency 

can l e a d to the c r e a t i o n of f r e e e l e c t r o n - h o l e p a i r s . R a d i a t i o n i n 

excess of the band-gap energy c r e a t e s f r e e c a r r i e r s i n the v a l e n c e and 

conduction bands and, i f there are l e v e l s l y i n g w i t h i n the forbidden 

gap, r a d i a t i o n of longer wavelengths may a l s o generate charge c a r r i e r s . 

I n the I I - V I compounds holes are g e n e r a l l y much l e s s mobile than e l e c t r o n s 

and consequently are captured more r e a d i l y by d e f e c t c e n t r e s . 

When the photoconductivity i s measured as a f u n c t i o n of wave­

len g t h , a maximum response i s u s u a l l y found a t t h a t wavelength f o r which 

the absorption constant i s approximately equal to the r e c i p r o c a l of the 

c r y s t a l t h i c k n e s s . At higher e n e r g i e s the absorption constant i s much 

g r e a t e r r e s u l t i n g i n only the s u r f a c e regions being e x c i t e d . I n the 

s u r f a c e regions the c a r r i e r l i f e t i m e i s l e s s than i n the bulk and as 

a r e s u l t the p h o t o s e n s i t i v i t y d e c r e a s e s . R a d i a t i o n w i t h energy l e s s 

than the band gap i s only p a r t i a l l y absorbed which again l e a d s to a 

r e s u l t a n t decrease i n p h o t o s e n s i t i v i t y . Hence the peak i n the v a r i a t i o n 
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of p h o t o c o n d u c t i v i t y w i t h wavelength can g i v e a measure of the band gap 

i n the m a t e r i a l . I f i m p e r f e c t i o n s are p r e s e n t i n the c r y s t a l , the spec­

t r a l response of the photoconductivity may be extended to longer wave­

lengths by the d i r e c t e x c i t a t i o n of c e n t r e s l y i n g w i t h i n the forbidden 

gap. T h i s may r e v e a l information about the i m p u r i t i e s i n v o l v e d i n 

r a d i a t i v e t r a n s i t i o n s . 

I n a p r o c e s s s i m i l a r to t h a t of the quenching o f luminescence, the 

pho t o c o n d u c t i v i t y may be quenched by o p t i c a l or thermal means. The f r e e 

e l e c t r o n s or h o l e s c r e a t e d by o p t i c a l e x c i t a t i o n may become trapped a t 

l e v e l s w i t h i n the band-gap leading t o an i n c r e a s e i n the l i f e t i m e of the 

p h o t o c a r r i e r s and an i n c r e a s e i n the p h o t o s e n s i t i v i t y of the m a t e r i a l . 

S t i m u l a t i n g the c r y s t a l by thermal means or by a secondary o p t i c a l source 

e m i t t i n g i n the i n f r a - r e d can l e a d to an emptying of the t r a p s and a 

r e d u c t i o n i n p h o t o s e n s i t i v i t y . Measurement of the thermal or o p t i c a l 

quenching of p h o t o c o n d u c t i v i t y can give a c t i v a t i o n e n e r g i e s f o r the l e v e l s 

w i t h i n the m a t e r i a l which may be compared with v a l u e s f o r the quenching 

of luminescence. 

Bube and L i n d (1958) and Bube (1960) have made s t u d i e s of the 

pho t o c o n d u c t i v i t y i n c u b i c ZnSe c r y s t a l s , and have r e p o r t e d a maximum i n 

the response a t 4620 8 (2.68 eV) corresponding to the absor p t i o n edge. 

With the i n t r o d u c t i o n o f acceptor i m p u r i t i e s the peak s e n s i t i v i t y was 

s h i f t e d to longer wavelengths, and i n h e a v i l y copper-doped samples a 

broad peak was observed a t 5100 X (2.42 e V ) . S t r i n g f e l l o w and Bube (1967) 

have observed the e x c i t a t i o n of p-type p h o t o c o n d u c t i v i t y i n ZnSe:Cu 

c r y s t a l s and noted t h a t the energy r e q u i r e d f o r e x c i t a t i o n was s i m i l a r t o 

t h a t f o r quenching n-type photoconductivity. These authors a s s o c i a t e d 

the behaviour w i t h a copper centre l o c a t e d 0.72 eV above the valence band. 

C l e a r l y measuring p h o t o c o n d u c t i v i t y i s a u s e f u l method of obtaini n g 

information concerning the p o s i t i o n of c e n t r e s w i t h i n the band-gap. 
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CHAPTER 3 

CRYSTAL GROWTH AND PREPARATION 

3.1 C r y s t r a l S t r u c t u r e and Bonding 

The many p o s s i b l e a p p l i c a t i o n s of the wide band-gap I I - V I semi­

conductors i n o p t o - e l e c t r o n i c s has meant t h a t t h e i r c r y s t a l growth has 

r e c e i v e d wide a t t e n t i o n . The compounds formed from the elements i n 

groups I I and V I have p r o p e r t i e s which are p a r t i a l l y i o n i c and p a r t i a l l y 

c o v a l e n t i n nature, and are g e n e r a l l y more i o n i c than the corresponding 

group IV element. The i o n i c i n f l u e n c e produces the l a r g e band-gaps, low 

m o b i l i t i e s and high melting p o i n t s compared w i t h those of the I I I - V com­

pounds and group IV elements. The co v a l e n t nature i s r e f l e c t e d i n the 
3 

t e t r a h e d r a l bonding r e s u l t i n g from the d i r e c t i o n a l sp h y b r i d i s e d o r b i t a l s 

T h i s t e t r a h e d r a l o r b i t a l c o n f i g u r a t i o n produces two main c r y s t a l types 

i n I I - V I compounds: the hexagonal (or w u r t z i t e ) s t r u c t u r e and the c u b i c 

(or z i n c blende) s t r u c t u r e . 

Both z i n c s u l p h i d e and z i n c s e l e n i d e can e x i s t w i t h the c u b i c 

and hexagonal s t r u c t u r e s depending on the c o n d i t i o n s during growth. How­

ever, the z i n c blende s t r u c t u r e i s the more s t a b l e phase of z i n c s e l e n i d e 

a t room temperature; t h i s s t r u c t u r e i s very s i m i l a r to t h a t o f diamond 

which has two i n t e r p e n e t r a t i n g f a c e - c e n t r e d c u b i c l a t t i c e s . I n z i n c 

s e l e n i d e d i f f e r e n t i o n s occupy the p o i n t s of the two s u b - l a t t i c e s . The 

cu b i c l a t t i c e parameter has a value of 5.67 X f o r z i n c s e l e n i d e and 

5.41 A* for z i n c s u l p h i d e . 

U n l i k e the group IV elements, where v a c a n c i e s have r e l a t i v e l y 

l i t t l e e f f e c t on the e l e c t r i c a l and o p t i c a l p r o p e r t i e s of the m a t e r i a l , 
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non-stoichiometry i n the I I - V I compounds r e s u l t s i n s e l f - d o p i n g and com­

pens a t i o n e f f e c t s . I t has been found t h a t , with the exception of CdTe, 

the I I - V I compounds when conducting are i n e i t h e r n-type or p-type form, 

but not both. There are f i f t e e n p o s s i b l e a l l o y combinations of I I - V I 

compounds, and e i g h t have been shown to be m i s c i b l e over the e n t i r e range 

of composition, w h i l e o t h e r s form s o l i d s o l u t i o n s over l a r g e p a r t s of 

the range. 

The Zn(S,Se) s o l i d s o l u t i o n has been shown to be m i s c i b l e 

throughout the whole range of composition. L a r a c h , Schrader and Stocker 

(1957) have examined the o p t i c a l d i f f u s e r e f l e c t a n c e s p e c t r a i n t h i s 

a l l o y and have shown t h a t the band-gap v a r i e s l i n e a r l y w i t h the propor­

t i o n of sulphur. 

3.2 C r y s t a l Growth 

The two b a s i c methods f o r c r y s t a l p r e p a r a t i o n a r e growth from 

a l i q u i d phase and growth from a vapour phase. C r y s t a l growth from 

s t o i c h i o m e t r i c and n o n - s t o i c h i o m e t r i c melts has not met much s u c c e s s 

i n the I I - V I compounds because of the high melting p o i n t , and the high 

d i s s o c i a t i o n p r e s s u r e s which l e a d to mass t r a n s p o r t . A l s o , the 

u n a v a i l a b i l i t y of s u i t a b l e high temperature m a t e r i a l s f o r containment 

makes growth from the melt d i f f i c u l t . Those furnace m a t e r i a l s which are 

used o f t e n cause the contamination of the c r y s t a l s or are permeable to 

i m p u r i t i e s a t the temperatures i n v o l v e d . (For example, growth of ZnSe 

from the melt r e q u i r e s a temperature of 1500°C and t h i s p r e v e n t s the 

use of s i l i c a . I n s p i t e o f t h i s , F i s c h e r (1959) and Tsujimoto (1966) 

have s u c c e s s f u l l y grown ZnSe from the melt.) Growth from the vapour 

phase i s much more p r a c t i c a b l e i n the I I - V I compounds s i n c e the p r o c e s s 
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can be c a r r i e d out a t s i g n i f i c a n t l y lower temperatures, and s i n c e both 

elemental components have s u f f i c i e n t l y high vapour p r e s s u r e s t h a t t r a n s p o r t 

a c t i o n through the vapour phase i s p o s s i b l e . 

The c r y s t a l s used during the course of t h i s work were grown 

w i t h i n the department by two techniques: vapour phase t r a n s p o r t and 

chemical t r a n s p o r t . D e t a i l s o f these two techniques w i l l now be des­

c r i b e d s i n c e the method of growth has an i n f l u e n c e on the p r o p e r t i e s of 

the samples. 

3.2.1 P r e l i m i n a r y P r e p a r a t i o n 

High p u r i t y s t a r t i n g m a t e r i a l s of z i n c s u l p h i d e and z i n c s e l e n i d e 

were n e c e s s a r y f o r the p r e p a r a t i o n of mixed c r y s t a l samples. B.D.H. 

Optran grade z i n c s u l p h i d e and z i n c s e l e n i d e powder was used to produce 

most of the c r y s t a l s examined. I n a d d i t i o n , some s t a r t i n g m a t e r i a l was 

prepared by the d i r e c t combination of the elements, which were obtained 

i n 6 N p u r i t y from Metal Research L t d . A furnace w i t h t h r e e temperature 

zones, see F i g u r e 3.1, was used f o r preparing the s t a r t i n g m a t e r i a l from 

the elements: selenium or sulphur was p l a c e d i n the f i r s t zone and 

z i n c i n the second zone. A stream of high p u r i t y argon was passed 

through the system, and c r y s t a l s grew i n the t h i r d zone where the metal­

l i c and n o n - m e t a l l i c vapours r e a c t e d and condensed. I n a s i m i l a r way, 

the compound s t a r t i n g m a t e r i a l s were p u r i f i e d by s u b l i m a t i o n i n a stream 

of argon as shown i n F i g u r e 3.2. The powder was p l a c e d i n a s i l i c a tube 

and heated to 600°C f o r twelve hours i n high p u r i t y argon i n order t o 

remove a l l v o l a t i l e i m p u r i t i e s . The temperature was then r a i s e d t o 

1160°C f o r about a week; i n t h i s time the powder sublimed along the 

tube to a c o o l e r r e g i o n l e a v i n g any n o n - v o l a t i l e i m p u r i t i e s behind. 
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The z i n c s e l e n i d e and z i n c sulphide c r y s t a l l i s e d out i n the form of 

s m a l l p l a t e l e t s s e v e r a l mm. square which were used as the charges f o r 

the f o l l o w i n g c r y s t a l growth procedures. 

3.2.2 Vapour Phase Growth 

Large c r y s t a l s of z i n c s e l e n i d e were grown by a method developed 

by Burr and Woods (1971) from the o r i g i n a l method o f C l a r k and Woods 

(1968) used f o r p r e p a r i n g CdS. T h i s method, which i s a m o d i f i c a t i o n of 

the technique of P i p e r and P o l i c h (1961), i n v o l v e s s u b l i m a t i o n down a 

temperature g r a d i e n t i n an ambient p r e s s u r e o f one of the c o n s t i t u e n t 

elements. A t y p i c a l arrangement f o r the growth system i s shown i n 

F i g u r e 3.3. Approximately 20 gm of flow-run p l a t e l e t s were i n c l u d e d i n 

the growth capsule and about 0.2 gm of z i n c was h e l d i n the t a i l . The 

growth tube was evacuated, baked and f l u s h e d w i t h argon i n order to 
—6 

remove v o l a t i l e i m p u r i t i e s . I t was then evacuated t o 10 t o r r , s e a l e d 

and mounted v e r t i c a l l y i n the furnace arrangement. The charge was h e l d 
o o i n a temperature r e g i o n a t 1160 C w h i l e the z i n c t a i l was h e l d a t 550 C. 

The t a i l r e s e r v o i r was ne c e s s a r y to c o n t r o l the p r e s s u r e of one of the 

components and achieve a near s t o i c h i o m e t r i c composition of the vapour 

i n the growth r e g i o n of the ca p s u l e . The charge sublimes and condensa­

t i o n o ccurs a t the growth t i p which was h e l d a t 1100°C. The qu a r t z tube 

was r a i s e d a t about 3 cm. a day f o r a week, and 1 cm. diameter c r y s t a l s 

between 3 and 4 cm. long were produced. 

S i n g l e c r y s t a l s of the s o l i d s o l u t i o n Zn(S,Se) could be grown 

by t h i s method, and i n t h i s case a mixture of z i n c s e l e n i d e and z i n c 

s u l p h i d e flow-run powder i n the d e s i r e d p r o p o r t i o n was used as the 

charge. The temperatures o f the z i n c r e s e r v o i r , ( r e q u i r e d to c o n t r o l 



V / 
/ / rowth 

tip 
' neck nSe 1150 C 7s t. 7. f. charge 

/ 
WZ 

Zn 

/ / 0 crystals 

/ 

y \ FIG3.5 system for Zn 
treatment 

FIG3.3 growth system for vapour 
phase transport 

800 C 

W W W 
X charge 

I V \ \ V \ I 

/ / / / / / / / / / / 
FIG 3 .U chemical transport growth system 



- 40 -

the ambient p r e s s u r e ) , and of the growth t i p depend upon the composition 

of the c r y s t a l being grown and have been examined by C u t t e r e t a l (1976). 

T h i s method of c r y s t a l growth has only been s u c c e s s f u l f o r compositions 

of up to 60 molar% sulphur. Higher c o n c e n t r a t i o n s o f sulphur l e d to 

m u l t i p l e n u c l e a t i o n and non-uniform boules. 

I t was p o s s i b l e to dope the c r y s t a l s grown by t h i s method by 

the a d d i t i o n of i m p u r i t i e s t o the charge. C h l o r i n e could be introduced 

as z i n c c h l o r i d e , w h i l e copper could be added as the metal or the s e l e n i d e . 

Manganese was i n c o r p o r a t e d as the metal, the s e l e n i d e , or the c h l o r i d e , 

and doping l e v e l s of up to 2000 ppm could be achieved. 

3.2.3 Chemical T r a n s p o r t 

Most of the c r y s t a l s s t u d i e d i n the p r e s e n t work were grown by 

the chemical t r a n s p o r t method u s i n g i o d i n e a s the t r a n s p o r t i n g agent. 

The underlying p r i n c i p l e o f t h i s method i s t h a t a chemical r e a c t i o n 

o c c u r s i n one temperature zone and i s r e v e r s e d i n an a d j a c e n t zone a t 

a d i f f e r e n t temperature. T h i s technique was based on the method des­

c r i b e d by N i t s c h e (1960), and the system used i s shown i n F i g u r e 3.4. 

The system c o n s i s t e d of two f u r n a c e s , one ma i n t a i n i n g a temperature of 
o 

800 C and the second producing a temperature g r a d i e n t down the growth 

tube. The charge, c o n s i s t i n g of approximately 4 gm. of flow-run m a t e r i a l 

and 4 mgm of i o d i n e , was p l a c e d i n a s i l i c a tube which was then f l u s h e d 
-4 

w i t h high p u r i t y argon, evacuated to 10 t o r r and s e a l e d . The 

s i l i c a tube was mounted h o r i z o n t a l l y i n the furnace such t h a t the 

charge was h e l d a t a temperature o f 840°C and the growth t i p a t 800°C. 

The capsule was h e l d i n t h i s temperature g r a d i e n t f o r approximately 

14 days. At the end of t h i s p e r i o d s i n g l e c r y s t a l s of about 5 - 6 mm. 
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diameter and 1 cm.in length had grown. Using t h i s method i t was p o s s i b l e 

to produce good s i n g l e c r y s t a l s of Zn(S,Se) throughout the range of 

composition. 

C r y s t a l s grown by t h i s method were doped w i t h copper or manganese 

by i n c l u d i n g the i m p u r i t y as the metal i n the charge. With t h i s arrange­

ment up to 1% by weight of manganese could be i n c o r p o r a t e d i n the c r y s t a l s 

compared w i t h a l i m i t of 2000 ppm i n samples grown by the vapour phase 

technique. I t was found t h a t the manganese d i s p l a c e d some of the z i n c 

i n the c r y s t a l and i n h i b i t e d the growth. As a r e s u l t i t was n e c e s s a r y 

to e x t r a c t the growth tube from the furnace a f t e r 14 days and remove 

the excess z i n c . The r e s i d u e was then re-encapsulated and the growth 

procedure continued f o r a f u r t h e r 14 days. 

3.3 Sample P r e p a r a t i o n 

3.3.1 E t c h i n g 

Experimental samples f o r examination were prepared by c u t t i n g a 

s e c t i o n from the c r y s t a l boule w i t h a diamond wheel. The sample dimen­

s i o n s were of the order of 5 mm long by 2 x 2 mm i n c r o s s - s e c t i o n . 

S u r f a c e damage c r e a t e d by the c u t t i n g was removed by p o l i s h i n g w i t h 

5 u diamond p a s t e followed by chemical e t c h i n g . The e t c h a n t used was 

t h a t recommended by Sagar e t a l (1968a); the procedure f o r t r e a t i n g 

a sample was to immerse the c r y s t a l i n a 0.4% s o l u t i o n of bromine i n 

methanol f o r one t o two minutes. The c r y s t a l was q u i c k l y washed i n 

methanol and then immersed i n carbon d i s u l p h i d e f o r about 5 minutes t o 

remove the compounds of bromine and selenium which tend to form as a 

r e d d e p o s i t on the s u r f a c e . F i n a l l y the sample was washed i n chloroform 

to remove the carbon d i s u l p h i d e and to prevent drying s t a i n s . 
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3.3.2 Ohmic Co n t a c t s 

Ohmic c o n t a c t s were r e q u i r e d on those samples to be used f o r 

p h o t o c o n d u c t i v i t y measurements. The c r y s t a l s to be prepared were c u t 

and etched as d e s c r i b e d above. The opposite end f a c e s of the r e c t a n g u l a r 

specimen were c l e a v e d to p r e s e n t two uncontaminated s u r f a c e s on to which 

p e l l e t s c u t from pure indium w i r e were p r e s s e d . I n order to form a 

good ohmic c o n t a c t i t was n e c e s s a r y to heat the samples a t a temperature 
o 

of 250 - 350 C f o r f i v e minutes i n an atmosphere of argon. A slow 

c y c l i n g p r o c e s s was used, t a k i n g 15 minutes to r e a c h temperature and to 

c o o l down. I t i s b e l i e v e d t h a t the indium may form a t h i n l a y e r of a l l o y 

on the s u r f a c e of the c r y s t a l . Blount e t a l (1966) have d e s c r i b e d the 

p r o c e s s of ohmic c o n t a c t formation on z i n c s e l e n i d e u s i n g indium i n 

terms of the p e n e t r a t i o n of a chemical impurity l a y e r followed by the 

i n d i f f u s i o n of the indium. However, Kaufman and Dowber (1974) have 

d e s c r i b e d the formation of c o n t a c t s on Zn(S,Se) u s i n g indium as a l i q u i d 

e p i t a x i a l p r o c e s s . As the percentage of sulphur i n the mixed c r y s t a l s 

was i n c r e a s e d , the annealing temperature had to be p r o g r e s s i v e l y r a i s e d 

from 250°C i n z i n c s e l e n i d e to about 350°C i n order t o form s a t i s f a c t o r y 

c o n t a c t s . I t proved p o s s i b l e to form good ohmic c o n t a c t s on z i n c sulpho-

s e l e n i d e a l l o y s c o n t a i n i n g up to 80% of sulphur. With more sulphur i t 

was d i f f i c u l t t o form ohmic c o n t a c t s , e s p e c i a l l y i f the Samples were 

t o be used a t 85 K. The c r y s t a l s were mounted on a t h i n s i l i c a g l a s s 

s l i d e and e l e c t r i c a l c o n t a c t was made t o the indium e l e c t r o d e s using an 

a i r - d r y i n g s i l v e r p a s t e . 

3.4 Heat treatment 

Aven and Woodbury (1962) reported t h a t t r a c e i m p u r i t i e s of copper 
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and s i l v e r could be removed from z i n c s e l e n i d e and z i n c s u l p h i d e by 

h e a t i n g the c r y s t a l s i n molten z i n c . The i m p u r i t i e s were more s o l u b l e 

i n the z i n c and segregated between the c r y s t a l and the molten s o l u t i o n . 

T h i s technique may be used i n r e v e r s e by i n c o r p o r a t i n g an impurity w i t h 

the z i n c i n order to dope the c r y s t a l s . T h i s p r o c e s s of z i n c treatment 

not only had the e f f e c t of p u r i f y i n g the samples, but lowered the r e -
12 14 

s i s t i v i t y from 10 - 10 ohm cm i n as-grown c r y s t a l s to the range 

1 - 1 0 0 ohm cm by reducing the c o n c e n t r a t i o n of compensating z i n c 

vacancy c e n t r e s . 

The apparatus used f o r t r e a t i n g the samples i n molten z i n c i s 

shown i n F i g u r e 3.5. The c r y s t a l s were p l a c e d a t one end of a s i l i c a 

tube, and p e l l e t s of 6 N z i n c metal were p l a c e d a t the other end above 

a neck i n the tube t o prevent passage of the c r y s t a l s . The system was 

evacuated and f l u s h e d w i t h high p u r i t y argon, and s e a l e d a t a p r e s s u r e 
—6 

of 4 x 10 t o r r . The s i l i c a tube was suspended v e r t i c a l l y i n a furnace 
o 

a t a temperature of 850 C f o r a p e r i o d of a week. A f t e r t h i s time the 

tube was removed from the furnace and i n v e r t e d , causing the molten z i n c 

to d r a i n away from the c r y s t a l s to the bottom of the c a p s u l e . The 

c r y s t a l s were then e x t r a c t e d and etched i n bromine/methanol. 

3.5 X-ray Powder A n a l y s i s 

X-ray powder photographs were taken of the range of mixed a l l o y 

z i n c s u l p h o - s e l e n i d e c r y s t a l s which were grown, i n order to determine 

the s t r u c t u r e and l a t t i c e parameter of the samples. An examination of 

the powder photographs i n d i c a t e d t h a t a l l the c r y s t a l s grown by both 

vapour t r a n s p o r t and chemical t r a n s p o r t techniques were c u b i c i n 

s t r u c t u r e . However, C u t t e r e t a l (1976), using a t r a n s m i s s i o n e l e c t r o n 
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microscope, observed t h a t t h e r e were s m a l l amounts of the hexagonal 

component of almost the same composition as the c u b i c main phase i n 

mixed c r y s t a l s grown by the vapour t r a n s p o r t technique. The measured 

l a t t i c e parameters f o r the range of samples examined i s l i s t e d i n 

Table 3.1. I t was assumed t h a t the l a t t i c e parameter v a r i e d l i n e a r l y 

w i t h composition from 5.67 A* i n ZnSe to 5.41 8 i n ZnS, and an estimate 

of the composition was made from the measured l a t t i c e parameter. A 

' t h e o r e t i c a l ' v a l u e of the composition was c a l c u l a t e d from the weight 

p e r c e n t of ZnSe and ZnS s t a r t i n g m a t e r i a l i n c o r p o r a t e d i n the growth 

tube t o produce a p a r t i c u l a r mixed c r y s t a l . I n making t h i s c a l c u l a ­

t i o n i t was assumed t h a t the c o n s t i t u e n t s combined i n s t r i c t p r o p o r t i o n 

The i n t e r p o l a t e d and ' t h e o r e t i c a l ' v a l u e s of the composition l i s t e d i n 

Table 3.1 show a good agreement; t h i s confirms t h a t the assumption 

t h a t composition v a r i e s l i n e a r l y w ith l a t t i c e parameter i s c o r r e c t . 



Table 3.1: Composition of Mixed Alloy Crystals 

Crystal L a t t i c e Calculated^ * ̂  (2) 
Theoretical (Nominal Composition) Parameter 

% 
Composition 

% S 
Composition 

% S 

ZnSe 5.669 0 0 

940 Z n S 0 1 S e 0 > 9 5.626 16 14 

9 4 5 Z n S 0 . 2 S e 0 . 8 5.600 26 27 

947 Z n S 0 > 3 S V 7 5.559 42 39 

9 5 3 Z n S 0 . 4 S 6 0 . 6 5.528 54 50 

954 ZnS„ ,_Sert F 0.5 0.5 5.510 61 60 

956 Z n S 0 > 6 S « 0 > 4 5.476 74 70 

958 ZnS01SeQ3 5.460 80 78 

9 6 0 Z n S 0 . 8 ^ 0 . 2 5.437 89 86 

961 Z n S 0 9 S e 0 > 1 5.428 92 93 

962 ZnSQ9SeQl 5.411 99 99 

ZnS 5.409 100 100 

9 7 5 Z n S 0 . 2 5 S 6 0 . 7 5 : M n 5.574 37 33 

971 ZnS 0_ 5Se 0_ 5:Mn 5.509 62 60 

978 Z n S 0 7 5 S e 0 2 5 : M n 5.452 83 82 

984 Z n S 0 1 S e 0 9 : C u 5.642 10 14 

9 8 1 Z n S 0 . 2 5 S e 0 . 7 5 : C u 5.574 i 37 33 

9 7 7 Z n S 0 . 5 S e 0 . 5 : C u 5.518 
j 

58 
1 | 

60 

982 ZnS 0 i 7 5S« 0 > 5:Cu j 5.444 > 86 82 

987 Z n S 0 > 9 S e 0 1 : C u I 5.412 
1 

99 93 

(1) Calculated from measured l a t t i c e parameter. 
(2) Calculated from molar volumes incorporated i n growth tube 
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CHAPTER 4 

EXPERIMENTAL PROCEDURE 

4.1 I n t r o d u c t i o n 

The purpose of t h i s work was to o b t a i n more d e t a i l e d informa­

t i o n about the o p t i c a l p r o p e r t i e s of z i n c s u l p h o - s e l e n i d e c r y s t a l s 

throughout the range of composition. An examination was made of the 

luminescence s p e c t r a , e x c i t a t i o n s p e c t r a , p h o t o c o n d u c t i v i t y and thermal 

quenching of luminescence over the range of temperatures between 295 K 

and 15 K. The p r e s e n t chapter d e s c r i b e s the techniques and apparatus 

used. 

4.2 The C r y o s t a t 

A b r a s s c r y o s t a t c o n s t r u c t e d w i t h i n the department was used 

to house the specimen sample f o r a l l low temperature experimental work 

down to l i q u i d helium temperature. The design of the c r y o s t a t , i l l u ­

s t r a t e d s c h e m a t i c a l l y i n F i g u r e 4.1, c o n s i s t e d of a l i q u i d n i t r o g e n 

j a c k e t with a two l i t r e c a p a c i t y , a l i q u i d helium pot w i t h a 1.3 l i t r e 

c a p a c i t y and a demountable copper sample holder w i t h a demountable 

r a d i a t i o n s h i e l d . E l e c t r i c a l and thermocouple l e a d s could be a t t a c h e d 

to the sample and taken v i a a lead-through to connections o u t s i d e the 

c r y o s t a t . I n the c e n t r a l l i q u i d helium pot, two carbon r e s i s t o r s 

mounted on a t h i n s t a i n l e s s s t e e l tube were used to measure the depth 

of helium during t r a n s f e r and g i v e an i n d i c a t i o n of the temperature of 

the sample. The vacuum w i t h i n the c r y o s t a t was maintained a t a p r e s s u r e 



HELIUM FILLING PUKI 

ELECTRICAL 
LEAD 

THROUGH 

TO 
VACUUM Z 
SYSTEM 

SAMPLE 
HOLDER 

EXHAUS T 

NITROGEN FILLING 
TUBE 

NITROGEN JACKET 

HELIUM POT 

CARBON RESISTOR 
DEPTH INDICATOR 

FIG UA HELIUM CRYOSTAT 



- 46 -

of l e s s than 10 t o r r by using conventional r o t a r y and o i l d i f f u s i o n 

pumps to evacuate the system. The c e n t r a l l i q u i d helium pot could be 

pumped-bn v i a the exhaust p o r t i n order to lower the p r e s s u r e "above 

the c oolant and thus f u r t h e r reduce the temperature of the sample. 

Samples were attached to the demountable copper c o l d f i n g e r 

using indium metal. T h i s ensured t h a t good thermal and e l e c t r i c a l con­

t a c t was made to the c r y o s t a t . A p e l l e t of indium was melted on the 

sample h o l d e r , a c r y s t a l was immersed i n the molten metal, and the 

whole assembly was q u i c k l y quenched to produce s o l i d i f i c a t i o n . I t was 

assumed t h a t the heating to~100°C i n a i r f o r a l i m i t e d p e r i o d of time 

would have n e g l i g i b l e e f f e c t on the c r y s t a l s . 

Temperature measurements were made using gold/iron-chromel and 

copper-constantan thermocouples a t t a c h e d c l o s e to the sample on the 

c o l d f i n g e r . I n making temperature measurements, a s m a l l d i f f e r e n c e 

may have e x i s t e d between the a c t u a l sample temperature and t h a t recorded 

by the thermocouple. When the sample was cooled, i t was allowed to 

re a c h e q u i l i b r i u m before temperature measurements were taken. Using 

l i q u i d helium i n the c e n t r a l pot of the c r y o s t a t the temperatures 

recorded were between 10 and 15 K when the u l t r a - v i o l e t r a d i a t i o n was 

i n c i d e n t on the sample h o l d e r ; the temperature rose t o ~ 2 5 K i f the 

sample holder was i r r a d i a t e d w i t h l i g h t from the q u a r t z - i o d i n e lamp. 

The e q u i v a l e n t temperatures recorded w i t h l i q u i d n i t r o g e n i n the c e n t r a l 

pot were 82 K and 85 K, r e s p e c t i v e l y . Pumping on l i q u i d n i t r o g e n could 

produce temperatures between 65 and 68 K. The procedure f o r c o o l i n g 

the sample to l i q u i d helium temperatures was f i r s t t o c o o l the c e n t r a l 

pot w i t h l i q u i d n i t r o g e n ; the l i q u i d n i t r o g e n was then removed using 

a siphon by applying an ove r - p r e s s u r e of dry n i t r o g e n gas. A f t e r t h i s 

p r e - c o o l i n g , the l i q u i d helium was t r a n s f e r r e d . The p r e - c o o l i n g of 
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the c r y o s t a t reduced the volume of c o o l a n t r e q u i r e d f o r a run; the 

sample could be maintained a t a temperature of approximately 10 K f o r 

up to t h r e e hours by t r a n s f e r r i n g one l i t r e of l i q u i d helium. 

4.3 O p t i c a Spectrophotometer 

An O p t i c a 4 NI g r a t i n g spectrophotometer was used i n a modified 

form to perform a l l the s p e c t r o s c o p i c a n a l y s i s i n t h i s experimental 

work. The instrument, see F i g u r e 4.2, i s p r i n c i p a l l y designed f o r 

making a b s o r p t i o n and t r a n s m i s s i o n measurements and has a s p e c t r a l 

range from 0.185 t o 3.1 |im. The monochromator s e c t i o n of the i n s t r u ­

ment i s of the L i t t r o w type w i t h two interchangeable plane g r a t i n g s as 

the d i s p e r s i v e elements. The standard monochromator d i s p e r s i o n was 

approximately 16 X/mm wi t h a r u l e d g r a t i n g of 600 lines/mm f o r the 

u l t r a - v i o l e t and v i s i b l e r e g i o n s (0.185 to 1.0 urn), and was 32 S/mm 

fo r the near i n f r a - r e d r e g i o n (0.9 to 3.1 urn) when a 300 lines/mm 

g r a t i n g was used. The s l i t width of the monochromator had a maximum 

valu e o f 3.6 mm and was v a r i a b l e i n d i v i s i o n s of 0.02 mm. I n the 

arrangement f o r making abso r p t i o n measurements, the l i g h t beam emerged 

from the monochromator s e c t i o n and was condensed on t o a system of 

r o t a t i n g m i r r o r s which s p l i t s the beam i n t o r e f e r e n c e and sample beams. 

A d i f f e r e n t i a l s i g n a l was obtained by recombining these beams using a 

s e r i e s of m i r r o r s r o t a t i n g i n phase with the f i r s t system. T h i s 

s i g n a l was p r o p o r t i o n a l to the absorption of a specimen p l a c e d i n the 

sample beam. 

I n order to examine the emission and e x c i t a t i o n s p e c t r a , the 

O p t i c a was s p l i t i n t o the monochromator and d e t e c t o r / m i r r o r s e c t i o n s , 

and only the monochromator was employed. An EMI p h o t o m u l t i p l i e r type 

9558 w i t h a t r i - a l k a l i S.20 photocathode was used as the d e t e c t o r f o r 
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both emission and e x c i t a t i o n a n a l y s i s . T h i s d e t e c t o r was coupled to 

the output s l i t of the monochromator. The c a l i b r a t e d s p e c t r a l response 

f o r the p a r t i c u l a r p h o t o m u l t i p l i e r i s shown i n F i g u r e 4.3. The photo-

m u l t i p l i e r was run a t v o l t a g e s up to 1200 V obtained from a Brandenburg 

s t a b i l i s e d power supply, model 475R. The output from the c o l l e c t o r 

wa» earthed v i a a 10 kfl low n o i s e r e s i s t o r and the v o l t a g e s i g n a l 

developed a c r o s s the load was taken to a P h i l i p s v a l v e voltmeter type 

PM 2440, and t o a Brookdeal 9401 l o c k - i n a m p l i f i e r . A Brookdeal 

v a r i a b l e frequency m u l t i - b l a d e d chopper was i n c l u d e d i n the o p t i c a l 

path of the system; t h i s provided the r e f e r e n c e s i g n a l f o r the l o c k -

i n a m p l i f i e r . The output s i g n a l from the a m p l i f i e r was recorded on 

a Honeywell c h a r t r e c o r d e r . I n g e n e r a l , the r e f e r e n c e frequency of the 

chopper was s e t a t 200 Hz during the course of these measurements. 

4.4 Photoluminescence S p e c t r a 

The experimental arrangement used f o r measuring the emission 

s p e c t r a of the c r y s t a l s i s shown i n F i g u r e 4.4. The photoluminescence 

of the c r y s t a l s was e x c i t e d by u l t r a - v i o l e t r a d i a t i o n from a 250 watt 

high p r e s s u r e mercury lamp. Two Chance g l a s s 0X1A f i l t e r s were used 

i n order to i s o l a t e the 3650 8 mercury l i n e . The mercury lamp was run 

a t 82 V and 4 A from a s t a b i l i s e d d.c. supply and provid»2d a t o t a l 

r a d i a t i v e f l u x of approximately 100 w a t t s . A f t e r f i l t e r i n g , a pproxi­

mately 8 watts remained i n the 3650 8 r a d i a t i o n to be focussed on to 

the sample. T h i s e x c i t i n g r a d i a t i o n could be f u r t h e r reduced i n 

i n t e n s i t y by the i n c o r p o r a t i o n of n e u t r a l d e n s i t y f i l t e r s , manufactured 

by B a r r and Stroud, between the source and the sample. A c e l l con­

t a i n i n g a s a t u r a t e d s o l u t i o n of copper sulphate was p l a c e d between the 

sample and the mercury lamp i n order to remove red and i n f r a - r e d 
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components from the r a d i a t i o n passed by the OXlA f i l t e r s . The lumin­

escence e x c i t e d by the u l t r a - v i o l e t r a d i a t i o n was focussed and c o l -

l imated on the e n t r y s l i t of the monochromator us i n g a system of m i r r o r s . 

The monochromator was a u t o m a t i c a l l y scanned through the luminescence 

band of i n t e r e s t and the r a d i a t i o n was monitored u s i n g the photo-

m u l t i p l i e r tube. 

4.5 E x c i t a t i o n S p e c t r a 

The experimental arrangement used f o r measuring the e x c i t a t i o n 

s p e c t r a of the c r y s t a l s i s shown i n F i g u r e 4.5. R a d i a t i o n from a 

quartz-halogen lamp was focussed on to the entrance s l i t of the O p t i c a 

and the spectrometer was used to produce a monochromatic beam of l i g h t 

which was focussed on the c r y s t a l sample. An O r i e l v a r i a b l e i n t e r ­

f e r e n c e f i l t e r , i n c o n j u n c t i o n w i t h a s e l e c t i o n of Chance g l a s s wide­

band f i l t e r s , was used t o i s o l a t e the luminescence band of i n t e r e s t 

from the e x c i t i n g r a d i a t i o n . T h i s combination of f i l t e r s was arranged 

to have a bandwidth of approximately 300 8 a t 6000 8. The v a r i a b l e 

f i l t e r was a d j u s t e d to g i v e optimum t r a n s m i s s i o n of a p a r t i c u l a r band 

o f luminescence when the c r y s t a l was e x c i t e d . The l i g h t chopper was 

i n c o r p o r a t e d between the c r y s t a l and the p h o t o m u l t i p l i e r d e t e c t o r 

s i n c e i t had p r e v i o u s l y been found t h a t chopping the e x c i t i n g r a d i a ­

t i o n before i t was i n c i d e n t on the c r y s t a l produced spurious e f f e c t s ; 

t h i s was c o n s i d e r e d to be due t o r e l a x a t i o n p r o c e s s e s o c c u r r i n g i n the 

sample. 

4.6 Cathodolumlnescence 

The experimental arrangement f o r a n a l y s i n g cathodoluminescence 

s p e c t r a was s i m i l a r to t h a t shown i n F i g u r e 4.4 f o r measuring the 
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photoluminescence of the c r y s t a l s . I n t h i s c a s e , the e x c i t a t i o n source 

was r e p l a c e d by an e l e c t r o n gun system which was produced w i t h i n the 

department. The e l e c t r o n gun, manufactured by 20th Century E l e c t r o n i c s 

model ED221, was a demountable t r i o d e type w i t h a tungsten e m i t t e r . 

T h i s e l e c t r o n gun produced a d i v e r g e n t e l e c t r o n beam which could be 

m a g n e t i c a l l y focussed t o a spot approximately 2 mm i n diameter on the 

sample. The tungsten e m i t t e r enabled the gun to be exposed r e p e a t e d l y 

to the atmosphere when changing samples without s i g n i f i c a n t degradation 

of the cathode s u r f a c e . T y p i c a l operating c o n d i t i o n s f o r the e l e c t r o n 

gun were: an anode volta g e of 20 kV, a f i l a m e n t c u r r e n t of 5.0 A and 

a maximum beam c u r r e n t of 1 mA. The e l e c t r o n gun assembly was a t t a c h e d 

to a modified demountable bottom-plate f o r the l i q u i d helium c r y o s t a t ; 

t h i s whole system was mounted on a h y d r a u l i c ram such t h a t samples 

could be mounted on the c o l d - f i n g e r and the c r y o s t a t c l o s e d i n s i t u . 

A c o l d t r a p and d i f f u s i o n pump were coupled to the c r y o s t a t bottom-

p l a t e . These were i n c l o s e p r o x i m i t y to the e l e c t r o n gun assembly i n 

order to ensure a good vacuum w i t h i n the system. 

4.7 Thermal Quenching 

A s m a l l e r a l l - m e t a l c r y o s t a t was employed f o r making measure­

ments of the thermal quenching of luminescence. Using t h i s c r y o s t a t , 

the r a t e of warming could be c o n t r o l l e d e x t e r n a l l y by a h e a t e r a t t a c h e d 

to the sample block. The c r y s t a l was mounted on a l a r g e mass copper 

sample-holder w i t h a high thermal c a p a c i t y which minimised f l u c t u a t i o n s 

i n the sample temperature. The c r y s t a l was i l l u m i n a t e d w i t h r a d i a t i o n 

from e i t h e r a high p r e s s u r e mercury lamp, or a quartz-halogen lamp 

usi n g s u i t a b l e i n t e r f e r e n c e f i l t e r s to i s o l a t e a p a r t i c u l a r band of 

e x c i t a t i o n . I n both c a s e s , a c e l l c o n t a i n i n g a s a t u r a t e d s o l u t i o n of 
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copper sulphate was p o s i t i o n e d between the e x c i t a t i o n source and the 

sample to remove any i n f r a - r e d components of the r a d i a t i o n which might 

have quenched the luminescence. The e x c i t a t i o n sources were run from 

a s t a b i l i s e d supply to prevent random f l u c t u a t i o n s o c c u r r i n g i n the i n t e n ­

s i t y of the luminescence. 

The experimental arrangement used f o r examining the thermal 

quenching of luminescence was s i m i l a r t o t h a t f o r recording the lumines­

cence s p e c t r a . The monochromator was s e t a t the wavelength of i n t e r e s t 

and the s l i t width was a d j u s t e d to encompass the band of r a d i a t i o n being 

examined. The measurement of the sample temperature was made u s i n g a 

copper-constantan thermocouple attached i n the immediate v i c i n i t y of the 

c r y s t a l . A h e a t e r i n d i r e c t l y i n c o n t a c t w i t h the sample holder was used 

t o c o n t r o l the r a t e of. warming. T h i s allowed a range o f temperatures to 

be examined up t o ~ 4 0 0 K. The c r y s t a l sample was cooled i n the dark 

using l i q u i d n i t r o g e n , and the e x c i t a t i o n was a p p l i e d when the tempera­

t u r e had reached e q u i l i b r i u m a t 85 K. 

4.8 Photoconductivity 

C r y s t a l s were prepared f o r p h o t o c o n d u c t i v i t y measurement by 

c u t t i n g them i n t o r e c t a n g u l a r bars and a l l o y i n g indium metal p e l l e t s 

on to the end f a c e s to form e l e c t r i c a l c o n t a c t s . The samples were mounted 

on t h i n s i l i c a g l a s s p l a t e s using s i l i c o n e grease to ensure a good thermal 

c o n t a c t , e l e c t r i c a l connections were made by applying a i r - d r y i n g s i l v e r 

p a s t e to the indium c o n t a c t s and i n s e r t i n g s h o r t copper w i r e s . At t h i s 

stage the c o n t a c t s were examined to e s t a b l i s h t h a t they were ohmic. The 

s i l i c a g l a s s p l a t e was mounted on the copper c o l d - f i n g e r u s i n g s i l i c o n e 

g rease i n order to ensure a good thermal c o n t a c t between the sample and 

the c r y o s t a t , and e l e c t r i c a l connections were made from the sample to 

lead s w i t h i n the v e s s e l . 
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To make the e l e c t r i c a l measurement, a p o t e n t i a l of 90 v o l t s d.c. 

was a p p l i e d a c r o s s the c r y s t a l using a b a t t e r y ; t h i s provided a s t a b l e 

n o i s e - f r e e source. The c u r r e n t passed by the sample was monitored 

us i n g a K e i t h l e y E l e c t r o m e t e r model 610C i n the current-measurement 
-14 

mode; t h i s instrument possessed a s e n s i t i v i t y down to 10 A. The 

output from the instrument was d i s p l a y e d d i r e c t l y on a Honeywell c h a r t 

r e c o r d e r . The c r y s t a l s were e x c i t e d using a quartz-halogen lamp i n 

co n j u n c t i o n w i t h the spectrometer to produce a monochromatic beam of 

r a d i a t i o n ; t h i s r a d i a t i o n was focussed on the sample i n an arrange­

ment s i m i l a r t o t h a t f o r examining the e x c i t a t i o n s p e c t r a . 

4.9 C o r r e c t i o n F a c t o r s 

I n order to d i s p l a y the r e s u l t s i t was nec e s s a r y to make c o r ­

r e c t i o n s to the experimental data. The photoluminescence s p e c t r a were 

c o r r e c t e d f o r the s p e c t r a l s e n s i t i v i t y of the p h o t o m u l t i p l i e r as c a l i ­

b r a t e d by the manufacturers a t E.M.I. The e x c i t a t i o n and photoconduc­

t i v i t y s p e c t r a were c o r r e c t e d f o r the energy d i s t r i b u t i o n of the 

quartz-halogen e x c i t i n g source. 



- 53 -

CHAPTER 5 

UNDOPED CRYSTALS 

5.1 I n t r o d u c t i o n 

I n t h i s chapter the r e s u l t s of the measurement of the emission 

and e x c i t a t i o n s p e c t r a and the phot o c o n d u c t i v i t y of undoped Zn(S,Se) 

mixed c r y s t a l s are pre s e n t e d . The luminescence s p e c t r a of powdered 

phosphors i n t h i s t e r n a r y system have been d e s c r i b e d p r e v i o u s l y by 

Leverenz (1950), K l a s e n s (1953) and Morehead (1963). There a r e r e p o r t s 

of v a r i o u s d i s c o n t i n u i t i e s i n the v a r i a t i o n i n p o s i t i o n of the band 

maxima w i t h changing composition. Samples examined i n t h i s work were 

a l l c r y s t a l l i n e i n nature and e i t h e r contained i o d i n e or were nominally 

pure depending on the mode of p r e p a r a t i o n . C e r t a i n c r y s t a l s were annealed 

i n molten z i n c i n an attempt to remove the i m p u r i t i e s and i n c r e a s e the 

c o n d u c t i v i t y . The experimental curves i n the f i g u r e s i l l u s t r a t i n g the 

emission s p e c t r a , the e x c i t a t i o n s p e c t r a and the pho t o c o n d u c t i v i t y have 

been c o r r e c t e d f o r the response o f the p h o t o m u l t i p l i e r and e x c i t a t i o n 

source and have been normalised. No attempt has been made to g i v e a 

q u a n t i t a t i v e measure of the r e l a t i v e i n t e n s i t i e s . 

5.2 Photolumlnes cence 

5.2.1 I o d i n e T r a n s p o r t C r y s t a l s 

The photoluminescence s p e c t r a o f Z n ( S , S e ) : I c r y s t a l s grown by 
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the i o d i n e t r a n s p o r t technique were examined f i r s t because of t h e i r a v a i l ­

a b i l i t y which was a d i r e c t r e s u l t of the r e l a t i v e convenience of t h e i r 

p r e p a r a t i o n . The body col o u r of the c r y s t a l s v a r i e d from a deep orange 

f o r ZnSe to a p a l e white f o r ZnS. An a n a l y s i s of the t r a c e i m p u r i t i e s 

contained i n these c r y s t a l s has shown the presence of copper, oxygen and 

s i l i c o n i n c o n c e n t r a t i o n s of up to a few p.p.m. The photoluminescence 

emission s p e c t r a r e s u l t i n g from u l t r a - v i o l e t e x c i t a t i o n ( A = 3650 8) 

are shown i n F i g s . 5.1 and 5.2. At room temperature t h e r e i s a gradual 

s h i f t of the peak p o s i t i o n towards higher quantum energy w i t h i n c r e a s i n g 

sulphur content, accompanied by a broadening of the e m i s s i o n band. A 

high energy shoulder becomes apparent f o r v a l u e s of x i n e x c e s s of 0.5 

(where x i s the mole f r a c t i o n o f sulphur) and two d i s t i n c t bands may be 

r e s o l v e d f o r x > 0.9. However, w i t h ZnS:I and ZnSe:I s i n g l e bands only 

are r e s o l v e d w i t h peak maxima a t 4740 8 (2.62 eV) and 6250 8 (1.98 eV) 

and w i t h h a l f - w i d t h s of 0.47 eV and 0.49 eV r e s p e c t i v e l y . Jones and 

Woods (1974) have shown t h a t a copper-red band e x i s t s i n ZnSe a t 6400 8 

and t h i s may account f o r the broadening of the emission observed i n the 

sample of z i n c s e l e n i d e . The luminescence from the c r y s t a l o f ZnS 

appears to be s i m i l a r to t h a t reported by Shionoya (1964) f o r s e l f -

a c t i v a t e d emission w i t h c h l o r i n e as a c o a c t i v a t o r , where the band was 

l o c a t e d a t 4750 8 w i t h a h a l f - w i d t h of 0.44 eV. Cooling the samples to 

85 K l e d to a marked improvement i n the r e s o l u t i o n of the emission bands. 

A high energy shoulder could be r e s o l v e d i n samples w i t h x > 0.2,, and i n 

the c r y s t a l s c o n t a i n i n g a high proportion of sulphur the h i g h energy band 

dominated the luminescence. I n ZnS and ZnSe, s i n g l e bands were again 

observed a t 4720 8 (2.63 eV) and 6200 8 (2.00 eV) w i t h h a l f - w i d t h s of 

0.44 eV and 0.29 eV r e s p e c t i v e l y . The h a l f - w i d t h observed i n the sample 

of ZnS was not g r e a t l y reduced on c o o l i n g , c o n t r a r y t o e x p e c t a t i o n f o r 
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a se l f - a c t i v a t e d t r a n s i t i o n . However, Lehmann (1967) also found a half-

width of 0.40 eV i n ZnS phosphor material coactivated with bromine. In 

general, however, the half-widths of the luminescence bands were much 

reduced when the temperature was decreased, and there was a s l i g h t s h i f t 

of the peak position to lcwer energies for compositions with x < 0.6. 

For compositions with x > 0.6 the positions of the emission maxima 

remained almost constant. 

I t was also noted that the high and low energy emission bands i n 

the sulphur r i c h a l l o y s (x > 0.8) were sen s i t i v e at room temperature to 

the intensity of the u l t r a - v i o l e t excitation. The photoluminescence 

spectra for sample 961 (x = 0.92) and sample 962 (x = 0.99) are shown in 

Figs. 5.3 and 5.4. Neutral density f i l t e r s were included between the 

U.V. source and the sample in order to reduce the intensity of excitation, 

and at the same time the monochromator entrance s l i t width was increased 

to obtain a measurable signal: no r e l a t i v e scale of inten s i t y i s implied 

between the various curves. The re s u l t s indicate that there was a marked 

dependence of the r a t i o between the i n t e n s i t i e s of the high and low energy 

bands, with the lower energy band becoming increasingly dominant as the 

excitation intensity was reduced. This behaviour can be explained i n 

terms of multiple recombination processes with di f f e r e n t capture cross-

sections. An important feature to emphasise i s the appearance of a green 

low energy band i n c r y s t a l 962 which contained as l i t t l e as one atomic 

percentage of selenium in zinc sulphide. Fonger (1965) interpreted the 

emission bands which he observed i n Zn(S,Se) phosphors i n terms of the 

overlap of a number of tra n s i t i o n s involving activator ions surrounded 

by various combinations of sulphur and selenium atoms. This model, i n 

which each activator may be coordinated with j sulphur atoms and ( 4 - j ) 
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selenium atoms (where j = 0 , 1, 2, 3, 4) would a l s o e x p l a i n the e x i s t e n c e 

of the s i n g l e luminescence bands observed i n ZnSe and ZnS a t the ends of 

the s e r i e s . One c o m p l i c a t i o n f o r t h i s model of overlapping bands i s t h a t 

the low energy green band r e s u l t s from the i n c o r p o r a t i o n o f very s m a l l 

percentages of selenium i n ZnS,as shown i n F i g . 5.4 f o r c r y s t a l 962 con­

t a i n i n g 1% Se. No such s i m i l a r o b s e r v a t i o n i s made when Se atoms i n ZnSe 

a r e r e p l a c e d by s m a l l percentages of sulphur. The maximum of the low 

energy green emission i n F i g . 5.4 can a l s o be seen to have s h i f t e d t o 

lower e n e r g i e s when the e x c i t a t i o n i n t e n s i t y was reduced: the lumines­

cence maxima occurred a t 5280 8 (2.35 eV) wi t h 100% e x c i t a t i o n and a t 

5345 8 (2.32 eV) wi t h 1% e x c i t a t i o n . T h i s s h i f t to lower e n e r g i e s would 

be expected i f the suggestion made by Shionoya (1964) and Prener and 

Will i a m s (1956) i s c o r r e c t , t h a t i s t h a t the s e l f - a c t i v a t e d emission 

r e s u l t s from t r a n s i t i o n s between two l o c a l i s e d l e v e l s w i t h i n the f o r ­

bidden gap. 

The v a r i a t i o n of the photon e n e r g i e s of the emission maxima w i t h 

the composition of the a l l o y , c a l c u l a t e d from x-ray powder photograph 

measurements, i s shown i n F i g . 5.5 a t room temperature and 85 K. I n the 

diagram photonenergies were p l o t t e d a g a i n s t l a t t i c e parameters. L a r a c h , 

Stocker and Shrader (1957) have examined the d i f f u s e r e f l e c t a n c e s p e c t r a 

i n the mixed a l l o y c r y s t a l l i n e powders and have concluded t h a t t h e r e i s 

a l i n e a r v a r i a t i o n of the band-gap w i t h composition i n the Zn(S,Se) 

system. These authors g i v e the room temperature band-gap i n c u b i c ZnS 

as 3.60 eV and i n cubic ZnSe as 2.66 eV. For purposes of comparison the 

v a r i a t i o n o f the energy gap, which i s assumed to be l i n e a r , i s p l o t t e d 

on the same graph. I t can be seen t h a t there are d i s t i n c t d i f f e r e n c e s 

between the v a r i a t i o n i n energy of the high and low energy band emissions. 

The low energy band s e r i e s e x h i b i t e d a l i n e a r v a r i a t i o n of peak p o s i t i o n 
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w i t h sulphur content up to x ~ 0 . 9 , and t h e r e was a s h i f t to lower energy 

by approximately 20 meV when the temperature was reduced from 300 to 85 K. 

Between x ~ 0 . 9 and x = 1.0 t h e r e was a r a p i d s h i f t i n the peak p o s i t i o n 

to higher photon e n e r g i e s by ~ 4 0 0 meV. Ozawa and Hersh (1973) have 

rep o r t e d t h a t the blue luminescence band of ZnS a t 4600 8 (2 .70 eV) 

"jumped" to the green s p e c t r a l region on f i r s t introducing' ZnSe c.nd t h e r e ­

a f t e r monotonically s h i f t e d to longer wavelengths with f u r t h e r i n c r e a s e 

i n the proportion of ZnSe i n Z n ( S , S e ) : I . The r e s u l t s p r e s e n t e d here 

i n d i c a t e t h a t there i s a l a r g e i n i t i a l change i n the p o s i t i o n of the 

luminescence bands w i t h the a d d i t i o n of s m a l l percentages of ZnSe. The 

high energy band becomes r e s o l v a b l e a t 85 K and, w i t h x > 0 . 5 , emerges 

as a d i s c r e t e peak which s h i f t s i n energy i n a manner f o l l o w i n g the 

v a r i a t i o n i n the band-gap f o r v a l u e s o f x up to 0 . 8 . For x > 0 . 8 there 

i s a departure from l i n e a r i t y and the emission peak reaches a maximum 

photon energy before dropping by ~ 1 0 0 meV to the p o s i t i o n o f the s i n g l e 

luminescence band observed i n z i n c sulphide a t 2 .62 eV. 

5 . 2 . 2 Iodine T r a n s p o r t c r y s t a l s annealed i n z i n c 

As s t a t e d p r e v i o u s l y the a l l o y s of Zn(S,Se) may c o n t a i n t r a c e 

i m p u r i t i e s , e s p e c i a l l y copper, with c o n c e n t r a t i o n s of the order of a few 

p.p.m. Aven and Woodbury (1962) have shown t h a t copper may be e x t r a c t e d 

from z i n c chalcogenides by h e a t i n g samples i n molten z i n c a t temperatures 

near 850°C. The as-prepared mixed c r y s t a l samples were annealed i n 
o 

l i q u i d z i n c f o r f i v e days a t 1000 C i n an attempt to minimise the e f f e c t 

of i m p u r i t i e s on the luminescence p r o p e r t i e s . Contaminants such as 

copper segregate out and d i s s o l v e i n the molten s o l u t i o n . Z i n c has been 

shown to d i f f u s e i n t o the c r y s t a l s and reduce the sample r e s i s t i v i t y . 
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The z i n c e x t r a c t i o n p r o c e s s , as i t i s c a l l e d , i s used w i t h i n the depart­

ment f o r the p r e p a r a t i o n of low r e s i s t i v i t y m a t e r i a l f o r e l e c t r o l u m i n e s ­

cent d e v i c e s . Q u a l i t a t i v e l y i t was observed t h a t the e f f e c t of annee.ling 

i n z i n c was to enhance the i n t e n s i t y of the photoluminescence emission. 

I t i s concluded t h a t the z i n c d i f f u s e s through the c r y s t a l l a t t i c e and 

may occupy s i t e s r e s p o n s i b l e f o r the quenching of r a d i a t i v e t r a n s i t i o n s . 

The photoluminescence emission s p e c t r a e x c i t e d by 3650 8 r a d i a ­

t i o n a t room temperature and 85 K are shown i n F i g s . 5.6 and 5.7 r e s p e c ­

t i v e l y . At room temperature, with the exception of sample 965 which 

w i l l be d i s c u s s e d l a t e r , a s i n g l e band of luminescence only remained a f t e r 

a n n e aling i n z i n c . T h i s emission band s h i f t e d towards higher quantum 

energy w i t h i n c r e a s i n g sulphur content. On c o o l i n g to l i q u i d n i t r o g e n 

temperature, a second band became apparent as a high energy shoulder on 

the peak observed a t room temperature. The r e l a t i v e i n t e n s i t y of the 

high energy band to t h a t of the low energy band i n c r e a s e d w i t h sulphur 

mole f r a c t i o n u n t i l , as with sample 961, the higher energy band dominated 

the emission. The v a r i a t i o n of the p o s i t i o n of the photoluminescence 

peaks w i t h composition i s shown i n F i g . 5.5. The low energy band v a r i e d 

l i n e a r l y w i t h composition and the behaviour of t h i s e m ission band i s 

s i m i l a r to t h a t shown i n the c r y s t a l s before annealing i n z i n c . Cooling 

the samples to 85 K l e d to a s h i f t of the low energy band to s l i g h t l y 

lower e n e r g i e s by approximately 25 meV. The h a l f - w i d t h s of the lumin­

escence bands are recorded i n Table 5.1; i n c a l c u l a t i n g the h a l f - w i d t h s 

the assumption has been made t h a t the overlapping bands of r a d i a t i o n 

should be approximately Gaussian i n form. The r e d u c t i o n i n the h a l f - w i d t h s 

with d e c r e a s i n g temperature from 300 to 85 K was approximately 140 meV 

throughout the whole range of compositions. T h i s v a l u e i s i n good agreement 
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TABLE 5.1 

HALF-WIDTHS OF EMISSION BANDS AFTER TREATMENT 

IN ZINC 

Sample Peak * 
(8) 

Half-Width a t 
300 K (eV) 

Half-Width a t 
85 K (eV) 

ZnSe 6050 0.40 0.26 

ZnS„ ,Se„ _ 0.4 0.6 5950 0.41 0.28 

ZnS„ Se^ . 0.6 0.4 5780 0.44 0.30 

ZnS„ „Se r t „ 0.8 0.2 5650 0.43 0.33 

ZnS„ „Se„ . 0.9 0.1 4950 0.49 0.39 

ZnS 4750 0.39 0.28 
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w i t h t h a t reported f o r the s e l f - a c t i v a t e d luminescence i n ZnS and ZnSe; 

the magnitude and d i r e c t i o n of the s h i f t i n energy of the emission maxima 

a l s o suggests t h a t t h i s low energy band i s due to a s e l f - a c t i v a t e d 

e m i s s i o n . 

The sample of ZnS which was annealed i n z i n c , c r y s t a l 965, was 

not the same c r y s t a l as was examined i n the previous s e c t i o n . An examina­

t i o n of the luminescence r e s u l t s tends to suggest t h a t t h i s p a r t i c u l a r 

c r y s t a l was h e a v i l y contaminated w i t h copper. The sample e x h i b i t e d two 

narrow emission bands a t room temperature with peaks a t 4720 A* (2.63 eV) 

and 5280 & (2.35 eV) s h i f t i n g t o 4490 8 (2.76 eV) and 5220 A* (2.37 eV) a t 

85 K. The p o s i t i o n s of these bands and t h e i r s h i f t to higher e n e r g i e s on 

c o o l i n g agree w i t h the o b s e r v a t i o n s of Shionoya (1964) on the copper-blue 

and copper-green bands i n z i n c s u l p h i d e . Uncontaminated samples of ZnS 

c o n t a i n i n g i o d i n e as a c o - a c t i v a t o r have shown a s i n g l e band a t 4760 8 

(2.60 eV) a t 85 K. 

The second, higher-energy band appears i n a l l c r y s t a l s of mixed 

composition c o n t a i n i n g both Se and S; t h i s band can be observed as a 

shoulder on the lower energy band, but cannot be r e s o l v e d as a d i s t i n c t 

peak f o l l o w i n g the annealing i n z i n c . The e f f e c t of z i n c d i f f u s i n g through 

the c r y s t a l l a t t i c e may be to a f f e c t the c e n t r e s r e s p o n s i b l e f o r the low-

energy and high-energy band emissions and a l t e r the r e l a t i v e recombination 

r a t e s a t these c e n t r e s . I t i s a l s o worth noting t h a t the r e l a t i v e i n t e n ­

s i t y of the high-energy band to the low-energy band v a r i e s w i t h v a r y i n g 

sulphur content; the r e l a t i v e i n t e n s i t y of the high-energy band i n c r e a s e s 

w i t h the mole f r a c t i o n of sulphur, e i t h e r as a d i r e c t r e s u l t of the number 

of sulphur atoms p r e s e n t i n or around the luminescence c e n t r e , or as an 

i n d i r e c t r e s u l t w ith the l a t t i c e parameter and thus the band-gap changing. 
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5.2.3 V e r t i c a l Furnace C r y s t a l s 

Mixed c r y s t a l samples, grown i n a v e r t i c a l furnace by the technique 

developed by Burr and Woods (1971), were examined next i n order to compare 

t h e i r p r o p e r t i e s w i t h those of c r y s t a l s grown w i t h iodine as a c o a c t i v a t o r . 

Q u a l i t a t i v e l y the i n t e n s i t y of the luminescence from these samples was 

lower than t h a t of the Iodine T r a n s p o r t c r y s t a l s , and i n g e n e r a l the 

emission could be monitored only a t l i q u i d n i t r o g e n temperature. I t was 

d i f f i c u l t to produce c r y s t a l s by t h i s growth method and as a r e s u l t only 

four samples throughout the range of composition were produced and examined. 

The photoluminescence s p e c t r a measured a t room temperature and 

85 K r e s p e c t i v e l y are shown i n F i g s . 5.8 and 5.9. I t was not p o s s i b l e to 

measure the photoluminescence a t room temperature of e i t h e r the sample 

of ZnSe or ZnS„ rSen . because of the low l e v e l s o f emission. At room 0.6 0.4 
temperature the other two c r y s t a l s of ZnS and ZnS n Q S e showed two 

u.y u . i 

emission bands cent r e d a t approximately 4600 8 (2.70 eV) and 5180 8 (2.39 eV). 

At 85 K the two bands of emission from the sample of ZnS became more pro­

nounced, a t 4650 8 (2.67 eV) and 5150 8 (2.41 eV) -, the sample of ZnS_ QSe., , 
u. y u. l 

showed a s h i f t o f the main band to higher energy a t 4470 8 (2.77 eV) w h i l e 
s t i l l showing a t a i l on the lower energy s i d e . The samples of ZnS_ Se 

0.5 0.5 

and ZnSe show broad bands of emission c e n t r e d a t 4960 8 (2.50 eV) and 

5900 8 (2.10 eV) r e s p e c t i v e l y . A comparison of the r e s u l t s obtained here 

w i t h those observed by Shionoya (1966) f o r ZnS seems to i n d i c a t e t h a t both 

the sulphur r i c h c r y s t a l s were contaminated with copper and show the 'copper-

green' emission a t ~5100 8 and the 'copper-blue' emission a t ~ 4 4 5 0 8 

when the samples are cooled to 85 K. The band a t 4650 8 i n the sample of 

ZnS agrees w e l l w i t h the p o s i t i o n reported f o r the s e l f - a c t i v a t e d emission. 

The c r y s t a l s grown i n the v e r t i c a l furnace were annealed i n z i n c 

u s i n g a treatment s i m i l a r to t h a t a p p l i e d to the i o d i n e - t r a n s p o r t c r y s t a l s . 
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The samples were then re-examined and the r e s u l t a n t photoluminescence i s 

shown i n F i g s . 5.10 and 5.11 a t room temperature and 85 K r e s p e c t i v e l y . 

The emission s p e c t r a a t 85 K were markedly changed a f t e r a n n ealing i n 

z i n c : the sample of ZnS e x h i b i t e d a s h i f t of the s h o r t e r wavelength band 

to a higher energy a t 4440 8 (2.79 eV) w h i l e the second band remained 

unchanged a t 5140 8 (2.41 eV). These bands correspond t o the p o s i t i o n s 

reported f o r the Cu-Blue and Cu-Green emissions i n ZnS. The sample of 

ZnS Q gSeg ,., c r y s t a l 346, which p r e v i o u s l y had e x h i b i t e d a band a t 4960 8 

(2.50 eV) with a low energy t a i l , showed two emission bands a t 4980 8 

(2.49 eV) and 5990 8 (2.07 eV). The sample of ZnSe, which o r i g i n a l l y 

had a broad band cent r e d a t 5900 8 (2.10 eV), showed two bands a t 5330 8 

(2.24 eV) and 6350 8 (1.95 eV) a f t e r annealing i n z i n c ; these p o s i t i o n s 

are i n good agreement with the bands a s s o c i a t e d w i t h copper emission i n 

z i n c s e l e n i d e . The evidence from the photoluminescence s p e c t r a tends to 

suggest t h a t the c r y s t a l s had become contaminated w i t h copper during the 

annealing treatment i n z i n c . 

5.3 Cathodoluminescence 

The luminescence emitted by the mixed c r y s t a l s under e l e c t r o n bom­

bardment was a l s o examined i n order to make a comparison w i t h the r e s u l t s 

obtained under u l t r a - v i o l e t e x c i t a t i o n . As a l r e a d y s t a t e d , the r e l a t i v e 

i n t e n s i t i e s and p o s i t i o n s of the emission bands were a f f e c t e d by a change 

i n the i n t e n s i t y o f p h o t o - e x c i t a t i o n , and i t was hoped t h a t the high 

i n t e n s i t y e l e c t r o n beam might provide f u r t h e r information. The u l t r a ­

v i o l e t source emitted r a d i a t i o n a t 3650 8 (3.4 eV), i . e . photons w i t h 

l e s s energy than the band-gap f o r the high sulphur content c r y s t a l s r.nd 

i t was f e l t t h a t t h i s might have a f f e c t e d the observed emission as the 

composition was v a r i e d . 
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5 . 3 . 1 Iodine T r a n s p o r t C r y s t a l s 

The cathodoluminescence s p e c t r a of the s e r i e s of mixed c r y s t a l s 

grown by io d i n e t r a n s p o r t are shown i n F i g s . 5 . 1 2 and 5 . 1 3 a t room tem­

p e r a t u r e and 85 K r e s p e c t i v e l y . At room temperature the peak p o s i t i o n s 

and band shapes were i n good agreement with those obtained from the 

photoluminescence s p e c t r a o f the same samples. There was a g e n e r a l s h i f t 

of the low-energy band to s h o r t e r wavelengths as the sulphur content was 

i n c r e a s e d . For high v a l u e s of x the high-energy band appeared f i r s t a-j 

a broadening of the emission as i n sample 9 5 8 , and then as a s e p a r a t e 

band which dominated the emission as i n sample 9 6 1 . With c r y s t a l 9 6 1 , 

where x ~ 0 . 9 , the high-energy band appeared a t 4590 8 ( 2 . 7 0 eV) a t a 

s h o r t e r wavelength than the corresponding band i n the sample of ZnS a t 

4 7 2 0 8 ( 2 . 6 3 eV). On c o o l i n g the c r y s t a l s to 85 K, a l l the mixed c r y s t a l s 

showed d i s t i n c t l y the presence of both the high- and low-energy bands 

e i t h e r as two separate bands or w i t h the s h o r t e r wavelength band as a 

shoulder on the longer wavelength band. The samples of ZnSe and ZnS 

had shoulders i n the emission a t ~- 6 5 0 0 A* and a t ~ 4 4 0 0 X r e s p e c t i v e l y 

i n d i c a t i n g the presence of copper as a contamination. 

The samples c o n t a i n i n g a l a r g e percentage of sulphur, x > 0 . 6 

emitted a narrow high energy band which was c l o s e to the band-gap energy 

f o r the p a r t i c u l a r composition. For example, sample 961 w i t h composition 

ZnSg g S e
0 ^ would p o s s e s s a band-gap of 3 . 6 3 eV a t 85 K-, assuming the 

l i n e a r v a r i a t i o n of energy gap w i t h composition p r e d i c t e d by L a r a c h , 

S t o c k e r and Shrader ( 1 9 5 7 ) } the observed edge-emission i n t h i s c r y s t a l 

o c c u r r e d a t 3675 8 ( 3 . 3 7 eV) with a h a l f - w i d t h of ~ 0 . 2 5 eV. An i n s p e c ­

t i o n of the shape of the edge-emission from sample 961 showed t h a t the 

luminescence band was asymmetric and possessed a t a i l on the low energy 

s i d e . However, i t was not p o s s i b l e to r e s o l v e any f i n e s t r u c t u r e . The 
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r e l a t i v e i n t e n s i t y of the edge-emission i n c r e a s e d markedly w i t h the 

sulphur content of the c r y s t a l s , and i t can be seen t h a t the edge-

emission dominated the luminescence i n sample 9 6 1 . 

The p o s i t i o n s of the peaks of the luminescence bands as a f u n c t i o n 

of composition are shown i n F i g . 5 . 1 4 a t both room temperature and 85 K. 

A second sample of ZnS:I, c r y s t a l 9 6 5 , was examined and the emission bands 

shown i n F i g . 5 . 1 8 are a l s o i n c l u d e d i n F i g . 5 . 1 4 f o r comparison. There 

appear to be four d i s t i n c t s e r i e s o f emission bands: (1 ) the edge-emission 

which can be observed only a t low temperatures and which i s r a p i d l y 

quenched on warming; ( 2 ) the high-energy band which e x h i b i t s a s h i f t i n 

p o s i t i o n to higher e n e r g i e s on reducing the temperature; ( 3 ) the low-

energy band which moves to lower e n e r g i e s ; (4) an emission which appears 

a t an i n t e r m e d i a t e energy between the high-energy and low-energy bands i n 

c e r t a i n c r y s t a l s and which s h i f t s to lower e n e r g i e s on c o o l i n g . I t has 

not been p o s s i b l e to make any q u a n t i t a t i v e measurement of the e f f e c t of 

temperature on the h a l f - w i d t h s of the emissions s i n c e most bands tend to 

o v e r l a p . 

5 . 3 . 2 Iodine T r a n s p o r t c r y s t a l s t r e a t e d i n z i n c 

The annealed c r y s t a l s p r e v i o u s l y examined under u l t r a v i o l e t 

e x c i t a t i o n were a l s o s t u d i e d under c a t h o d o - e x c i t a t i o n . The cathodo-

luminescence s p e c t r a measured a t room temperature and a t 85 K are shown 

i n F i g s . 5 . 1 5 and 5 . 1 6 . The e f f e c t of the treatment i n z i n c on the room 

temperature s p e c t r a i s to reduce the h a l f - w i d t h of the luminescence bands, 

and the bands appear to be more n e a r l y Gaussian i n shape. For example, 

c r y s t a l 961 ZnS^ g S e g j» which p r e v i o u s l y e x h i b i t e d a peak a t 4 5 9 0 8 

( 2 . 7 0 eV) with a shoulder a t approximately 5100 A* ( 2 . 4 3 e V ) , now had a 

s i n g l e broad band c e n t r e d a t 4920 8 ( 2 . 5 2 eV) a t 300 K. On reducing the 
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temperature to 85 K, the low-energy band was l i t t l e changed i n p o s i t i o n , 

however the r e l a t i v e i n t e n s i t y of the edge emission was much reduced by 

comparison w i t h t h a t observed p r i o r to the annealing i n z i n c and the high-

energy band was s h i f t e d to lower e n e r g i e s by approximately 150 meV. 

The v a r i a t i o n of the peak p o s i t i o n with composition i s shown i n 

F i g . 5.17 a f t e r the treatment i n z i n c . A comparison w i t h the r e s u l t s 

before annealing i n d i c a t e s t h a t there was no measurable d i f f e r e n c e i n the 

energy of the edge-emission or of the low-energy band. The high-energy 

band was e i t h e r much reduced i n i n t e n s i t y or was not p r e s e n t , and a new 

band appeared i n an intermediate energy p o s i t i o n . To i l l u s t r a t e t h e s e 

f e a t u r e s , the s p e c t r a f o r two samples of ZnS:I w i t h and without z i n c 

treatment are shown i n F i g . 5.18. The untreated sample 965 e x h i b i t e d 

two deep c e n t r e emission bands a t 4480 8 and 5280 X, whereas a f t e r a nneal­

ing the sample showed a s i n g l e band a t 4780 X w i t h a s l i g h t shoulder i n 

the region of 4300 8. A comparison w i t h the r e s u l t s reported by Shionoya 

(1964) would i n d i c a t e t h a t the bands i n the green and blue are a s s o c i a t e d 

w i t h copper contamination, and t h a t annealing i n z i n c r e s u l t s i n the 

removal of these t r a c e i m p u r i t i e s l e a v i n g the s e l f - a c t i v a t e d luminescence 

band i n an inter m e d i a t e energy p o s i t i o n . The cathodoluminescence s p e c t r a 

f o r two s u l p h u r - r i c h c r y s t a l s , sample 961 ZnS^ g S eQ ± a n c ^ sample 958 

ZnS „Se , are shown i n F i g s . 5.19 and 5.20 a f t e r a n n ealing i n z i n c . 0•8 0.2 

The luminescence s p e c t r a of these c r y s t a l s c o n s i s t e d of up to four over­

lapping bands of emission. I t has been wi d e l y reported, see f o r example 

Shionoya (1966) , t h a t the i n d i v i d u a l luminescence bands observed i n z i n c 

s u l p h i d e a r e approximately Gaussian i n shape. The emission s p e c t r a of 

samples 961 and 958 have t h e r e f o r e been analysed assuming a Gaussian 

d i s t r i b u t i o n , and i n t h i s way peak energy p o s i t i o n s have been obtained 

f o r the overlapping bands. 
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I n Chapter 6 the emission s p e c t r a from mixed c r y s t a l s doped with 

copper are examined, and the p o s i t i o n s of 'copper-blue 1 and 'copper-

green 1 bands due to two copper c e n t r e s have been e s t a b l i s h e d ; I t w i l l 

be suggested t h a t the overlapping e m i s s i o n bands observed i n the undoped 

mixed c r y s t a l s a re the r e s u l t of the presence of s e l f - a c t i v a t e d and 

copper contamination c e n t r e s . 

5.4 E x c i t a t i o n S p e c t r a 

As has been mentioned, as many as four emission bands have been 

observed i n the luminescence of mixed c r y s t a l s of Zn(S,Se). The e x c i t a ­

t i o n s p e c t r a f o r the s e r i e s of c r y s t a l s have t h e r e f o r e been s t u d i e d i n 

an e f f o r t to o b t a i n more information about the p r o c e s s e s i n v o l v e d and to 

r e s o l v e the nature of the c e n t r e s r e s p o n s i b l e for the t r a n s i t i o n s . 

I t was d i f f i c u l t i n p r a c t i c e , however, to measure the e x c i t a t i o n 

s p e c t r a of the undoped c r y s t a l s grown by i o d i n e - t r a n s p o r t because of the 

very low l e v e l of emission i n t e n s i t y from these samples p r i o r to t r e a t ­

ment i n z i n c . I t was necessary, t h e r e f o r e , to use wide band p a s s e s f o r 

both the monochromator and i s o l a t i n g f i l t e r during the measurement of the 

e x c i t a t i o n s p e c t r a w i t h a consequent r e d u c t i o n i n r e s o l u t i o n . 

5.4.1 Iodine T r a n s p o r t C r y s t a l s 

The low-energy band e x c i t a t i o n s p e c t r a measured a t 85 K f o r the 

untreated s e r i e s of mixed c r y s t a l s are shown i n F i g . 5.21. The s p e c t r a 

demonstrated the presence of two bands of e x c i t a t i o n : a narrow band a t 

an energy c l o s e to the band-edge f o r the p a r t i c u l a r composition of the 

c r y s t a l s , t h i s band could sometimes be r e s o l v e d only as a shoulder on 

the second peak; and a deep-lying broad band of e x c i t a t i o n which s h i f t e d 

i n wavelength from ~4700 8 i n ZnSe to ~ 4 0 5 0 8 i n ZnS. The v a r i a t i o n 
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i n the energy of the e x c i t a t i o n bands as a f u n c t i o n of composition i s 

shown i n F i g . 5 . 2 2 ; t h i s diagram i n c l u d e s the e x c i t a t i o n band e n e r g i e s 

f o r the high-energy emission observed only i n s u l p h u r - r i c h c r y s t a l s a t 

85 K. The higher energy e x c i t a t i o n peak appears t o f o l l o w the absorp­

t i o n edge i n the s e r i e s o f c r y s t a l s and s h i f t s from ~ 2 . 7 5 eV i n ZnSe 

t o ~ 3 . 6 5 eV i n ZnS examining the long wavelength emission band a t 85 Kf 

t h e r e i s a s h i f t i n the e x c i t a t i o n peak p o s i t i o n to lower e n e r g i e s by 

about 100 meV on r a i s i n g the temperature to 300 K. However, the s h i f t 

of the high energy e x c i t a t i o n peak w i t h composition i s not l i n e a r which 

i s c o n t r a r y to the suggestion made by L a r a c h , Shrader and Stocker ( 1 9 5 7 ) 

t h a t the band-edge v a r i e s l i n e a r l y i n the Zn(S,Se) a l l o y system. The 

p o s i t i o n of the lower energy e x c i t a t i o n peak appeared to be u n a f f e c t e d 

by changing the temperature, however a s m a l l change i n p o s i t i o n would 

not have been detected s i n c e t h i s band was approximately 500 8 wide. 

By comparison, Jones ( 1 9 7 4 ) has r e p o r t e d f i n d i n g an e x c i t a t i o n 

band i n ZnSe a t 4880 8, together w i t h band-edge e x c i t a t i o n , which was 

a s s o c i a t e d w i t h s e l f - a c t i v a t e d emission w i t h i o d i n e as c o a c t i v a t o r ; 

Melamed ( 1 9 5 8 ) has measured the e x c i t a t i o n s p e c t r a f o r both s e l f - a c t i v a t e d 

e m i s s i o n and 'copper-green 1 emission i n ZnS:Cu,Cl phosphor and found 

bands a t ~ 3 5 0 0 8 and ~ 4 0 0 0 8 r e s p e c t i v e l y . Shionoya ( 1 9 6 3 ) has 

r e p o r t e d a band i n the e x c i t a t i o n s p e c t r a f o r the s e l f - a c t i v a t e d lumin­

escence i n c u b i c ZnS:CI s i n g l e c r y s t a l s a t ~ 3 5 5 0 8. 

I t i s suggested here t h a t the e x c i t a t i o n s p e c t r a observed are the 

composite of a number of bands which r e s u l t from the f a c t t h a t the lumin­

escence emission i s of weak i n t e n s i t y and composed of s e v e r a l o v e r l a p p i n q 

bands. I t would a l s o appear from the t a i l of the deep-lying e x c i t a t i o n 

band to long wavelengths t h a t copper contamination as w e l l as the s e l f -

a c t i v a t e d c e n t r e s a re p l a y i n g a p a r t i n the luminescence p r o c e s s e s . 
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5.4.2 I o d i n e T r a n s p o r t c r y s t a l s t r e a t e d i n z i n c 

Annealing the samples of Zn(S,Se) i n z i n c has been shown to 

reduce the impurity content of the c r y s t a l s e s p e c i a l l y by l e a c h i n g out 

copper. The e x c i t a t i o n s p e c t r a of the t r e a t e d samples were t h e r e f o r e 

re-examined i n an attempt t o e s t a b l i s h the n a t i v e c e n t r e s r e s p o n s i b l e 

f o r the luminescence. Q u a l i t a t i v e l y the i n t e n s i t y o f the emission was 

observed to be enhanced subsequent to t h i s treatment i n z i n c , and the 

luminescence bands became narrower. 

The e x c i t a t i o n s p e c t r a measured w h i l e monitoring the high-energy 

and low-energy band emissions are shown i n F i g s . 5.23 and 5.24 a t room 

temperature and a t 85 K r e s p e c t i v e l y . The v a r i a b l e i n t e r f e r e n c e f i l t e r 

was used to i s o l a t e the luminescence band of i n t e r e s t . The low-energy 

emission band was e x c i t e d i n two bands: one was a s s o c i a t e d with a t r a n s ­

i t i o n c l o s e to the energy of the band-gap, w h i l e the second was a broad 

band due to a deep c e n t r e . There was an i n d i c a t i o n from the shape of the 

second e x c i t a t i o n band t h a t i t might be formed from the s u p e r p o s i t i o n of 

t r a n s i t i o n s from two s e p a r a t e l e v e l s , and t h i s was more e v i d e n t i n tha 

e x c i t a t i o n bands a f t e r annealing i n molten z i n c . For c r y s t a l s c o n t a i n i n g 

more than 40 atomic % sulphur, i t was p o s s i b l e to measure the e x c i t a t i o n 

of the high-energy shoulder which appeared on the low-energy band lumin­

escence. The e x c i t a t i o n s p e c t r a f o r t h i s second band were s i m i l a r to 

those f o r the low-energy band emission, but t h e r e appeared to be a l e s s 

pronounced low energy t a i l . S ince the observed emission bands were 

approximately 800 8 broad and tended to o v e r l a p , i t was not p o s s i b l e to 

r e s o l v e d i s t i n c t l y the t r a n s i t i o n s r e s p o n s i b l e f o r the d i f f e r e n t emission 

bands. However, i t would appear t h a t the c e n t r e s a s s o c i a t e d w i t h the 

low-energy luminescence band are s i t u a t e d near the band-edge and deep i n 

the gap, w h i l s t the c e n t r e s a s s o c i a t e d w i t h the high energy band a r e 
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s i t u a t e d c l o s e r to the band-edge. The v a r i a t i o n of the energy of the 

e x c i t a t i o n peak w i t h composition i s shown i n F i g s . 5.25 and 5.26 at room 

temperature and a t 85 K r e s p e c t i v e l y . I t can be seen t h a t the e x c i t a t i o n 

bands s h i f t i n an almost p a r a l l e l manner to hig h e r e n e r g i e s as the sulphur 

content i n c r e a s e s . I n the s u l p h u r - r i c h samples a t room temperature, the 

deeper-ly i n g band appears to remain f i x e d a t approximately 2.9 eV. How­

ever, t h i s may be due to the f a c t t h a t the e x c i t a t i o n band i s extremely 

broad and t h i s makes the peak energy d i f f i c u l t t o determine. 

5.4.3 V e r t i c a l Furnace C r y s t a l s 

A s m a l l number of mixed c r y s t a l s grown by the v e r t i c a l furnace 

technique were a v a i l a b l e f o r examination. Nominally c r y s t a l s prepared 

by t h i s method should not have contained any halogen c o a c t i v a t o r . An 

examination o f the impurity content, during the course of work on the 

c r y s t a l growth, u s i n g a mass spectroscopy technique has r e v e a l e d l e v e l s 

o f contamination w i t h copper o f s e v e r a l p.p.m. Samples grown by t h i s 

method showed low l e v e l s of luminescence emission, and hence the e x c i t a ­

t i o n s p e c t r a were measurable only a t 85 K usi n g wide pass bands f o r both 

the monochromatic e x c i t a t i o n and the i s o l a t i o n o f the emission. The 

v a r i a b l e i n t e r f e r e n c e f i l t e r used t o i s o l a t e the luminescence was o p t i ­

mised on the emission peak. 

The e x c i t a t i o n s p e c t r a measured are shown i n F i g . 5.27. Two bands 

of e x c i t a t i o n were observed i n most c r y s t a l s , one c l o s e t o the band-edge 

and a second approximate 200 meV lower i n energy. Both e x c i t a t i o n peaks 

s h i f t e d to higher e n e r g i e s as the mole f r a c t i o n of sulphur was i n c r e a s e d 

and f o r the s u l p h u r - r i c h c r y s t a l s the lower energy peak appeared to 

dominate. The bands observed i n ZnSe a t 85 K were c e n t r e s a t 4520 8 

(2.74 eV) and 4920 8 (2.52 eV) and these are i n good agreement w i t h the 
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r e s u l t s reported by Jones and Woods (1974) f o r the e x c i t a t i o n of the s e l f -

a c t i v a t e d emission c e n t r e . I n the sample of ZnS only the lower peak was 

observed a t 3630 8 (3.41 eV) which agrees w i t h the r e s u l t s of Melamed 

(1958) and Shionoya (1964) f o r the e x c i t a t i o n of the s e l f - a c t i v a t e d c e n t r e . 

5.5 Photoconductivity 

When the ph o t o c o n d u c t i v i t y o f a c r y s t a l i s measured as a f u n c t i o n 

of the wavelength of e x c i t a t i o n , a maximum response i s u s u a l l y found a t 

t h a t wavelength f o r which the absorption constant i s approximately equal 

to the r e c i p r o c a l of the c r y s t a l t h i c k n e s s . There i s a f a l l - o f f on 

e i t h e r s i d e of the maximum because a t s h o r t e r wavelengths l i g h t i s 

absorbed near the s u r f a c e where the d e n s i t y of trapping s t a t e s i s highe r , 

and a t longer wavelengths the l i g h t i s only p a r t i a l l y absorbed. Hence 

the s h o r t wavelength photoconductivity peak can g i v e a measure of the 

p o s i t i o n of the band-edge. I m p e r f e c t i o n s p r e s e n t i n the c r y s t a l l e a d 

t o absorption of photons of lower e n e r g i e s and l e a d t o a t a i l on the 

longer wavelength s i d e of the photoconductivity peak. Measurements were 

made, t h e r e f o r e , of the photoconductivity of the i o d i n e - t r a n s p o r t c r y s t a l s 

i n order t o compare the r e s u l t s w i t h those f o r the luminescence e x c i t a t i o n 

s p e c t r a . I t was noted t h a t a f t e r t r e a t i n g these c r y s t a l s i n z i n c , the 

dark c o n d u c t i v i t y was i n c r e a s e d by up to two orders of magnitude and i t 

was not p o s s i b l e to measure any photocurrent. 

Contacts were a p p l i e d to the c r y s t a l s by a l l o y i n g indium i n t o the 

cl e a v e d sample f a c e s . I t was found to be i n c r e a s i n g l y d i f f i c u l t t o 

prepare good ohmic c o n t a c t s on the samples as the p r o p o r t i o n of sulphur 

was i n c r e a s e d . T h i s c r e a t e d problems i n the measurements of the photo­

c o n d u c t i v i t y , e s p e c i a l l y when the c r y s t a l s were examined a t 85 K. 
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5.5.1 I o d i n e T r a n s p o r t C r y s t a l s 

The photocurrent measured as a f u n c t i o n of wavelength i s shown i n 

F i g s . 5.28 and 5.29 a t room temperature and 85 K r e s p e c t i v e l y . A more 

d e t a i l e d p l o t of the r e s u l t s obtained f o r t h r e e c r y s t a l s with low sulphur 

content i s shown i n F i g . 5.30. Two maxima were u s u a l l y observed i n the 

photocurrent: a sharp peak c l o s e to the band-gap and a deep-centre band 

l y i n g approximately 300 meV lower i n energy. With some c r y s t a l s p o s s e s ­

s i n g a higher sulphur content, the longer wavelength band was ~ 500 8 

broad and might have been due to the o v e r l a p of more than one band. 

Sample 953, ZnS. c S e . _, showed d i s t i n c t l y the presence of t h r e e s e p a r a t e U. 5 0.5 

bands a t 3950, 4400 and 4880 8. T h i s p a r t i c u l a r c r y s t a l a l s o showed the 

presence of t h r e e bands i n the e x c i t a t i o n s p e c t r a . 

The v a r i a t i o n of the e n e r g i e s of the p h o t o c o n d u c t i v i t y bands w i t h 

composition are shown i n F i g . 5.31 a t 300 K and 85 K. There was a l i n e a r 

s h i f t to higher e n e r g i e s w i t h i n c r e a s i n g sulphur content up to approximately 

80 atomic % sulphur. For c r y s t a l s w i t h a higher sulphur content, the high-

energy photocurrent band s h i f t e d more r a p i d l y w i t h composition. The lower-

energy photocurrent band moves n e a r l y p a r a l l e l w i t h the high-energy band 

f o r d i f f e r e n t compositions: l y i n g ~ 2 7 0 meV lower i n energy i n ZnSe; 

~ 400 meV lower i n ZnS Q S e A and ~ 5 50 meV lower i n ZnS. Both photo-

c u r r e n t bands s h i f t e d by approximately 100 meV to higher e n e r g i e s on 

c o o l i n g to 85 K. 

I n nominally pure ZnSe, B i r c h a k , Serdyuk and Chemeresyuk (1976) 

found photocurrent peaks a t 4750 8 (2.61 eV) and 5250 8 (2.36 eV) a t room 

temperature, w h i l e Terada (1976) found peaks a t 4500 % (2.72 eV) and 

5100 8 (2.40 eV) a t 100 K. I i d a (1969) has examined the p h o t o c o n d u c t i v i t y 

of ZnSe c o n t a i n i n g copper impurity, d e t e c t e d by flame-photometric a n a l y s i s , 

and reported bands i n the e x c i t a t i o n s p e c t r a of the p h o t o c o n d u c t i v i t y a t 
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4620 8 (2.68 eV) and 5200 8 (2.38 eV) a t room temperature. A l l t h i s 

d a t a i s i n reasonable agreement w i t h the p o s i t i o n s of the photocurrent 

peaks reported here a t 4660 8 (2.66 eV), 5160 8 (2.40 eV) and 4500 8 

(2.75 eV), 5000 8 (2.48 eV) a t 300 K and 85 K r e s p e c t i v e l y . Ghosh and 

Addiss (1973) examined the photocurrent i n c u b i c ZnS grown e p i t a x i a l l y 

on GaAs. They found a s i n g l e peak a t 3300 8 (3.76 eV) a t 77 K which they 

a s s o c i a t e d w i t h the same centre which can be e x c i t e d to produce the s e l f -

a c t i v a t e d luminescence. N a r i t a and Sugiyama (1965) examined c r y s t a l s of 

ZnS grown by a vapour phase r e a c t i o n method using bromine. These authors 

found a peak i n the photocurrent a t ~3400 8 (3.65 eV) a t 293 K which they 

a s s o c i a t e d w i t h e x c i t a t i o n c l o s e to the a b s o r p t i o n edge. At longer wave­

l e n g t h s , a side-band extended as f a r as ~ 3900 8 i n nominally pure c r y s t a l s 

and as f a r as ~ 4600 8 w i t h samples doped w i t h low l e v e l s of copper 

( ~ 3 x 10 ^ g.atom/mol). The photocurrent peaks were a t t r i b u t e d to s e l f -

a c t i v a t e d and 'copper-green' c e n t r e s l y i n g ~ 0 . 4 eV and ~ 0.95 eV above 

the valence band r e s p e c t i v e l y . The s p e c t r a l response of the photoconduc­

t i v i t y of ZnS i n F i g s . 5.28 and 5.29, a t room temperature and 85 K, 

showed a long wavelength t a i l with a peak a t ~ 4 3 5 0 8 (2.85 eV) correspon­

ding to the 'copper-green' e x c i t a t i o n and a peak a t 3600 8 (3.44 eV) 

corresponding to s e l f - a c t i v a t e d e x c i t a t i o n . The v a r i a t i o n o f the peaks 

w i t h temperature agreed with the r e s u l t s o f N a r i t a and Sugiyama who found 

t h a t the 'copper-green' photoconductivity diminished as the temperature 

was lowered. 

An examination of the l o c a t i o n of the photocurrent peaks f o r the 

range of Z n ( S , S e ) : I c r y s t a l s would i n d i c a t e t h a t the e x c i t a t i o n occurs 

i n a band c l o s e to the absorption edge and a l s o a t longer wavelengths, 

where the broad band i s probably due to the o v e r l a p of the e x c i t a t i o n o f 

s e l f - a c t i v a t e d and copper-green c e n t r e s . I n the c r y s t a l s w i t h a low 
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sulphur content, the longer wavelength copper-green e x c i t a t i o n dominated 

over the s e l f - a c t i v a t e d e x c i t a t i o n . T h i s might be due to the f a c t t h a t 

the s e l f - a c t i v a t e d c e n t r e Lire's c l o s e to the valence-band i n ZnSe and 

holes produced a t t h i s c e n t r e may become f r e e more e a s i l y than i n ZnS. 

5.5.2 C r y s t a l s grown i n the V e r t i c a l Furnace 

For comparison with the r e s u l t s obtained from I o d i n e T r a n s p o r t 

c r y s t a l s , the photoconductivity of a sample of nominally pure ZnSe grown 

by the V e r t i c a l Furnace method was examined. The photocurrent s p e c t r a 

f o r t h i s sample are shown i n F i g . 5.32 and compared w i t h the s p e c t r a f o r 

an Iodine T r a n s p o r t c r y s t a l . The s p e c t r a a t both 300 and 85 K c o n s i s t e d 

of two bands, a narrow peak c l o s e to the a b s o r p t i o n edge w i t h a broad 

shoulder a t longer wavelengths ~ 5 1 0 0 8. T h i s l a t t e r band would appear 

t o imply the presence of impurity c e n t r e s deep i n the gap. The s h o r t 

wavelength peak was p o s i t i o n e d a t — 4800 8 (2.58 eV) a t 300 K and a t 

4575 8 (2.71 eV) a t 85 K. T h i s band was a t a s l i g h t l y lower energy than 

the corresponding band i n ZnSe:I. 

5.6 Thermal Quenching 

As has been e x p l a i n e d , measurements of the thermal quenching of 

the photoluminescence emission can g i v e information concerning the p o s i t i o n 

of luminescence c e n t r e s r e l a t i v e to the band edges. An emission band was 

t h e r e f o r e i s o l a t e d using f i l t e r s , and i t s i n t e n s i t y was monitored as a 

f u n c t i o n of the c r y s t a l temperature. I t was n e c e s s a r y to ensure t h a t the 

maximum of the emission band was always monitored s i n c e i t s h i f t e d w i t h 

temperature. I n p r a c t i c e the s m a l l s h i f t s of p o s i t i o n were minimised by 

the l a r g e band p a s s e s of the spectrometer which were employed. 
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I t was a l s o necessary to ensure t h a t the emission was s t i m u l a t e d 

i n the a ppropriate e x c i t a t i o n band and t h a t t h i s d i d not change i n 

i n t e n s i t y or p o s i t i o n during the experiment. The luminescence was s t i m ­

u l a t e d by e i t h e r a 3650 8 u l t r a - v i o l e t source or a tungsten-halogen lamp 

wi t h s u i t a b l e f i l t e r s ; both of these e x c i t a t i o n sources were run from 

s t a b i l i s e d power s u p p l i e s . 

5.6.1 I o d i n e T r a n s p o r t C r y s t a l s 

The thermal quenching of a number of Z n ( S , S e ) : I c r y s t a l s was 

examined throughout the range of composition. I t was shown i n S e c t i o n 

5.2.1 t h a t the photoluminescence of these samples c o n s i s t e d of a number 

of broad overlapping bands which might be a s s o c i a t e d with s e l f - a c t i v a t e d 

and i m p u r i t y luminescence. I n samples e x h i b i t i n g two emission bands, 

both bands were monitored i n order to compare the v a r i o u s t r a n s i t i o n s 

o c c u r r i n g . 

The thermal quenching curves obtained f o r two t y p i c a l c r y s t a l s , 

sample 958 ZnS. QSe_ _ : I and 954 ZnS„ ,-Se,. . : I , are shown i n F i g . 5.33 0.8 0.2 0.6 0.4 

monitoring both emission bands f o r each c r y s t a l . The r e s u l t s obtained 

f o r a c r y s t a l of ZnSe:I and a low sulphur c r y s t a l 947 ZnSg 4 S eQ g : I a r e 

shown i n F i g . 5.34. Both of these c r y s t a l s showed only a s i n g l e broad 

band of luminescence, which may have been formed by the o v e r l a p of more 

than one emission band. I n a l l the c r y s t a l s examined, the i n t e n s i t y o f 

the longer wavelength yellow/orange emission band decreased s l o w l y as the 

temperature was r a i s e d to ~ 200 K and then decreased more r a p i d l y . As 

the sulphur content i n c r e a s e d , the p o i n t a t which r a p i d quenching s e t i n 

s h i f t e d to higher temperatures. I n c o n t r a s t , the s h o r t wavelength band 

was r a p i d l y quenched a t temperatures below ~ 250 K. I t was noted t h a t 

the longer wavelength emission was sometimes enhanced i n t h i s temperature 
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range up to 250 K, and i t i s f e l t t h a t there may be a r e d i s t r i b u t i o n 

i n the recombination t r a n s i t i o n s a t the two c e n t r e s r e s p o n s i b l e f o r the 

emission. 

The r e l a t i o n s h i p f o r the luminescence e f f i c i e n c y n i s given by: 

1 + C exp (-u/kT) 

I f I i s the emission i n t e n s i t y before quenching occurs and I i s 

the i n t e n s i t y a t temperature T, the e f f i c i e n c y i s given by 

Vi. . 
o 

Hence 

I / I o 1 + C exp (-w/kT) 

I 
log - 1) = log C - "VkT e I e 

I 1 
Therefore p l o t t i n g l o g g ( — — 1) a g a i n s t /T should produce a 

s t r a i g h t l i n e of slope - w / k from which the a c t i v a t i o n energy ui may be 

found. i 

P l o t s of log ( — - 1) a q a i n s t *^T f o r the v a r i o u s emission bands e I 

throughout the range of composition are shown i n F i g s . 5.35 and 5.36. 

The curves u s u a l l y c o n s i s t e d of two s t r a i g h t l i n e r e g i o n s f o r each 

emission band. The c a l c u l a t e d a c t i v a t i o n e n e r g i e s are l i s t e d i n Table 5.2. 

With the sample of ZnSe, the a c t i v a t i o n energy obtained f o r the 

low temperature r e g i o n was 0.028 eV and i n the high temperature r e g i o n 

0.17 eV. Jones and Woods (1974) have reported quenching e n e r g i e s of 

0.03 and 0.41 eV i n ZnSe, and I i d a (1968) found a quenching energy of 

0.35 eV. The a c t i v a t i o n e n e r g i e s p r o g r e s s i v e l y i n c r e a s e d i n magnitude 
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TABLE 5.2 

THERMAL QUENCHING ACTIVATION ENERGIES 

Sample 
i 
Peak \ 

(8) 
A c t i v a t i o n Energy 

(ov) ! 

ZnSe 6000 

1 
1 

i 
0.028 0.170 1 

i 

ZnS„ .Se„ r 5950 0.4 0.6 0.037 0.058 

! 5750 
1 

Z n S 0 . 6 S e 0 . 4 ; 5000 
i 

0.163 0.294 
0.072 

Z n S 0 . 8 S e 0 . 2 
5550 
4650 

0.155 0.226 
0.075 

Z n S 0 . 9 S e 0 . 1 
5350 
4500 0.077 0.346 

i 

j ZnS 
1 

5200 
4450 0.354 
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as more sulphur was i n c l u d e d i n the mixed c r y s t a l composition. A quenching 

energy of 0.35 eV was found f o r the blue emission band of sample 965 ZnS:I 

and t h i s compares w i t h a value of 0.40 eV reported by N a r i t a and Sugiyama 

(1965) i n s e l f - a c t i v a t e d ZnS. Ghosh and Addiss (1973) found no strong 

quenching of the s e l f - a c t i v a t e d luminescence i n ZnS, and these authors 

concluded t h a t the r e l a t i v e temperature dependences of the d i f f e r e n t 

trapping and recombination p r o c e s s e s were r e s p o n s i b l e f o r the temperature 

e f f e c t s observed. T h i s c o n t r a s t s markedly with the strong quenching of 

the s e l f - a c t i v a t e d emission reported by Koda and Shionoya (1964). The 

thermal quenching of the green emission i n sample 965 ZnS:I and 961 

ZnS Se : I , a t 5200 8 and 5350 8 r e s p e c t i v e l y , was examined; t h i s u. y u. i 

e m i s s ion showed a slow decrease i n i n t e n s i t y w i t h i n c r e a s i n g temperature 

over a range up t o ~ 450 K. I t would appear t h a t t h i s temperature 

dependence cannot be a t t r i b u t e d to a quenching mechanism s i n c e no a c t i v a ­

t i o n energy can be a s s o c i a t e d with i t . 

The behaviour of the luminescence bands with v a r y i n g temperatures 

i s complex. The decrease i n i n t e n s i t y of the emission w i t h i n c r e a s i n g 

temperature may be due i n p a r t to a thermal quenching mechanism a s s o c i a t e d 

w i t h which two a c t i v a t i o n energies may be observed. The mixed c r y s t a l s 

have been shown to e x h i b i t more than one emission band and the tempera­

t u r e dependence of the emission i n t e n s i t y may be i n f l u e n c e d by the d i f ­

f e r e n t recombination r a t e s a t the v a r i o u s luminescence c e n t r e s r e s p o n s i b l e 

f o r the bands. I n g e n e r a l , however, the s h o r t e r wavelength band has been 

observed to be s t r o n g l y t h e r mally quenched a t temperatures up to ~ 2 5 0 K 

and the longer wavelength band shows a l i m i t e d temperature dependence. 

5.7 D i s c u s s i o n 

The luminescent p r o p e r t i e s of powdered Zn(S,Se) phosphors have been 
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i n Zn(S,Se) t e r n a r y compounds over c e r t a i n ranges of composition 
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s t u d i e d by Leverenz (1950), Klasens (1953) and Morehead (1963); a l l 

these authors v a r i e d the composition between z i n c sulphide and z i n c 

s e l e n i d e i n l a r g e s t e p s . There i s general agreement t h a t the emission 

bands s h i f t monotonically to higher energies as the proportion of sulphur 

i s i n c r e a s e d . The blue emission band of s e l f - a c t i v a t e d ZnS i s reported 

to be g r a d u a l l y r e p l a c e d by .a green band...if the, sulphur .is replaced by 

' selenium, .see f o r .example^..Bu'riaieiL' et. .a€--. (1'961 )•; •. The',:•^,•copper-green, emission 

observed i n ZnS has been reported to s h i f t s t e a d i l y to a 'copper-red' 

• omission E i f ^ e , . : - | ^ ^ t ^ v e $ • alv:;<t-96§-)t; have; ^ ( ^ ' • ^ • • e f t ^ ^ i i i i f t . ^ n . 'pf the 

•' ccgjp.eihblue?;.'-tiftfsp j.Qfc'£p ZnS• .ahd.'have rep6rte'd-; £hat ,t±is:%and s h i f t s ' to 

the green region i n ZnSe. Cubic Zn(S,Se):Cu,Cl phosphors were examined 

by Lehmann (1966) and these phosphors exhibited two emission bands: 

blue (4440 8, 2.79 eV) and green (5280 8, 2.35 eV) i n ZnS, and green 

(5300 8, 2.34 eV) and red (6350 8, 1.95 eV) i n ZnSe. Lehmann observed 

t h a t replacement of l e s s than 1% of the ZnS by ZnSe gave r i s e to the 

appearance of two new bands a t 5560 8 (2.23 eV) and 4770 8 (2.60 eV), 

and t h a t subsequent i n c r e a s e of the selenium concentration caused only 

a comparatively slow s h i f t of both bands towards the red. Lehmann (1967) 

a l s o s t u d i e d the s e l f - a c t i v a t e d emission i n Zn(S,Se) phosphors doped with 

halogens and noted two emission bands i n the mixed a l l o y compounds which 

were a s c r i b e d to s e l f - a c t i v a t e d luminescence centres. I n z i n c sulphide 

a s i n g l e band only was observed i n the blue (4750 8, 2.61 eV) , and 

s i m i l a r l y i n z i n c s e l e n i d e a s i n g l e band i n the red (6230 8, 1.99 eV) . 

I t was noted t h a t the replacement of 1% sulphur by selenium r e s u l t e d i n 

the appearance of a shoulder i n the green a t 5400 8 (2.30 eV) . Ozawa 

and Hersh (1973) have s t u d i e d the luminescence of Zn(S,Se):I c r y s t a l s 

subsequent to annealing i n l i q u i d z i n c , varying the composition of the 

mixed a l l o y s i n l a r g e s t e p s . These authors observed a s i n g l e band of 



- 77 -

luminescence approximately 1000 8 broad a t h a l f - h e i g h t } the p o s i t i o n . o f 

t h i s emission band s h i f t e d monotonically t o s h o r t e r wavelengths w i t h an 

i n c r e a s e i n ZnS content, however, the blue band of ZnS jumped to the green 

s p e c t r a l region w i t h a s m a l l i n c r e a s e i n ZnSe content. Ozawa and Hersh 

concluded t h a t the s e l f - a c t i v a t e d c e n t r e observed i n Zn(S,Se):I,Zn d i f f e r s 

from t h a t of ZnS:CI which i s known to be a p a i r c o n s i s t i n g of a vacancy 

and a halogen ion occupying the n e a r e s t neighbour s i t e , see K a s a i and 

Otomo (1962). 

I t i s c l e a r t h a t there are a number of c e n t r e s r e s p o n s i b l e f o r the 

v a r i o u s emission bands observed i n the Zn(S,Se) mixed a l l o y s . The e x a c t 

behaviour of the photoluminescence bands as a f u n c t i o n of composition i s 

complex and no e x p l a n a t i o n has been put forward f o r the r e p o r t e d d i s ­

c o n t i n u i t y i n the p o s i t i o n of the emission peak on i n t r o d u c i n g s m a l l per­

centages of selenium. The work reported here has examined the luminescent 

p r o c e s s e s observed i n nominally undoped and iodine-doped Zn(S,Se) c r y s t a l s 

as-grown and a f t e r annealing i n l i q u i d z i n c . 

As many as four bands of luminescence have been observed i n the 

Z n ( S , S e ) : I c r y s t a l s . The p o s i t i o n s of some of these bands a t 135 K are 

shown i n F i g . 5.37} f o r the sake of c l a r i t y c e r t a i n e m ission bands have 

been omitted. I n Chapter 6 s t u d i e s of the photoluminescence of mixed 

c r y s t a l s doped with high ( ~ 100 ppm) and low (few ppm) c o n c e n t r a t i o n s of 

copper a r e d e s c r i b e d . The emission bands observed i n these c r y s t a l s have 

been i n c l u d e d i n F i g . 5.37 f o r comparison w i t h the r e s u l t s f o r the undoped 

s e l f - a c t i v a t e d c r y s t a l s . 

A high energy emission has been observed i n a p o s i t i o n c l o s e to the 

band-edge, approximately 150 meV deep i n the sample o f ZnS. T h i s emission 

i s r a p i d l y quenched on warming from 85 K and was not observable a t room 

temperature. T h i s band i s a t t r i b u t e d to edge-emission which has been 
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rep o r t e d i n ZnS by Kroger (1940) and i n CdS by Lambe e t a l (1956). The 

peak p o s i t i o n i n the sample of ZnS occurs a t 3480 8 (3.57 eV); t h i s i s 

i n good agreement with the edge-emission reported by Uchida (1964) which 

he a s s o c i a t e d w i t h i n t e r s t i t i a l sulphur. 

I n the undoped samples t h e r e i s a low-energy band which s h i f t s 

from the p o s i t i o n of the s e l f - a c t i v a t e d luminescence observed i n ZnSe a t 

5950 8 (2.08 eV) to 5560 8 (2.23 eV) i n ZnS. 0Se,, There i s no evidence 
0.8 0.2 

of t h i s low-energy band i n ZnS; i n t h i s sample the c h a r a c t e r i s t i c s e l f -

a c t i v a t e d emission i s observed a t 4780 8 (2.60 eV). Cooling the mixed 

c r y s t a l samples to 85 K causes a s h i f t i n the wavelength of the low-

energy band to l a r g e r v a l u e s i n a s i m i l a r manner to t h a t observed f o r the 

s e l f - a c t i v a t e d emission i n both ZnS and ZnSe. By comparison the deeper-

l y i n g 'copper-green' emission i s p r e s e n t throughout the whole range of 

composition s h i f t i n g from 6400 8 (1.93 eV) i n ZnSe to 5340 8 (2.32 eV) 

i n ZnS; t h i s band s h i f t s t o s h o r t e r wavelengths on c o o l i n g the samples 

to 85 K. I t i s concluded t h a t the low-energy band observed i n the mixed 

c r y s t a l s of Z n ( S , S e ) : I i s d i s t i n c t from the 'copper-green' emission 

observed i n copper-doped samples. The low-energy band i s considered to 

be due to a c e n t r e s i m i l a r to t h a t r e s p o n s i b l e f o r the s e l f - a c t i v a t e d 

emission i n z i n c s e l e n i d e c r y s t a l s . 

A s h o r t wavelength shoulder on the s e l f - a c t i v a t e d band observed 

f o r ZnSe appears i n the mixed c r y s t a l s ; t h i s second emission band tends 

to dominate the emission as the p r o p o r t i o n of sulphur i s i n c r e a s e d . T h i s 

band appears as a separate peak a t 4430 8 (2.80 eV) i n ZnS p r i o r to 

annealing i n z i n c . T h i s band corresponds w i t h the p o s i t i o n o f the 'copper-

blue' emission reported i n ZnS. An examination of the e x c i t a t i o n and 

p h o t o c o n d u c t i v i t y s p e c t r a i n d i c a t e s t h a t the as-grown c r y s t a l s may be 

contaminated with copper; t h i s has been confirmed by an examination of 
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the impurity content which has i n d i c a t e d the presence of copper a t l e v e l s 

up to s e v e r a l p.p.m. Subsequent to annealing the mixed c r y s t a l s i n 

z i n c i n order to remove impurity copper, the high-energy band i s observed 

a t longer wavelengths while the p o s i t i o n of the low-energy s e l f - a c t i v a t e d 

band remains unchanged. The higher energy band, p r e v i o u s l y observed i n 

the blue-green region a t 4430 8 (2.80 eV) i n ZnS, i s no longer p r e s e n t 

i n the annealed samples and a new band appears ranging from 5200 8 

(2.38 eV) i n ZnS„ ^Se„ „ to 4780 8 (2.59 eV) i n ZnS. For c r y s t a l s w i t h 0.6 0.4 

a sulphur content below 60 At.%, the band cannot be r e s o l v e d as a sep­

a r a t e peak, but appears as a shoulder on the lower energy s e l f - a c t i v a t e d 

emission. T h i s high-energy band corresponds i n energy w i t h t h a t of the 

s e l f - a c t i v a t e d luminescence reported i n ZnS a t 4750 8 (2.61 eV). An 

examination of the emission s p e c t r a f o r both ZnS and ZnSe i n d i c a t e s t h a t 

i n these c r y s t a l s t h e r e i s only a s i n g l e s e l f - a c t i v a t e d band. However, 

i n the range of z i n c s u l p h o - s e l e n i d e mixed c r y s t a l s there are two d i s t i n c t 

bands of s e l f - a c t i v a t e d emission. 

The nature o f the blue s e l f - a c t i v a t e d emission i n ZnS, which occurs 

when c o a c t i v a t o r halogen i o n s are i n c o r p o r a t e d i n the l a t t i c e , has 

r e c e i v e d much a t t e n t i o n . The examinations made by Prener and W i l l i a m s 

(1956), K a s a i and Otomo (1962), D i s c h l e r e t a l (1964), Schneider e t a l 

(1965) and Koda and Shionoya (1964) have confirmed t h a t the s e l f - a c t i v a t e d 

luminescence i s produced by an e l e c t r o n i c t r a n s i t i o n between l o c a l i s e d 

s t a t e s of a centre c o n s i s t i n g of a z i n c vacancy p a i r e d with a s u b s t i ­

t u t i o n a l halogen ion on an ad j a c e n t sulphur s i t e . These c o n c l u s i o n s have 

been drawn by c o r r e l a t i n g the r e s u l t s of s e v e r a l experiments examining 

the p o l a r i s a t i o n of emission, time decay o f luminescence, e x c i t a t i o n 

s p e c t r a and e l e c t r o n s p i n resonance. On an atomic l e v e l , the s e l f -

a c t i v a t e d c e n t r e i s p i c t u r e d as a z i n c i on vacancy surrounded by t h r e e 
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sulphur ions and a halogen ion g i v i n g the centre- C^ v symmetry. In the 

ground s t a t e of the a s s o c i a t e d c e n t r e , the three band o r b i t a l s surround­

i n g the z i n c vacancy are a l l f i l l e d w i t h e l e c t r o n s ; when e x c i t e d by 

l i g h t one of these e l e c t r o n s w i l l be t r a n s f e r r e d to the halocien ion i n 

the centre l e a v i n g a p o s i t i v e hole i n the band o r b i t a l s , and t h i s e x c i t e d 

hole w i l l r o t a t e around the symmetry a x i s o f the c e n t r e due to resonance 

among the th r e e band o r b i t a l s . L e s s work has been done on the s e l f -

a c t i v a t e d luminescence i n ZnSe, but Holton, de Wit and E s t l e (1965) have 

examined the emission and concluded t h a t the s e l f - a c t i v a t e d c e n t r e i n 

ZnSe i s e n t i r e l y analogous to t h a t i n ZnS. 

The work reported here, however, has i d e n t i f i e d two separate s e l f -

a c t i v a t e d emission bands i n the range of z i n c s u l p h o - s e l e n i d e mixed 

c r y s t a l s ; a l s o , c o n t r a r y to ex p e c t a t i o n , there i s no simple, d i r e c t 

t r a n s i t i o n between the s e l f - a c t i v a t e d emission observed i n ZnS and t h a t 

i n ZnSe when the composition of the a l l o y i s v a r i e d . A p o s s i b l e explana­

t i o n f o r t h i s behaviour might be th a t the s e l f - a c t i v a t e d c e n t r e s i n ZnS, 

ZnSe and t h e i r a l l o y s are more complex than has been p o s t u l a t e d and 

d i r e c t l y i n v o l v e the group VI host atom i n the l o c a l i s e d c e n t r e , I f , 

when the c o a c t i v a t o r haLogen ion e n t e r s the l a t t i c e s u b s t i t u t i o n a l ^ , 

an i n t e r s t i t i a l S or Se atom i s produced i n the immediate l o c a l i t y t h i s 

would l e a d to two d i s t i n c t c e n t r e s : a z i n c vacancy-halogen-sulphur 

i n t e r s t i t i a l complex and z i n c vacancy-halogen-selenium i n t e r s t i t i a l 

complex. T h i s model might then e x p l a i n the e x i s t e n c e of two s e l f - a c t i v a t e d , 

bands i n the mixed a l l o y s , w h i l e only a s i n g l e band i s p r e s e n t i n the pure 

m a t e r i a l s a t the ends of the range of composition. 
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CHAPTER 6 

COPPER DOPED CRYSTALS 

6.1 I n t r o d u c t i o n 

Copper i s well-known as an e f f i c i e n t a c t i v a t o r of photolumines­

cence i n ZnS, see f o r example the review by Shionoya (1966). I t has 

already been s t a t e d t h a t c r y s t a l s grown i n t h i s department by both the 

i o d i n e - t r a n s p o r t and vapour-transport techniques have been uninten­

t i o n a l l y contaminated w i t h copper a t l e v e l s up t o a few p.pwm. I n 

t h i s work, samples of Z n ( S , S e ) : I have been d e l i b e r a t e l y doped with 

copper i n order to determine the e f f e c t on the photoluminescence. The 

copper was introduced i n t o the c r y s t a l s by i n c o r p o r a t i n g a s m a l l amount 

of the metal i n the powder charge from which the samples were grown. 

The body col o u r o f the doped m a t e r i a l v a r i e d from p a l e brown i n ZnSe:I,Cu 

through green to dark green/black i n ZnS:I,Cu. By comparison, the undoped 

samples v a r i e d from orange i n ZnSe:I through y e l l o w to c o l o u r l e s s i n 

ZnS:I. The doped c r y s t a l s were annealed i n l i q u i d z i n c i n order t o 

examine the e f f e c t of t h i s treatment on the luminescence. Subsequent 

to annealing, the body colour v a r i e d from r e d i n ZnSe:I,Cu,Zn through 

orange to yellow/green i n ZnS:I,Cu,Zn. Aven and Woodbury (1962) have 

shown t h a t annealing c r y s t a l s of ZnSe and ZnS i n l i q u i d z i n c has the 

e f f e c t of reducing the copper c o n c e n t r a t i o n s i n c e the copper segregates 

between the bulk and the s o l u t i o n . From the obse r v a t i o n of the c o l o u r 

change i n the c r y s t a l s , i t would appear t h a t a r e d i s t r i b u t i o n of the 
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i m p u r i t i e s occurs throughout the bulk of the m a t e r i a l . I n order to 

study the luminescence p r o c e s s e s i n v o l v e d , the emission and e x c i t a t i o n 

s p e c t r a and the thermal quenching of photoluminescence were examined 

throughout the whole range of composition. I n the diagrams i l l u s t r a t i n g 

the emission and e x c i t a t i o n s p e c t r a of the v a r i o u s c r y s t a l s , the i n t e n ­

s i t i e s are i n a r b i t r a r y u n i t s and have been c o r r e c t e d f o r the response 

of the p h o t o m u l t i p l i e r and e x c i t a t i o n source. 

6.2 Unannealed Copper-Activated Samples 

These c r y s t a l s were prepared by the i o d i n e - t r a n s p o r t technique 

as d e s c r i b e d i n Chapter 3. I n order to in t r o d u c e copper i n t o the samples, 

a s m a l l amount of metal was incor p o r a t e d with the powder charge i n the 

growth tube. The doped samples produced were of poor c r y s t a l l i n e q u a l i t y 
3 

c o n t a i n i n g many voids and wi t h s m a l l c r y s t a l l i t e s a few mm i n volume. 

The i n t r o d u c t i o n of copper i n t o the charge appeared to i n h i b i t growth 

so t h a t the c r y s t a l s produced were s m a l l e r than comparable undoped 

samples. The c r y s t a l s appeared dark i n colour which may i n d i c a t e the 

presence of p r e c i p i t a t e s i n the bulk. 

6.2.1 Photoluminescence 

The s p e c t r a l d i s t r i b u t i o n of the luminescence f o r the range of 

Zn(S,Se):I,Cu c r y s t a l s i s shown i n F i g u r e s 6.1 and 6.2 a t 300 K and 

85 K r e s p e c t i v e l y . The emission was e x c i t e d by u l t r a - v i o l e t r a d i a t i o n 

w i t h A = 3650 8. At room temperature a s i n g l e broad band of lumines­

cence was observed which s h i f t e d to s h o r t e r wavelengths as the proportion 

of sulphur was i n c r e a s e d . The peak of the emission band o c c u r r e d a t 

6270 8 (1.98 eV) i n ZnSe:I,Cu and 5000 8 (2.48 eV) i n ZnS:I,Cu w i t h h a l f -

widths of 0.30 eV and 0.40 eV r e s p e c t i v e l y . At l i q u i d n i t r o g e n 
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temperature a l a r g e d i f f e r e n c e was apparent. The s u l p h u r - r i c h samples 

showed a s i n g l e narrow band of emission s h i f t e d t o higher e n e r g i e s with 

r e s p e c t t o the room temperature p o s i t i o n ; but on the longer wavelength 

s i d e t h e r e was a low energy t a i l extending i n t o the green r e g i o n of the 

spectrum. Sample 980, ZnS:I,Cu had an emission band peaking i n the blue 

a t 4400 8 (2.82 eV) with a h a l f - w i d t h of 0.25 eV. The low energy t a i l 

was more apparent i n c r y s t a l s w i t h a low sulphur content and two sep­

a r a t e emission bands could be r e s o l v e d . Sample 984, ZnS^ ^ S eQ g : I » C u 

showed two bands a t 5320 8 (2.33 eV) and 5860 8 (2.11 eV) i n the green 

and orange regions r e s p e c t i v e l y . The sample of ZnSe:I,Cu No.979 emitted 

an orange band cen t r e d a t 5900 8 (2.10 eV) wi t h a side-band i n the green 

a t approximately 5400 8 (2.30 eV) and i n the red a t approximately 6300 8 

(1.97 eV). By comparison, van Gool and C l e i r e n (1960) have reported 

f i n d i n g a blue band i n ZnS a t 4350 8 (2.85 eV) with a h a l f - w i d t h of 

0.25 eV i n samples c o n t a i n i n g a high r a t i o of copper to donor concentra­

t i o n . Jones and Woods (1974) have examined the luminescence of ZnSe 

doped w i t h copper and have reported observing a red band a t 6400 8 w i t h 

a h a l f - w i d t h of 0.28 eV measured a t room temperature, and two emission 

bands a t 85 K i n the green a t 5450 8 and i n the red a t 6340 8 w i t h h a l f -

widths of 0.20 eV. There a r e v a r i o u s r e p o r t s , see Jones and Woods (1974), 

Morehead (1963), H a l s t e d e t a l (1965), t h a t the red and green emission 

bands i n ZnSe:Cu are analogous t o the green and blue emission bands, 

r e s p e c t i v e l y , i n ZnS:Cu; the terms 'copper-green' and 'copper-blue' 

w i l l be used to d e s c r i b e the r e s p e c t i v e s e r i e s of bands i n Zn(S,Se):Cu. 

I i d a (1969) has reported the presence of th r e e photoluminescent 

bands i n ZnSe doped with copper i n the green* yellow and r e d s p e c t r a l 

r e g i o n s a t 5300 8, 5700 8 and 6400 8. The green and yel l o w emission 

bands appeared only a t temperatures below 300 K, and e i t h e r red and green 
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or r e d and yellow emissions were observed together. I n sample 979 

ZnSe:I,Cu, however, the luminescence appeared to be uniform a c r o s s the 

s u r f a c e of the sample and was r e s o l v e d as t h r e e s e p a r a t e bands. I i d a 

r e p orted t h a t the yellow emission was monitored from p o r t i o n s o f the 

c r y s t a l i n which copper was the major detected i m p u r i t y . He concluded 

t h a t the green and r e d emissions i n ZnSe:Cu are due to the copper im p u r i t y 

and t h a t the yellow emission can be a t t r i b u t e d to a donor-acceptor p a i r 

recombination. The orange band observed i n t h i s work i n the ZnSe:Cu 

sample 979 may be analogous to a band reported by B a n e i e - G r i l l o t (1954) 

a t 5080 i? i n ZnS:Cu,Cl which has been a t t r i b u t e d by C u r i e (1960) to sub­

s t i t u t i o n a l copper i n a s s o c i a t i o n w i t h sulphur v a c a n c i e s . 

The peak p o s i t i o n s and h a l f - w i d t h s throughout the range of com­

p o s i t i o n a r e giv e n i n Table 6.1 as measured a t room temperature and a t 85 K. 

The h a l f - w i d t h s a t room temperature vary from 0.30 eV i n ZnSe to 0.40 eV 

i n ZnS; a t 85 K the h a l f - w i d t h i s approximately 0.25 eV i n a l l samples. 

The v a r i a t i o n o f the photon energy o f the emission band maximum a g a i n s t 

l a t t i c e parameter i s shown i n F i g s . 6.3 and 6.4. At room temperature the 

'copper-green 1 emission band s h i f t s l i n e a r l y from 1.97 eV (6280 8) i n 

ZnSe:I,Cu to 2.52 eV (4920 8) i n ZnS:I,Cu. The p o s i t i o n of t h i s 'copper-

green' emission appears to be d i s p l a c e d to higher e n e r g i e s , towards the 

p o s i t i o n of the s e l f - a c t i v a t e d luminescence, i n comparison w i t h the r e p o r t s 

of other workers, i . e . 1.94 eV (6400 8) i n ZnSe by I i d a (1969) and 2.30 eV 

(5300 8) i n ZnS by Shionoya (1966). At 85 K, the 'copper-blue' emission 

s h i f t s from 2.29 eV (5420 8) i n ZnSe to 2.82 eV (4400 8) i n ZnS. The s h i f t 

appears to be l i n e a r i n i t i a l l y , however th e r e i s a r a p i d s h i f t from sample 

982 ZnSg g S eQ j a t 2.62 eV (4740 8) w i t h higher sulphur c o n c e n t r a t i o n s . 

Lehmann (1966) has reported t h a t the blue emission observed i n ZnS powder 

phosphors s h i f t s from 2.82 eV (4450 8) to 2.60 eV (4770 X) w i t h the 



TABLE 6.1 

PEAK POSITION AND HALF-WIDTHS OF Zn(S,Se):I,Cu 

1 
Sample Temperature 300 K Temperature 85 K 

1 
Sample Peak 

Position (&) 
Half-Width 

(eV) 
Peak 

Position (J?) 
Half-Width 

(eV) 

ZnSe 6260 0.30 
5450 
5890 
6350 

0.23 

Z n S 0 . 1 S e 0 . 9 6120 0.32 5340 
5870 0.23 

Z n S 0 . 4 S e 0 . 6 5900 0.33 5190 
5700 0.25 

Z n S 0 . 6 S e 0 . 4 5110 0.34 4940 0.26 

Z n S0.85 S e0.15 5120 0.40 4760 0.38 

Z n S 0 . 9 9 S e 0 t l 4890 0.41 4490 0.30 

ZnS 5000 0.40 l 
4400 0.25 

TABLE 6.2 

THERMAL QUENCHING ACTIVATION ENERGY OF Zn(S,Se):I ,Cu 

Sample Emission Peak (J?) Activation Energy (eV) 

ZnSe • 5400 
5890 

0.048 
0.062 0.38 

ZnS„ „Se„ _ 0.4 0.6 5190 0.062 0.071 

Z n S 0 . 6 S e 0 . 4 4940 0.043 0.17 

Z n S0.85 S e0.15 4760 0.087 

Z n S0.85 S e0.15 4400 0.049 0.078 
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i n c o r p o r a t i o n of as l i t t l e a 1% of ZnSe. The r e s u l t s presented here 

i n d i c a t e t h a t there i s no d i s c o n t i n u i t y i n the observed v a r i a t i o n of the 

p o s i t i o n of the emission bands: t h e r e i s a continuous s h i f t from the 

blue emission i n ZnS to the green emission i n ZnSe. 

I n summary the luminescence r e s u l t s obtained from the h i g h l y doped 

Zn(S,Se):I,Cu mixed c r y s t a l s are as f o l l o w s : a t room temperature a red 

emission i s observed i n ZnSe which s h i f t s i n p o s i t i o n to the green i n ZnS; 

a t l i q u i d n i t r o g e n temperature a higher energy emission band appears i n 

the green i n ZnSe s h i f t i n g continuously i n energy to the blue i n ZnS. The 

lower energy band, observed a t room temperature, a l s o appears as a sep­

a r a t e peak i n the red region i n the low sulphur content samples becoming 

a shoulder on the main emission band as the percentage of sulphur i n c r e a s e s . 

I n the sample of ZnSe:I,Cu a t h i r d e m ission band was observed a t ~ 5900 X 

i n the yellow. 

6.2.2 E x c i t a t i o n S p e c t r a 

The e x c i t a t i o n s p e c t r a of the luminescence emission observed i n 

the mixed c r y s t a l s have been examined throughout the range of composition. 

Most samples showed a low l e v e l of emission i n t e n s i t y a t room temperature, 

and consequently i t was only p o s s i b l e to measure the e x c i t a t i o n s p e c t r a a t 

85 K. A v a r i a b l e i n t e r f e r e n c e f i l t e r was used t o i s o l a t e the emission 

being examined. The v a r i a b l e f i l t e r had a pass band of approximately 

400 A* and the f i l t e r p o s i t i o n was optimised a t the wavelength of i n t e r e s t . 

I n the c r y s t a l s w i t h low sulphur content which showed more than one 

emission band, a l l peaks were monitored. 

The e x c i t a t i o n s p e c t r a obtained a t 85 K f o r the range of 

Zn(S,Se):I,Cu c r y s t a l s are i l l u s t r a t e d i n F i g . 6.5. The c r y s t a l s 
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c o n t a i n i n g a l a r g e p r oportion of sulphur a l l showed the 'copper-blue' 

band of emission w i t h a s l i g h t low energy t a i l . I n the low sulphur con­

t e n t c r y s t a l s the lower energy emission band was a l s o examined. Monitoring 

the blue emission i n the sample of ZnS:I,Cu through to the green emission 

i n the sample of ZnSe:I,Cu r e v e a l e d a s i n g l e e x c i t a t i o n band a t 3750 8 

(3.31 eV) s h i f t i n g to 4600 8 (2.69 eV). The v a r i a t i o n of the peak e x c i t a ­

t i o n energy w i t h composition i s shown i n F i g . 6.6. The e x c i t a t i o n peak 

f o r the 'copper-blue* emission appears t o s h i f t l i n e a r l y i n energy w i t h 

composition between the p o s i t i o n s observed i n ZnS and i n ZnSe. N a r i t a 

and Sugiyama (1965) have reported f i n d i n g an e x c i t a t i o n peak i n the region 

3600 8 - 3700 8 monitoring the blue emission from c r y s t a l s of ZnS:Br,Cu 

doped w i t h 500 p.p.m. of copper. I i d a (1969) has examined the e x c i t a ­

t i o n s p e c t r a of ZnSe c o n t a i n i n g copper as the major impurity a t l e v e l s 

o f ~ 1 0 p.p.m., and observed an e x c i t a t i o n band a t 4600 8 when monitoring 

the green emission a t 5400 8. I n a review of the I I - V I m a t e r i a l s , H a l s t e d , 

Aven and C o g h i l l (1965) suggested t h a t the e x c i t a t i o n of the blue emission 

i n ZnS should be d i r e c t l y analogous to the e x c i t a t i o n of the green emis­

s i o n i n ZnSe; the r e s u l t s obtained i n t h i s work i n d i c a t e t h a t t h i s 

suggestion i s c o r r e c t . 

The sample of ZnSe:I,Cu c r y s t a l No.979 showed three bands of 

luminescence when e x c i t e d by u l t r a - v i o l e t r a d i a t i o n , corresponding to 

the green, y e l l o w and red regions of the spectrum. The e x c i t a t i o n s p e c t r a 

f o r the red and y e l l o w emissions from t h i s sample were a l s o examined and 

these are shown i n F i g . 6.5. When monitoring e i t h e r of the two e m i s s i o n 

bands a t 5900 8 or 6300 8, two bands were observed i n the e x c i t a t i o n 

s p e c t r a a t 4600 8 ~4650 8 (2.70 ~2.67 eV) and ~50008 (2.48 eV) . The 

i n t e n s i t y of the 5000 8 e x c i t a t i o n band r e l a t i v e to the 4600 8 band was 
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reduced when monitoring the yellow emission r a t h e r than the red. T h i s 

may be due to the f a c t t h a t the 5000 8 e x c i t a t i o n band i s a s s o c i a t e d 

w i t h the red emission, but the e x c i t a t i o n s p e c t r a a r e complicated by the 

f a c t t h a t the red and yellow emissions o v e r l a p each other. I n comparison, 

Jones and Woods (1974) have examined the e x c i t a t i o n of the red emission 

a t 6400 8 i n ZnSe:Cu and have reported observing a broad e x c i t a t i o n band 

w i t h maxima a t 4700 8 and 5100 8. I i d a (1969) and Terada (1976) a l s o 

observed a yel l o w emission band i n copper doped ZnSe and I i d a has reported 

t h a t t h i s i s e x c i t e d by a narrow band of r a d i a t i o n c l o s e to the band edge 

a t 4520 8, w h i l e the red emission i s e x c i t e d by broad overlapping bands 

w i t h maxima a t approximately 4650 8 and 5200 8. From these r e s u l t s i t 

may be concluded t h a t the green emission i n ZnSe:Cu i s e x c i t e d i n a 

narrow band of r a d i a t i o n j u s t below the band edge; the r e d emission i s 

e x c i t e d by a broad band with a maximum j u s t below the band edge and w i t h 

a second maximum approximately 0.2 eV below the energy of the f i r s t e x c i ­

t a t i o n peak. I n samples of ZnSe doped w i t h copper which show yellow lumin­

escence, the emission i s e x c i t e d predominantly by r a d i a t i o n near the band-

edge with.some evidence of a weak lower energy e x c i t a t i o n p r o c e s s which 

may have been observed because of the o v e r l a p of the red and yel l o w 

emissions. 

Throughout the range of composition of the Zn(S,Se):I,Cu c r y s t a l s , 

the "copper-blue" emission i s e x c i t e d by a s i n g l e band of r a d i a t i o n c l o s e to 

the band edge: the maximum energy of e x c i t a t i o n i s approximately 0.5 eV 

l e s s than the band-gap energy i n ZnS and 0.1 eV l e s s i n ZnSe. The 

p o s i t i o n of the e x c i t a t i o n band s h i f t s l i n e a r l y i n energy as the composi­

t i o n i s v a r i e d . 
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6.2.3 Thermal Quenching 

The quenching of the luminescence from a v a r i e t y of c r y s t a l s 

through the range of composition has been measured i n the temperature 

range from 85 to 350 K. The upper temperature l i m i t was imposed by the 

nature of the c r y o s t a t i n which the samples were mounted f o r examination. 

A 3650 8 u l t r a - v i o l e t r a d i a t i o n source was used to e x c i t e the emission i n 

the samples. The maximum of the appropriate emission band was monitored 

when making measurements, and wide s l i t - w i d t h s were used to encompass the 

whole band of luminescence and to allow f o r s h i f t s i n the peak p o s i t i o n 

on warming. 

The v a r i a t i o n of the 'copper-blue' emission i n t e n s i t y w i t h tem­

p e r a t u r e i s shown i n F i g . 6.7 f o r a number of mixed c r y s t a l s . The i n t e n s i t y 

of the luminescence decreased immediately the temperature was r a i s e d above 

90 K, and the r a t e of quenching became more r a p i d as the temperature 

i n c r e a s e d . W h i l s t t h e r e are marked d i f f e r e n c e s i n the form of the emission 

quenching c u r v e s , i n g e n e r a l the quenching occurred a t lower temperatures 

as the percentage of sulphur i n the mixed c r y s t a l s i n c r e a s e d . 

I n the sample of ZnSe:I,Cu both the yel l o w and green emissions 

were monitored and t h e i r thermal quenching i s a l s o shown i n F i g . 6.7. 

The green e m i s s i o n band a t 5400 8 was r a p i d l y quenched above 80 K and 

l e v e l l e d o f f beyond 180 K. By comparison the yellow emission a t 5860 8 

decreased s l o w l y i n i n t e n s i t y , w i t h the luminescence i n t e n s i t y a t 180 K 

re a c h i n g a l e v e l approximately 80% of t h a t a t 85 K. The y e l l o w emission 

was then quenched more r a p i d l y a t temperatures above ~ 220 K. S i n c e 

th e r e was more than one band of emission i n t h i s sample, a r e d i s t r i b u t i o n 

might have been o c c u r r i n g between the recombination p r o c e s s e s as the 

temperature was v a r i e d . 
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I f i t i s assumed th a t the luminescence e f f i c i e n c y , n, can be 

d e s c r i b e d by the equation 

n = £l + C exp ( 7kT) 

where C i s a constant and 10 i s the a c t i v a t i o n energy f o r thermal quenching, 

then co may be found by p l o t t i n g lnl}/r\ - 1) a g a i n s t VT. When the curves 

of thermal quenching shown i n F i g . 6.7 were p l o t t e d i n the form. 

£n ( * /n - 1) v e r s u s as i n F i g s . 6.8 and 6.9, the r e s u l t a n t curves 

appeared to be composed of one or two s t r a i g h t l i n e s . S i n c e the slope 

of the l i n e g i v e s to, the suggestion i s t h a t t h e r e may be two a c t i v a t i o n 

e n e r g i e s a s s o c i a t e d w i t h the quenching of the luminescence. The v a l u e s 

c a l c u l a t e d for the a c t i v a t i o n energies are l i s t e d i n Table 6.2. I n the 

low temperature region the v a l u e s obtained ranged from 0.043 eV to 0.087 eV, 

and i n the high temperature region from 0.07 eV to 0.17 eV. The quenching 

of the yellow emission observed i n the c r y s t a l of ZnSe:I,Cu gave an a c t i v a ­

t i o n energy of 0.38 eV i n the high temperature r e g i o n . No p a r t i c u l a r 

t r e n d emerges from t h i s data and i t would be n e c e s s a r y to examine a 

g r e a t e r number of samples i n order to e s t a b l i s h the v a r i a t i o n between 

c r y s t a l s of the same composition. However, a l l the samples showed a s m a l l 

a c t i v a t i o n energy f o r the low temperature quenching of the luminescence. 

Jones (1973) has reported observing quenching e n e r g i e s of 0.03 and 0.41 eV 

i n both s e l f - a c t i v a t e d and copper doped ZnSe. The lower energy i s com­

pa r a b l e w i t h the a c t i v a t i o n energy found i n a l l our c r y s t a l s , and the 

h i g h e r energy compares with the value found f o r the quenching of the 

y e l l o w emission i n ZnSe:I,Cu. S i n c e a l l the samples have a high donor 

c o n c e n t r a t i o n due to the presence of i n c l u d e d i o d i n e , i t i s suggested 

t h a t t h i s may be having an e f f e c t on the low temperature quenching of 

the luminescence. I n the high temperature quenching of the 'copper-blue' 

1 
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emission, no a c t i v a t i o n e n e r g i e s have been observed comparable with the 

value o f 0 . 6 1 eV reported by N a r i t a and Sugiyama ( 1 9 6 5 ) i n ZnS:Br,Cu. 

However, the high energy quenching p r o c e s s e s would be expected to occur 

a t e l e v a t e d temperatures o u t s i d e the range which could be covered with 

the p r e s e n t equipment. 

6 . 3 Annealed Copper-Activated Samples 

The c r y s t a l s d e s c r i b e d i n the previous s e c t i o n showed the 'copper-

blue' type luminescence which has been reported by Van Gool ( 1 9 6 1 ) to 

occur i n ZnS doped with a high r a t i o of copper to c o a c t i v a t o r concentra­

t i o n . The samples were annealed i n l i q u i d z i n c f o r a p e r i o d of 120 hours 

o 

a t 8 5 0 C i n order to remove a pr o p o r t i o n of the copper p r e s e n t and t o 

examine the e f f e c t of the treatment on the luminescence p r o p e r t i e s . 

Ozawa and Hersh ( 1 9 7 3 ) , and Ozsan ( 1 9 7 6 ) have reported t h a t annealing 

mixed c r y s t a l s i n z i n c r e s u l t s i n the r e s i s t i v i t y being reduced by s e v e r a l 

o r d ers of magnitude. Ozawa and Hersh observed an exponen t i a l r e l a t i o n s h i p 

between the r e s i s t i v i t y of annealed mixed c r y s t a l s and the pr o p o r t i o n of 

sulphur i n the s o l i d s o l u t i o n . T h i s annealing technique i s used w i t h i n 

the department f o r the p r e p a r a t i o n of s u i t a b l e m a t e r i a l f o r e l e c t r o ­

luminescent device f a b r i c a t i o n . V i s u a l l y , the i n t e n s i t y of the lumin­

escence was much enhanced a f t e r t h i s treatment. The e f f e c t of annealing 

the Z n ( S , S e ) : I c r y s t a l s i n l i q u i d z i n c i s to p u r i f y the samples} the 

z i n c reduces the con c e n t r a t i o n of many i m p u r i t i e s and c r y s t a l d e f e c t s 

which form the quenching and n o n - r a d i a t i v e c e n t r e s . 

6 . 3 . 1 Photoluminescence 

The s p e c t r a l d i s t r i b u t i o n of the luminescence of the annealed 
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Zn(S,Se):I,Cu,Zn c r y s t a l s i s shown i n F i g s . 6 . 1 0 and 6 . 1 1 a t 300 K and 

85 K r e s p e c t i v e l y . At room temperature, a s i n g l e broad band of emission 

was e x c i t e d by 3 6 5 0 % u l t r a - v i o l e t r a d i a t i o n , and t h i s emission s h i f t e d 

from the red s p e c t r a l region i n ZnSe through to the green i n ZnS. The 

peak of the emission band occurred a t 6 4 5 0 8 ( 1 . 9 2 eV) i n ZnSe:I,Cu,Zn 

and 5 3 0 0 X ( 2 . 3 3 eV) i n ZnS:I,Cu,Zn with h a l f - w i d t h s of 0 . 3 0 eV and 

0 . 3 4 eV r e s p e c t i v e l y . At l i q u i d n i t r o g e n temperature, the emission peak 

was narrower and had s h i f t e d to higher e n e r g i e s compared w i t h the lumin­

escence a t room temperature. A high energy shoulder appeared on the 

s h o r t e r wavelength s i d e of the main band: t h i s shoulder could be r e s o l v e d 

as a separate peak a t 4 5 5 0 8 ( 2 . 7 2 eV) i n the sample of z i n c s u l p h i d e . 

The peak p o s i t i o n s and h a l f - w i d t h s f o r the range of mixed c r y s t a l s 

are given i n Table 6 . 3 . The h a l f - w i d t h s vary between 0 . 3 0 and 0 . 4 4 eV a t 

room temperature and between 0 . 2 3 and 0 . 3 6 eV a t l i q u i d n i t r o g e n temperature. 

No trend i n the v a r i a t i o n of the h a l f - w i d t h with composition was observed. 

T h i s may have been due to the f a c t t h a t t h e r e was a high energy shoulder 

on the main emission peak i n f l u e n c i n g the shape of the observed lumin­

escence band. The high energy shoulder became more apparent when the 

samples were cooled to 85 K and as the percentage of sulphur i n the 

c r y s t a l s was i n c r e a s e d . Cooling the sample caused a r e d u c t i o n i n the 

h a l f - w i d t h by approximately 0 . 0 8 eV. 

The v a r i a t i o n of the photon energy f o r maximum emi s s i o n as a 

f u n c t i o n of composition i s shown i n F i g s . 6 . 3 and 6 . 4 a t room temperature 

and a t 85 K r e s p e c t i v e l y . At room temperature the emission band s h i f t e d 

l i n e a r l y from 1 . 9 1 eV ( 6 4 9 0 8) i n ZnSe to 2 . 3 3 eV ( 5 3 2 0 8) i n ZnS. The 

corresponding photon e n e r g i e s i n the unannealed c r y s t a l s were 1 . 9 7 eV 

( 6 2 8 0 X) and 2 . 5 2 eV ( 4 9 2 0 8). Cooling the samples to 85 K l e d to the 

e m i s s i o n bands becoming narrower, but the peak p o s i t i o n s were l i t t l e 
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TABLE 6 . 3 

PEAK POSITION AND HALF-WIDTHS OF Zn(S,Se):I,Cu,Zn 

Temperature 3 0 0 K Temperature 8 5 K 
Sample Peak 

P o s i t i o n (A*) 
Half-Width 

(eV) 
Peak -

P o s i t i o n (A) 
Half-Width 

(eV) 

ZnSe 6 4 6 0 0 . 3 0 6 4 1 0 0 . 2 3 

Z n S 0 . 1 S e 0 . 9 
6 2 0 0 0 . 3 7 6 1 1 0 0 . 2 8 

Z n S 0 . 4 S e 0 . 6 
6 0 2 0 0 . 3 8 5 9 9 0 0 . 2 9 

Z n S 0 . 6 S e 0 . 4 
5 9 5 0 0 . 3 5 5 9 5 0 0 . 2 7 

Z r l S 0 . 8 5 S e 0 . 1 5 
5 5 9 0 0 . 4 2 5 6 0 0 0 . 3 4 

ZnS Se 
0 . 9 9 0 . 0 1 

5 3 2 0 0 . 4 4 5 3 4 0 0 . 3 6 

ZnS 5 3 1 0 0 . 3 0 

i 

4 5 5 0 
5 3 1 0 0 . 2 9 

TABLE 6 . 4 

THERMAL QUENCHING ACTIVATION ENERGY OF Zn(S,Se):I,Cu,Zn 

Sample Emiss i o n Peak (A*) A c t i v a t i o n Energy (eV) 

ZnSe 6 3 5 0 0 . 0 4 1 

Z n S 0 . 1 S e 0 . 9 
6 0 5 0 0 . 0 4 6 

Z n S 0 . 4 S e 0 . 6 
5 9 5 0 0 . 0 3 9 

Z n S 0 . 6 S e 0 . 4 
5 8 8 0 0 . 0 3 3 
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a f f e c t e d : the emission band v a r i e d from 1.93 eV (6420 8) i n ZnSe to 

2.32 eV (5340 8) i n ZnS. 

Jones and Woods (1974) examined c r y s t a l s of ZnSe which had been 

annealed i n molten z i n c c o n t a i n i n g copper. They reported observing a 

red emission band a t 6400 8 (1.94 eV) with a h a l f - w i d t h of 0.22 =V a t 

85 K. I i d a (1969) reported a red luminescence band a t 6320 8 (1.96 eV) 

a t 77 K i n c r y s t a l s of ZnSe c o n t a i n i n g grown-in copper. Morehead (1963) 

observed a green emission band a t 5180 8 (2.40 eV) a t 77 K i n powder 

phosphors of ZnS:Cu,Cl. A comparison of these r e s u l t s with the emission 

bands reported here shows good agreement f o r the c r y s t a l s o f ZnSe and of 

ZnS. However, the reported p o s i t i o n of the emission band v a r i e s s l i g h t l y 

when d i f f e r e n t c o a c t i v a t o r s are i n c o r p o r a t e d i n the c r y s t a l and w i t h 

d i f f e r e n t copper c o n c e n t r a t i o n s . Lehmann (1967) examined the copper 

emission i n phosphors of c u b i c Zn(S,Se) doped w i t h copper and c h l o r i n e . 

He observed a green band a t 5200 8 (2.38 eV) i n ZnS which was r e p l a c e d 

by a new band a t 5550 8 (2.23 eV) when l e s s than 1% of ZnSe was i n c o r ­

porated i n the phosphor. F u r t h e r i n c r e a s e of the ZnSe c o n c e n t r a t i o n 

caused a slow s h i f t of the emission band toward the red band a t 6350 8 

(1.95 eV) i n ZnSe:Cu,Cl. The r e s u l t s obtained i n the p r e s e n t i n v e s t i g a ­

t i o n , as i l l u s t r a t e d i n F i g . 6.4, i n d i c a t e t h a t t h e r e i s a s i n g l e low-

energy copper emission which s h i f t s continuously i n p o s i t i o n from 2.32 eV 

i n z i n c s u l p h i d e t o 1.93 eV i n z i n c s e l e n i d e . A sample w i t h a s m a l l 

selenium content was examined, c r y s t a l 987 ZnS 0 0 S e _ ., and t h i s showed 

an emission band a t 2.31 eV only s l i g h t l y below t h a t observed i n ZnS. 

6.3.2 E x c i t a t i o n S p e c t r a 

The e x c i t a t i o n s p e c t r a f o r the 'copper-green' type emission 

observed i n the mixed c r y s t a l s a f t e r annealing i n z i n c have a l s o been 
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examined. The i n t e n s i t y of the luminescence was enhanced a f t e r annealing 

and i t was then p o s s i b l e t o examine the e x c i t a t i o n s p e c t r a a t both room 

temperature and 85 K. A v a r i a b l e i n t e r f e r e n c e f i l t e r was used t o i s o l a t e 

the emission and t h i s was optimised f o r the luminescence band of i n t e r e s t . 

The pass band of the i s o l a t i n g f i l t e r was approximately 4 0 0 8. 

The e x c i t a t i o n s p e c t r a obtained f o r the range of mixed c r y s t a l s 

are shown i n F i g s . 6 . 1 2 and 6 . 1 3 a t room temperature and 85 K r e s p e c t i v e l y . 

At room temperature, monitoring the green emission i n the sample of 

ZnS:I,Cu,Zn through to the red emission i n ZnSe:I,Cu,Zn, the s p e c t r a 

c o n s i s t e d of a broad band of e x c i t a t i o n s h i f t i n g with composition from 

4 1 5 0 8 ( 3 . 0 0 eV) to approximately 5 3 0 0 8 ( 2 . 3 4 eV). The e x c i t a t i o n 

s p e c t r a f o r the c r y s t a l s c o n t a i n i n g a low percentage of sulphur was 

c l e a r l y a s u p e r - p o s i t i o n of th r e e d i f f e r e n t bands. With the sample of 

ZnSe:I,Cu,Zn there were e x c i t a t i o n bands a t ~ 4 7 0 0 8 ( 2 . 6 4 eV), ~ 5 1 5 0 8 

( 2 . 4 1 eV) and ~ 5 5 0 0 8 ( 2 . 2 5 eV); the s h o r t wavelength peak corresponded 

t o an e x c i t a t i o n c l o s e to the band-edge. When the pr o p o r t i o n of sulphur 

i n the c r y s t a l s was i n c r e a s e d , a s i n g l e broad e x c i t a t i o n band only was 

observed. Cooling the samples to 85 K caused the e x c i t a t i o n bands to 

s h i f t s l i g h t l y towards s h o r t e r wavelengths and become narrower. The 

c r y s t a l of ZnS:I,Cu,Zn showed a s i n g l e e x c i t a t i o n peak a t 4 1 4 0 8 ( 2 . 9 9 eV) 

whereas the c r y s t a l of ZnSe:I,Cu,Zn had t h r e e bands a t 4 5 1 0 8 ( 2 . 7 5 eV) , 

5 0 0 0 8 ( 2 . 4 8 eV) and 5 2 5 0 8 ( 2 . 3 6 eV). 

I i d a ( 1 9 6 9 ) has examined the e x c i t a t i o n of the red emission from 

copper-doped z i n c s e l e n i d e a t 77 K and observed a broad band of e x c i t a ­

t i o n c o n s i s t i n g o f peaks a t 4 5 5 0 8 ( 2 . 7 2 eV) , ~ 4 8 0 0 - 4 9 0 0 8 ( ~ 2 . 5 5 eV) 

and 5 2 0 0 8 ( 2 . 3 8 eV). Jones and Woods ( 1 9 7 4 ) examined c r y s t a l s of z i n c 

s e l e n i d e heated i n z i n c p l u s copper and observed a broad e x c i t a t i o n band 
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f o r the red emission w i t h peaks a t 4 5 0 0 8 ( 2 . 7 5 eV) , 4 7 0 0 8 ( 2 . 6 4 eV) and 

5 1 0 0 8 ( 2 . 4 3 eV). A comparison w i t h the r e s u l t s obtained f o r the undoped 

c r y s t a l s given i n the pre v i o u s chapter, see F i g . 5 . 2 4 , i n d i c a t e s t h a t the 

s e l f - a c t i v a t e d emission i n z i n c s e l e n i d e i s e x c i t e d by a band a t ^ ! i 4 9 0 0 8 

( 2 . 5 3 eV). N a r i t a and Sugiyama ( 1 9 6 5 ) examined the green emission i n 

copper-doped z i n c s u l p h i d e c r y s t a l s and observed a broad e x c i t a t i o n band 

extending from the band edge which peaked a t 4 0 0 0 8 ( 3 . 1 0 eV). Melamed 

( 1 9 5 8 ) examined c r y s t a l s of z i n c s u l p h i d e containing copper and c h l o r i n e 

and observed a peak i n the e x c i t a t i o n of the green emission a t 3 9 5 0 8 

( 3 . 1 4 eV). With z i n c s u l p h i d e , the s e l f - a c t i v a t e d emission i s e x c i t e d i n 

a band centred a t 3600 8 ( 3 . 4 4 eV) as i s shown i n F i g . 5 . 2 4 . The lower 

energy 'copper-green' emission observed i n the range of mixed c r y s t a l s 

subsequent to annealing i n z i n c appears t o be e x c i t e d by a broad band 

which extends to longer wavelengths than the e x c i t a t i o n bands of the s e l f -

a c t i v a t e d or 'copper-blue' emissions. Apart from band-to-band e x c i t a t i o n , 

up to a composition of approximate 6 0 a t . % sulphur two se p a r a t e peaks are 

r e s o l v e d i n the e x c i t a t i o n band f o r the 'copper-green' emission; above 

t h i s composition a s i n g l e band i s observed. The 'copper-green' emission 

i s most s t r o n g l y e x c i t e d i n a band centred a t 5 2 5 0 8 ( 2 . 3 6 eV) i n z i n c 

s e l e n i d e and i n a band a t 4 1 4 0 8 ( 2 . 9 9 eV) i n z i n c s u l p h i d e . 

The v a r i a t i o n of the e n e r g i e s of the e x c i t a t i o n bands w i t h com­

p o s i t i o n i s shown i n F i g . 6 . 6 . The curves demonstrate t h a t as many as 

th r e e e x c i t a t i o n peaks can be detected i n the annealed, copper-doped 

mixed c r y s t a l s ; these are a high energy band c l o s e to the band-edge• 

which s h i f t s continuously from 2 . 7 5 eV i n ZnSe to 3 . 3 5 eV i n ZnS acSen i r 

t h i s band was not observable i n the sample o f ZnS, and two deeper- l y i n g 

bands. The deepest e x c i t a t i o n band appears to move p a r a l l e l t o the band 

edge as the composition i s v a r i e d . 
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6 . 3 . 3 Thermal Quenching 

The quenching of the 'copper-green* luminescence was examined i n 

the temperature range from 85 - 350 K. The quenching of the luminescence 

i n t e n s i t y with temperature i s shown i n F i g . 6 . 1 4 f o r a number of c r y s t a l s 

of d i f f e r e n t composition. I t i s apparent t h a t there was a much slower 

r a t e of quenching f o r the 'copper-green' emission than for. the 'copper-blue' 

emission observed before treatment i n z i n c . With the sample of ZnSe the 

emission i n t e n s i t y had decreased by only 20% a t 200 K whereas before 

annealing the i n t e n s i t y had decreased by 9 0 % . As the p r o p o r t i o n of sulphur 

i n the c r y s t a l composition was i n c r e a s e d , the quenching of the emission 

became l e s s pronounced: i n sample 9 7 7 ZnS^ g S eQ 4 the r e was n e g l i g i b l e 

quenching up to 350 K and f o r higher compositions no change a t a l l i n the 

emission i n t e n s i t y was observed. 

I t i s assumed t h a t the luminescence e f f i c i e n c y can be d e s c r i b e d 

by the r e l a t i o n s h i p used i n S e c t i o n 6 . 2 . 3 . The thermal quenching curves 

of F i g . 6 . 1 4 were r e p l o t t e d i n the form £n (*Ai - 1) a g a i n s t *Ar, and the 

r e s u l t i s shown i n F i g . 6 . 1 5 . The curves obtained appear to c o n s i s t of 

segments of s t r a i g h t l i n e s over most of the temperature range examined. 

The a c t i v a t i o n e n e r g i e s u) f o r the thermal quenching of the luminescence 

were c a l c u l a t e d from the s l o p e s of the curves and the v a l u e s obtained 

are l i s t e d i n Table 6 . 4 . The a c t i v a t i o n e n e r g i e s c a l c u l a t e d vary from 

0 . 0 3 3 eV to 0 . 0 4 6 eV; these v a l u e s are of the same order as the low 

temperature a c t i v a t i o n e n e r g i e s observed f o r the 'copper-blue' emission 

i n the untreated c r y s t a l s . There was no high temperature quenching 

energy observed comparable w i t h t h a t seen f o r the 'copper-blue' emission. 

N a r i t a and Sugiyama ( 1 9 6 5 ) have reported a high temperature 

quenching energy of 0 . 9 5 eV f o r the copper-green emission i n c r y s t a l s 

of ZnS:Br,Cu; no mention was made of a low temperature a c t i v a t i o n energy. 
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Jones and Woods (1974) examined the 'copper-green' type, red luminescence 

i n ZnSe and reported observing r a p i d quenching near 300 K i n a copper-

doped sample w i t h an a c t i v a t i o n energy of 1.0 eV. However, these authors 

noted t h a t a c r y s t a l of ZnSe which had been annealed i n z i n c p l u s copper 

showed no measurable quenching on heating to temperatures i n excess of 

400 K. I t may be necessary to make measurements a t temperatures g r e a t e r 

than were p o s s i b l e w i t h the p r e s e n t apparatus i n order to study thermal 

quenching i n the mixed a l l o y s . 

The zinc-annealed c r y s t a l s e x h i b i t e d l i m i t e d quenching of the 

luminescence, and samples with sulphur compositions i n excess of 60% 

showed n e g l i g i b l e changes i n i n t e n s i t y w i t h temperature up to 400 K. 

D i f f u s i n g z i n c i n t o c r y s t a l s of ZnS and ZnSe i s b e l i e v e d to have an e f f e c t 

not only on the c o n c e n t r a t i o n of i m p u r i t i e s p r e s e n t , but a l s o on the 

number of c r y s t a l d e f e c t s . Annealing i n z i n c may change the concentra­

t i o n of n o n - r a d i a t i v e and recombination c e n t r e s and a f f e c t the pro c e s s of 

thermal quenching. I n order to examine t h i s p o s s i b i l i t y i t would be 

necessary to compare annealed and unannealed samples doped w i t h the same 

l e v e l of copper impurity. 

6.4 D i s c u s s i o n 

The problem of contamination i s i n h e r e n t i n the p r e p a r a t i o n of 

c r y s t a l s of Zn(S,Se). Copper i s oft e n p r e s e n t a t l e v e l s of a few p.p.m. 

owing to the nature of the techniques of c r y s t a l growth and the d i f f i ­

c u l t i e s of p u r i f i c a t i o n . Copper was d e l i b e r a t e l y incorporated i n t o the 

mixed c r y s t a l s , t h e r e f o r e , i n order to study the emission bands produced 

and to d i s t i n g u i s h these from the s e l f - a c t i v a t e d emissions which occur 

i n the same s p e c t r a l region. There have been r e p o r t s of d i s c o n t i n u i t i e s 
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i n the s h i f t of the p o s i t i o n of the emission bands with composition i n 

the Zn(S,Se) a l l o y system, see Ozawa and Hersh (1973), Lehmann (1966, 

1967). The emission bands i n Zn(S,Se) s i n g l e c r y s t a l s doped w i t h copper 

have been examined i n order to r e s o l v e t h i s problem. 

ZnS phosphors c o n t a i n i n g copper have been widely s t u d i e d , see 

Van Gool and C l e i r e n (1960), Van Gool (1961), C u r i e and Prener (1967), 

and the d e t a i l s of the observed luminescence p r o c e s s e s are q u i t e w e l l 

understood. Comparatively l i t t l e work has been done on the r e l a t e d 

ZnSe phosphors, but the reported p o s i t i o n s of the emission bands a s s o c ­

i a t e d w i t h copper are f a i r l y c o n s i s t e n t , see the review by Halsted e t a l 

(1965). Lehmann (1966) and Morehead (1963) have examined the 'copper-

blue' and 'copper-green* emissions i n ZnS and i n the a l l o y system formed 

between ZnS and ZnSe. Morehead v a r i e d the composition of the powdered 

phosphors of Zn(S,Se) i n l a r g e s t e p s , and noted a l i n e a r s h i f t of the 

low energy 'copper-green' band from the green s p e c t r a l region through to 

the red on reducing the sulphur consent. Halsted (1965) assumed a 

comparable steady s h i f t f o r the high energy 'copper-blue' emission 

throughout the range of composition. Lehmann made a d e t a i l e d study of 

the s u b s t i t u t i o n of ZnSe i n Zn(S,Se) powdered phosphors and observed an 

anomalous r a p i d s h i f t of the luminescence emission bands of ZnS on 

i n c o r p o r a t i n g s m a l l percentages of ZnSe. He reported t h a t the r e p l a c e ­

ment of < 1% ZnS with ZnSe caused the two emission bands i n ZnS to 

decrease i n i n t e n s i t y and be r e p l a c e d by two new bands, approximately 

0.2 eV lower i n energy, which then s h i f t e d s l owly to longer wavelengths 

w i t h f u r t h e r i n c r e a s e i n the ZnSe content. From t h i s evidence, there 

i s the suggestion t h a t the c e n t r e s r e s p o n s i b l e f o r the emission i n ZnS 

are not analogous to those i n ZnSe. 
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The copper-doped c r y s t a l s of Z n ( S , S e ) : I examined i n t h i s 

work show two c h a r a c t e r i s t i c bands of photoluminescence a t 85 K: a 

s h o r t wavelength 'copper-blue' emission i n c r y s t a l s doped with a 

high c o n c e n t r a t i o n o f copper, estimated to be > 100 p.p.m.; and a 

longer wavelength 'copper-green' emission i n the annealed c r y s t a l s 

w ith a reduced copper doping, c o n t a i n i n g estimated c o n c e n t r a t i o n s of 

a few p.p.m. The v a r i a t i o n of these emission bands w i t h composition 

i s shown i n Fi g u r e 6.16. I n t h i s diagram the conduction band i s shown 

as remaining f i x e d i n energy s i n c e , i n the i o n i c p i c t u r e , a v a r i a ­

t i o n i n the composition of the host m a t e r i a l from ZnS to ZnSe causes 

a v a r i a t i o n of the valence band p o s i t i o n which i s a s s o c i a t e d w i t h the 

anion. The higher energy 'copper-blue' emission s h i f t s c o n t i n u o u s l y 

i n energy from the blue region i n ZnS a t 4400 R (2.82 eV) through to 

the green region i n ZnSe a t 5400 8 (2.30 eV). The lower energy 'copper-

green' emission a l s o s h i f t s continuously from the green region i n ZnS 

at 5340 8 (2.32 eV) through to the red region i n ZnSe a t 6420 8 

(1.93 eV). 

For both the 'copper-green' and 'copper-blue' emissions the 

s h i f t i n the peak p o s i t i o n with composition becomes more r a p i d when 

the proportion of sulphur exceeds 60 a t . % . Mixed c r y s t a l samples 

were grown con t a i n i n g s m a l l percentages ( <\, 1%) of ZnSe i n ZnS. These 

c r y s t a l s showed the same 'copper-blue' and 'copper-green* emission 

bands t h a t were observed throughout the range of composition ; the 

peak p o s i t i o n s were only s l i g h t l y d i s p l a c e d t o longer wavelengths 

compared to the bands i n z i n c s u l p h i d e . The discontinuous behaviour 

of the bands with changing composition reported by Lehmann was not 

observed. I t may be worth emphasizing t h a t the c r y s t a l s examined i n 
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t h i s p r e s e n t work appeared to be c u b i c throughout the range of com­

p o s i t i o n . T h i s was e s t a b l i s h e d from X-ray powder photographs which 

were taken f o r the range of mixed c r y s t a l s i n order to c a l c u l a t e the 

l a t t i c e parameters. Z i n c s u l p h i d e a l s o grows i n the w u r t z i t e (hexagonal) 

m o d i f i c a t i o n and, i n t h i s c r y s t a l form, the m a t e r i a l p o s s e s s e s a higher 

band-gap energy than i n the c u b i c m o d i f i c a t i o n with v a l u e s of 3.90 eV 

and 3.83 eV r e s p e c t i v e l y . Shionoya (1966) has reported t h a t th<2 

emission bands are s h i f t e d to s h o r t e r wavelengths i n the hexagonal 

phase. 

The room temperature luminescence i n the highly-doped samples 

v a r i e s from 4920 8 (2.52 eV) i n ZnS through to 6280 A* (1.97 eV) i n ZnSe; 

i n the l i g h t l y - doped annealed samples the luminescence v a r i e s from 

5320 8 (2.33 eV) i n ZnS through t o 6450 8 (1.92 eV) i n ZnSe. I n both 

types o f sample a s i n g l e broad emission band i s observed a t room tem­

p e r a t u r e which s h i f t s from the red region to the green when the propor­

t i o n of sulphur i n the c r y s t a l s i s i n c r e a s e d . By comparison, however, 

the emission from the highly-doped samples i s s l i g h t l y d i s p l a c e d to 

s h o r t e r wavelengths; t h i s may be due to the presence of overlapping 

'copper-blue' or s e l f - a c t i v a t e d emission. At 85 K the emission bands 

i n the annealed samples s h i f t to s l i g h t l y higher e n e r g i e s , whereas the 

highly-doped samples show a s h o r t wavelength band i n a d d i t i o n to the 

longer wavelength band observed a t room temperature. I t i s suggested 

t h a t the l i g h t l y - d o p e d annealed c r y s t a l s e x h i b i t the low energy copper 

emission analogous to the copper-green emission which has been reported 

i n ZnS. The high energy 1 copper-blue" emission i s observed a t 85 K i n 

the c r y s t a l s c o n t a i n i n g a high c o n c e n t r a t i o n of copper. A l s o , i n the 

s u l p h u r - r i c h highly-doped c r y s t a l s the room temperature emission i s 
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s h i f t e d towards the blue; as the proportion of sulphur i s reduced i n 

these samples, the 'copper-green' emission predominates. T h i s would 

agree w i t h the r e s u l t s of Shionoya (1964) who observed t h a t a 'copper-

blue' band was p r e s e n t i n ZnS:I,Cu a t room temperature, and with those 

of I i d a (1969) and Jones (1973) who noted t h a t the 'copper-blue' 

emission i n ZnSe:Cu appears only a t temperatures below ^200 K. 

The behaviour of the copper emissions i n the mixed Zn(S,Se) 

c r y s t a l s appears to be q u i t e d i f f e r e n t from t h a t observed for the s e l f -

a c t i v a t e d emission. The blue and green emissions i n copper-doped ZnS 

are e n t i r e l y analogous to the green and red emissions i n ZnSe;. t h e r e 

i s a continuous s h i f t i n the energy of the emission bands w i t h v a r y i n g 

composition. However, i n the undoped samples t h e r e are two s e l f -

a c t i v a t e d bands i n the mixed c r y s t a l s and there i s no continuous s h i f t 

between the s i n g l e s e l f - a c t i v a t e d band i n ZnS and t h a t i n ZnSe. 

An examination of the thermal quenching of the emission 

throughout the range of composition demonstrates t h a t the 'copper-blue' 

emission i s r a p i d l y quenched a t temperatures above ^200 K; by com­

p a r i s o n , the i n t e n s i t y of the 'copper-green' emission observed i n the 

annealed samples was c o m p a r a t i v e l y ; l i t t l e dependent on temperature i n 

the range up to 350 K. The a c t i v a t i o n e n e r g i e s which were c a l c u l a t e d 

f o r the quenching of the emissions were s m a l l , of the order of ^0.05 eV, 

which i n d i c a t e s the presence of a shallow t r a p p i n g l e v e l . T h i s t r a p 

may be due to the donor l e v e l s a s s o c i a t e d with the presence of i o d i n e 

i n the c r y s t a l s . 

The e x c i t a t i o n s p e c t r a f o r the 'copper-blue' luminescence 

i n d i c a t e s t h a t the emission i s e x c i t e d i n a s i n g l e narrow band very 

c l o s e to the band-edge; the e x c i t a t i o n band appears a t 4600 8 (2.69eV) 
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i n ZnSe s h i f t i n g through to 3750 8 (3.31 eV) i n ZnS. I n the low copper 

co n c e n t r a t i o n annealed samples, the 'copper-green' luminescence i s 

e x c i t e d i n a broad band w e l l removed from the band-gap; the main peak i s 

p o s i t i o n e d 0.6 eV below the edge i n ZnSe and 0.8 eV i n ZnS. T h i s broad 

e x c i t a t i o n band shows s t r u c t u r e and thr e e s e p a r a t e peaks can be r e s o l v e d , 

e s p e c i a l l y i n those c r y s t a l s with a low sulphur content: i n ZnSe the peak 

p o s i t i o n s a t 85 K occur a t 4510 8 (2.75 eV), 5000 8 (2.48 eV) and 5250 8 

(2.38 eV); the high energy band corresponds to band-gap e x c i t a t i o n . 

Jones and Woods (1974) have reported observing a broad e x c i t a t i o n band 

for the 'copper-green' emission a t 6400 8 i n ZnSe, t h i s was composed of 

a t l e a s t two sub-bands with maxima a t 5100 8 (2.43 eV), and 4700 8 

(2.64 e V ) . I i d a (1969)observed a main e x c i t a t i o n peak f o r the emission 

a t 5200 8 (2.38 eV) w i t h a shoulder on the high energy s i d e which extended 

to the band edge. I t i s suggested t h a t the low energy copper emission i n 

ZnSe i s predominantly e x c i t e d i n a band a t 5250 8 and i n a second band 

a t approximately 5000 8 . As the pr o p o r t i o n of sulphur i n the c r y s t a l s i s 

i n c r e a s e d , the e x c i t a t i o n band s h i f t s towards higher e n e r g i e s and a s i n g l e 

band i s observed i n ZnS a t 4140 8 (2.99 eV). N a r i t a and Sugiyama (1965) 

examined the e x c i t a t i o n of the 'copper-green' emission i n z i n c s u l p h i d e 

and observed a broad band extending from the band-edge which peaked a t 

4200 8 (2.95 eV), but they could not r e s o l v e any s t r u c t u r e on the high 

energy shoulder. The v a r i a t i o n of the peak p o s i t i o n of the 'copper-green' 

and 'copper-blue' e x c i t a t i o n bands with composition i s shown i n F i g u r e 

6.16. The e x c i t a t i o n bands show a continuous s h i f t to higher e n e r g i e s 

w i t h i n c r e a s i n g sulphur content, and move p a r a l l e l i n energy w i t h the 

p o s i t i o n of the emission bands. 

There have been many d i f f e r e n t models proposed t o d e s c r i b e 

the low and high-energy copper emission bands observed i n ZnS. A 

schematic r e p r e s e n t a t i o n of one of the p o s s i b l e models f o r the copper 
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emissions i n the Zn(S,Se) mixed c r y s t a l s i s shown i n Figure 6 . 1 7 ; t h i s 

r e p r e s e n t a t i o n i s based on a Schon-Klasens type t r a n s i t i o n . Broser and 

Schulz ( 1 9 6 1 ) have attempted to assign the blue and green emissions of 

ZnS:Cu to the same doubly i o n i z a b l e centre: the green emission i s con­

s i d e r e d to be a t r a n s i t i o n to the Cu centre and the blue emission i s 
2 + 

a t r a n s i t i o n to the Cu centre. Morehead ( 1 9 6 3 ) concluded that the 

Schon-Klasens model can be applied to both the 'blue' and 'green' 

emissions for the whole range of Zn(S,Se):Cu phosphors. There have 

been a l t e r n a t i v e suggestions t h a t the 'copper-green' emission i n ZnS 

and ZnSe i s due to a donor-acceptor p a i r recombination, from a donor 

l y i n g c l o s e to the conduction band to a copper acceptor l e v e l . Some 

workers have used time-resolved spectroscopy to examine the 'copper-

green' emission i n ZnSe, but the r e s u l t s a t present are i n c o n c l u s i v e : 

F u j i w a r a and Fukai ( 1 9 6 7 ) reported observing a s h i f t i n the emission 

peak p o s i t i o n t y p i c a l of a p a i r recombination, whereas I i d a ( 1 9 6 9 ) 

reported observing no s h i f t . Recently, however, James e t a l ( 1 9 7 6 ) 

have examined the 'copper-green' emission i n ZnS using an o p t i c a l l y 

detected magnetic resonance technique. They noted an i s o l a t e d donor 

resonance a s s o c i a t e d with the 'copper-green' emission and concluded 

th a t t h i s gave strong evidence for a donor-acceptor recombination 

mm 
* 8 # 

on the 'copper-green' emission. Monitoring the thermal quenching of 

the 'copper-green', 'copper-blue' and s e l f - a c t i v a t e d emissions i n our 

samples has shown a low-temperature a c t i v a t i o n energy of approximately 

0 . 0 5 eV; t h i s could be caused by a .shallow donor l e v e l due to c r y s t a l 

®$$&f& d e f e c t s or iodine c o a c t i v a t o r i o n s . T h i s suggests t h a t a donor-
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An examination of the emission s p e c t r a from the sample of 

ZnSe:I,Cu showed a t h i r d band of luminescence which was not observed 

i n the samples co n t a i n i n g some sulphur. I n a d d i t i o n to the 'copper-

green' and 'copper-blue' emissions a t 6300 8 (1.97 eV) and 5400 8 

(2.30 eV) r e s p e c t i v e l y , a band of luminescence was observed i n the 

yellow region a t 5900 8 (2.10 eV) i n t h i s h i g h l y doped sample of ZnSe. 

T h i s yellow band was not observed i n the sample a f t e r annealing i n 

z i n c , or i n samples which d i d not c o n t a i n copper and i t i s suggested 

t h a t t h i s band i s due to the presence of copper. I i d a (1969) has a l s o 

observed a yellow band of emission a t 5700 8 (2.17 eV) i n z i n c s e l e n i d e 

doped w i t h copper. Ozawa and Hersh (1973) have reported a yellow 

e m i s s i o n a t 5600 8 (2.21 eV) i n ZnSe:I which they a t t r i b u t e d to the 

presence of excess i o d i n e . The nature of t h i s yellow emission i s unknown 

but i t may be due to a copper complex c e n t r e , or a copper centre i n 

a s s o c i a t i o n with an impurity or d e f e c t c e n t r e . 
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CHAPTER 7 

MANGANESE DOPED CRYSTALS 

7.1 I n t r o d u c t i o n 

D i v a l e n t manganese i s w e l l known as a luminescence a c t i v a t o r i n 

z i n c s u l p h i d e , see f o r example K l i c k and Schulman (1957), Langer and I b u k i 
2+ 

(1965). I t i s g e n e r a l l y agreed t h a t the Mn i o n a t a s u b s t i t u t i o n a l s i t e 

i n ZnS emits a b r i g h t orange luminescence w i t h a peak a t about 5850 8 

(2.12 eV) and a h a l f - w i d t h of approximately 0.23 eV (Beserman and B a l k a n s k i , 

1971). By comparison l i t t l e work has been c a r r i e d out on ZnSe:Mn, and an 

examination of the manganese luminescence i s complicated by the o v e r l a p 

of ihe s e l f - a c t i v a t e d and copper e m i s s i o n s . I n t h i s chapter the r e s u l t s 

of the measurement of the photoluminescence emission s p e c t r a , e x c i t a t i o n 

s p e c t r a and phot o c o n d u c t i v i t y of manganese-doped, mixed c r y s t a l s of Zn(S,Se) 

a r e presented. Copper was in c o r p o r a t e d i n c e r t a i n samples and the r e s u l t s 

were compared i n order to e s t a b l i s h the e f f e c t t h a t the presence of copper 

impurity might have on the manganese luminescence. The experimental curves 

which have been c o r r e c t e d f o r the response of the p h o t o m u l t i p l i e r and the 

energy d i s t r i b u t i o n of the quartz-halogen e x c i t a t i o n source have been 

normalised. 

7.2 Manganese doped Zn(S,Se) 

7.2.1 Photoluminescence of c r y s t a l s o f Zn(S,Se);I,Mn 

The photoluminescence of c r y s t a l s of Zn(S,Se):I,Mn grown by the 

iod i n e t r a n s p o r t technique was examined using 3650 8 u l t r a - v i o l e t 
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e x c i t a t i o n . The c r y s t a l s a l l possessed a p a l e orange body c o l o u r and 

emitted i n t e n s e luminescence i n the orange-red region of the spectrum. 

The emission s p e c t r a are shown i n F i g u r e s 7.1 and 7.2 a t 300 K and 85 K, 

r e s p e c t i v e l y . At room temperature the emission maxima occurred a t 

6550 8 (1.89 eV) with a h a l f - w i d t h of 0.33 eV i n ZnSe:I,Mn s h i f t i n g to 

5880 8 (2.11 eV) with a h a l f - w i d t h of 0.20 eV i n ZnS:I,Mn; a t 85 K the 

luminescence band l a y a t 6250 8 (1.98 eV) with h a l f - w i d t h 0.32 eV i n 

ZnSe:I,Mn s h i f t i n g to 5880 8 (2.11 eV) w i t h h a l f - w i d t h 0.16 eV i n ZnS:I,Mn. 

The peak p o s i t i o n s and h a l f - w i d t h s f o r the whole range of manganese-doped, 

mixed c r y s t a l s are l i s t e d i n Table 7.1. There was a l a r g e s h i f t i n the 

peak p o s i t i o n towards higher energy on i n t r o d u c i n g up to 40% of sulphur 

i n t o the mixed c r y s t a l s . With a f u r t h e r i n c r e a s e i n the sulphur content 

the emission band i n i t i a l l y moved s l i g h t l y towards longer wavelength and 

subsequently moved towards s h o r t e r wavelength. The width of the emission 

band decreased as the sulphur content was i n c r e a s e d , and above 60% sulphur 

the h a l f - w i d t h remained con s t a n t a t approximately 0.23 eV (300 K) and 

0.16 eV (85 K ) . 

I t has been shown i n Chapters 5 and 6 t h a t the s e l f - a c t i v a t e d 

and low energy copper emissions i n ZnSe occur i n the region o f 6000 8 and 

6400 8 , r e s p e c t i v e l y . S i n c e these emissions are s t r o n g l y e x c i t e d by 

3650 8 u l t r a - v i o l e t r a d i a t i o n , the luminescence of the manganese-doped 

samples was re-examined when e x c i t a t i o n was made us i n g a 5300 8 r a d i a t i o n 

i n the green. T h i s wavelength was chosen s i n c e i t corresponds c l o s e l y 

to the o p t i c a l absorption band a t 5350 8 i n c r y s t a l s of ZnS:Mn reported 

by I b u k i and Langer (1964), R y s k i n (1964), McClure (1963) and Gumlich (1963). 

The r e s u l t a n t s p e c t r a l emission d i s t r i b u t i o n i s shown i n F i g u r e s 7.3 and 

7.4 a t 300 K and 85 K, r e s p e c t i v e l y , and the peak p o s i t i o n s and h a l f -

widths are l i s t e d i n Table 7.2. At room temperature the emission maximum 
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TABLE 7.1 

EMISSION BANDS OBSERVED UNDER 3650 8 EXCITATION 

300 K 85 K 
Sample Peak 

P o s i t i o n 8 

Half-width 
eV 

Peak 
P o s i t i o n 8 

Half-width 
eV 

969 ZnSe:I,Mn 6550 0.33 6250 0.32 

975 Z n S 0 . 4 S e 0 . 6 : I,Mn 5960 0.39 5980 0.28 

971 
Z n S 0 . 6 S e 0 . 4 : I,Mn 5980 0.23 6010 0.16 

978 
Z n S 0 . 8 S e 0 . 2 ! I,Mn 5930 0.23 6030 0.15 

973 ZnS:I,Mn 5880 0.20 5880 0.16 

TABLE 7•2 

EMISSION BANDS OBSERVED UNDER 5300 8 EXCITATION 

300 K 85 K 
Sample Peak Half-width Peak Half-width 

P o s i t i o n 8 eV P o s i t i o n 8 eV 

969 ZnSe:I,Mn 5880 0.20 5850 0.12 

975 ZnS 0 ^Se. r : 0.4 0.6 I,Mn 5900 0.20 5870 0.15 

. 971 Z n S 0 . 6 S e 0 . 4 : I,Mn 5970 0.23 6000 0.15 

' 978 Z n S 0 . 8 S e 0 . 2 : I,Mn 5950 0.21 5960 0.15 

973 ZnS:I/Mn 5880 0.19 5860 0.14 
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occurred a t 5880 8 (2.108 eV) i n ZnSe:I,Mn. T h i s band s h i f t e d towards 

longer wavelength as the proportion of sulphur i n the mixed c r y s t a l s was 

i n c r e a s e d , and then f i n a l l y s h i f t e d to s h o r t e r wavelength as the sulphur 

content was f u r t h e r i n c r e a s e d . With ZnS:I,Mn the maximum l a y a t 5880 8 

(2.108 eV) . At 85 K a s i m i l a r behaviour was observed with the emission 

band centred a t 5850 8 (2.119 eV) i n ZnSe:I,Mn and a t 5860 8 (2.115 eV) 

i n ZnS:I, Mn. The h a l f - w i d t h s f o r the complete range of mixed c r y s t a l s 

were approximately the same, reducing from 0.20 eV a t room temperature 

to 0.15 eV a t 85 K. These r e s u l t s compare w e l l with the val u e of ̂ 0.20 eV 

reported f o r the h a l f - w i d t h of the manganese emission i n ZnS, and are much 

s m a l l e r than the v a l u e s observed f o r the s e l f - a c t i v a t e d and copper emis­

s i o n s i n the mixed c r y s t a l s . I l l u m i n a t i n g the samples with 5300 8 r a d i a ­

t i o n e v i d e n t l y e x c i t e s the manganese emission s e l e c t i v e l y . 

The v a r i a t i o n of the energy of the emission peak w i t h composition 

i s shown i n F i g u r e 7.5 f o r e x c i t a t i o n by both 3650 8 and 5300 8 r a d i a t i o n . 

The behaviour of the emission bands e x c i t e d by l i g h t from both sou r c e s 

was c o n s i s t e n t f o r c r y s t a l s c o n t a i n i n g more than 40% sulphur: the 

emission peak reached a minimum energy a t ~2.07 eV (5990 8 ) f o r a com­

p o s i t i o n of ZnS_ nrSen „_> i t s h i f t e d s l i g h t l y t o lower energy on c o o l i n g 

U. /b U.Zo 

t o 85 K, although w i t h ZnS there was no change. For c r y s t a l s w i t h l e s s 

than 40% sulphur the emissions e x c i t e d by 3650 8 and 5300 8 r a d i a t i o n 

showed c o n s i d e r a b l e d i f f e r e n c e s : the p o s i t i o n of the U.V. e x c i t e d band 

s h i f t e d markedly to longer wavelength w i t h reducing sulphur content, w h i l s t 

the 5300 8 e x c i t e d emission band was r e l a t i v e l y u n a f f e c t e d and corresponded 

to the p o s i t i o n of the band observed i n ZnS. I n t h i s range of composition 

the emission peak s h i f t e d to s l i g h t l y h igher energy on co o l i n g the sample 

to 85 K. 

Asano, Yamashita and O i s h i (1968) have examined Zn(S,Se) powders 
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doped w i t h MnCl2» and reported t h a t the emission band e x c i t e d by 3650 8 

r a d i a t i o n s h i f t e d n o n - l i n e a r l y i n p o s i t i o n from 6500 8 i n ZnSe t o 5880 8 

i n ZnS; the s h i f t o f the peak p o s i t i o n w i t h composition and temperature 

was s i m i l a r t o t h a t shown i n Figure 7.2 under 3650 8 e x c i t a t i o n . However, 

these authors noted t h a t the emission bands s h i f t e d towards longer wave­

lengths when the c r y s t a l s w i t h low sulphur content were ex c i t e d w i t h 

5300 8 r a d i a t i o n , and they concluded t h a t the manganese emission i n 

ZnSe:Mn l i e s a t 6400 8. Apperson e t a l (1967) have also observed a band 

i n ZnSe:Mn w i t h a maximum at 6350 8 and 700 8 wide at 90 K. The r e s u l t s 

f o r ZnSe:Mn reported here agree w e l l w i t h the band reported by Jones and 

Woods (1973) a t 5860 8 w i t h h a l f - w i d t h 300 8 a t 85 K. The c r y s t a l s 

examined i n the present work had a high manganese content, up t o 1% by 

weight. I t i s suggested t h a t t h i s h i gh c o n c e n t r a t i o n , together w i t h the 
2+ 

use o f s e l e c t i v e e x c i t a t i o n , make i t p o s s i b l e t o i s o l a t e the Mn emission 

from the overlapping s e l f - a c t i v a t e d and copper emissions i n the samples 

w i t h low sulphur composition. As has been shown i n Chapters 5 and 6, the 

s e l f - a c t i v a t e d and low energy 'copper-green' emissions s h i f t monotonically 

i n wavelength from w e l l below 5900 8 i n ZnS t o j u s t above t h i s wavelength 

i n ZnSe. I n ZnSg 5 S eQ g t n e s e l f - a c t i v a t e d and copper emission peaks 

occur a t 5900 8 approximately. The s h i f t of the emission bands on c o o l i n g , 

and p o s s i b l y also the minimum i n the v a r i a t i o n o f the energy of the 

emission peak w i t h composition may be explained by the overlapping of the 

manganese emission w i t h a c o n t r i b u t i o n from the s e l f - a c t i v a t e d and copper 

emissions which have t h e i r own temperature dependence. 

7.2.2 E x c i t a t i o n spectra f o r Zn(S,Se):I,Mn 

The e x c i t a t i o n spectra f o r the range of mixed c r y s t a l s doped w i t h 

manganese were measured while monitoring the orange emission band at 
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approximately 5900 8. A v a r i a b l e i n t e r f e r e n c e f i l t e r was used t o i s o l a t e 

the luminescence and t h i s was optimised on the wavelength of i n t e r e s t from 

a sample of a p a r t i c u l a r composition. The e x c i t a t i o n spectra obtained a t 

room temperature and 85 K are shown i n Figures 7.6 and 7.7, r e s p e c t i v e l y ; 

the curves have been corrected f o r the s p e c t r a l d i s t r i b u t i o n of the e x c i ­

t a t i o n source. The e x c i t a t i o n spectra observed a t room temperature were 

almost i d e n t i c a l t o those measured a t 85 K, except t h a t each e x c i t a t i o n 

band was s l i g h t l y wider a t room temperature. I n ZnS:Mn, s i x separate 

bands of e x c i t a t i o n could be resolved a t 5350 8 (2.317 eV), 5000 8 (2.479 

eV), 4650 8 (2.666 eV), 4320 8 (2.869 eV), 3920 8 (3.162 eV) and 3550 8 

(3.492 eV); i n ZnSe:Mn four separate bands could be d i s t i n g u i s h e d a t 

5340 8 (2.321 eV), 5030 8 (2.464 eV), 4650 8 (2.666 eV) and 4450 8 

(2.786 eV). The band a t 3550 8 i n ZnS^ s h i f t e d t o 3670 8 (3.378 eV), and 

the band a t 4450 8 i n ZnSe was not resolved when the samples were examined 

a t 300 K; the p o s i t i o n s of the other bands remained f i x e d on changing the 

temperature. I t i s suggested t h a t the high energy band i s associated w i t h 

band t o band e x c i t a t i o n . The absorption edge i n Zn(S,Se) mixed c r y s t a l s 

s h i f t s p r o g r e s s i v e l y t o higher energies as the p r o p o r t i o n o f sulphur i s 

increased. As t h i s occurs, more of the higher energy manganese e x c i t a t i o n 

bands, which are observed i n ZnS:Mn, become apparent. 

The e x c i t a t i o n bands i n ZnS:Mn a t 5350 8, 5000 8 and 4650 8 have 

been assigned by McClure (1963) and Langer and I b u k i (1965) t o t r a n s i t i o n s 
6 6 

from the ground A^ ( S) l e v e l t o various e x c i t e d c r y s t a l f i e l d s t a t e s : 
6 6 4 4 6 6 4 4 these t r a n s i t i o n s are denoted A^( S) - T^( G), A^( S) - T^( G), 

6 6 4 4 4 A ( S) - ( A , E) ( G) r e s p e c t i v e l y . There i s some disagreement over the 

shorter wavelength e x c i t a t i o n bands a t 4320 8 and 3920 8 which McClure, 
6 6 4 4 6 6 4 4 and Langer and I b u k i assign t o A^ ( S) - T^( P) and A^( S) - E( D) and 

4 4 
T^( D), whereas Ford e t a l (1963) assign the t r a n s i t i o n s t o 



100 at % S 

80 

or 

60 

40 
LU 

I 
3600 

_L I 
5600 

FIG. 

4000 4400 4800 5200 

WAVELENGTH A 
7-6 Excitation spectra of Z n ( S , S e ) i I j M n 

at 3 0 0 ° K . 



T 1 1 1 r 

(J) 100 at 7 . S 

80 or 

GO 
or. 

60 

CO 

LU 

AO 

3600 4000 4400 4800 5200 5600 

WAVELENGTH (A) 

FIG.7-7 Excitation spectra of Z n ( S , S e ) i I . M n at 

8 5 ° K 



- 109 -

6 6 4 4 6 6 4 4 
A i ( s) - ( D) and ( S) - E( D) r e s p e c t i v e l y . By making a compari­

son w i t h the e x c i t a t i o n band s t r u c t u r e observed i n ZnS:Mn, the bands 

observed a t 5340 8, 5030 A* and 4650 X i n ZnSe:Mn can be ascribed t o the 
6 6 4 4 6 6 4 4 6 6 4 4 4 t r a n s i t i o n s A ( S) - T j ( G) f Aj ( S) - ( G) and A j ( S) - ( A , E) ( G) 

r e s p e c t i v e l y . This i s i n agreement w i t h the o p t i c a l absorption work o f 

Langer and Richter (1966) on melt-grown c r y s t a l s o f ZnSe:Mn. 

The s i m i l a r i t y of the e x c i t a t i o n spectra throughout the range o f 
2+ 

Zn(S,Se):I,Mn mixed c r y s t a l s i m p l i e s t h a t the Mn i o n occupies a t e t r a -

h e d r a l l y coordinated s u b s t i t u t i o n a l s i t e f o r a l l compositions, and t h a t 

the c r y s t a l f i e l d s p l i t t i n g energies of ZnS and ZnSe are approximately 

equal. A l l e n (1963) has reported the values of the c r y s t a l f i e l d para­

meter, D̂ , f o r V"*+ i n ZnS and ZnSe as being 550 cm * and 515 cm *, 

r e s p e c t i v e l y , which would tend t o agree w i t h t h i s suggestion. Since the 

5350 X e x c i t a t i o n band i s observed i n a l l the samples, t h i s confirms t h a t 

the emission st i m u l a t e d by r a d i a t i o n of t h i s wavelength i s due to the 

i n c o r p o r a t i o n o f manganese. 

7.2.3 Photoconductivity o f Zn(S,Se):I,Mn 

Measurements were also made o f the s p e c t r a l response o f the photo­

c o n d u c t i v i t y f o r the range of manganese doped mixed c r y s t a l s . Samples 

were c u t i n t o rectangular bars 5 m m x 2 m m x 2 m m , and prepared by etching 

i n a s o l u t i o n of bromine/methanol f o l l o w e d by washing i n carbon d i s u l p h i d e 

and cleaving o f the end faces. Contacts were made t o the samples by 

a l l o y i n g p e l l e t s of indium i n t o the cleaved surfaces i n an atmosphere o f 

argon. The curves showing the photoconductive responses i n Figures 7.8 

and 7.9, a t room temperature and 85 K r e s p e c t i v e l y , have been c o r r e c t e d 

f o r the s p e c t r a l d i s t r i b u t i o n o f the e x c i t a t i o n source and have been 

normalised. I t was not possible t o measure the photoresponse a t 85 K i n 
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the two samples w i t h sulphur content i n excess o f 60%. This was due 

t o a combination of two e f f e c t s : the high r e s i s t i v i t y o f such samples 

and the f a c t t h a t i t was not possible t o produce ohmic contacts on the 

samples w i t h high sulphur compositions. I t i s evident t h a t there i s 

considerable s t r u c t u r e i n the photoconductive s p e c t r a l response of the 

manganese-doped samples:951 ZnS_ ,Sen . :I,Mn, and an undoped sample w i t h 

the same sulphur-selenium composition, 954 ZnS ,Se. . :I, are shown super-
0.6 0.4 

imposed i n Figure 7.10. The undoped sample has a sharp high-energy band 

peaking at 3890 8 (3.186 eV),with a broad low energy shoulder. I n com­

paris o n the sample co n t a i n i n g manganese shows a s i m i l a r sharp high-energy 

peak a t 3880 8 (3.195 eV) w i t h bands on the low energy side a t 4220 8 

(2.935 eV), 4450 8 (2.785 eV), 4740 8 (2.615 eV) and 4910 8 (2.525 eV) . 

The p o s i t i o n s of the maxima and minima i n the p h o t o c o n d u c t i v i t y measured 

a t 85 K are l i s t e d i n Table 7.3 and are compared w i t h the e x c i t a t i o n bands 

observed i n the same sample. The high energy peak observed a t ~3890 8 

i n the e x c i t a t i o n spectra also appears as a maximum i n the photoconduc­

t i v i t y f o r both the undoped and manganese-doped samples of the same com­

p o s i t i o n . This peak can be a t t r i b u t e d t o a band-to-band t r a n s i t i o n p r o ­

ducing f r e e e l ectron-hole p a i r s . A comparison between the e x c i t a t i o n 
and p h o t o c o n d u c t i v i t y spectra f o r the lower energy bands observed i n the 

2+ 

Mn doped c r y s t a l shows a close agreement between the e x c i t a t i o n band 

maxima and the p h o t o c o n d u c t i v i t y minima. The sho r t wavelength d i p i n the 

photocurrent at 4050 8 (3.06 eV) i s thought t o correspond t o the e x c i t a ­

t i o n band which i s observed a t 3920 8 (3.16 eV) i n ZnS:Mn. The apparent 

p o s i t i o n of the p h o t o c o n d u c t i v i t y minimum may be s l i g h t l y displaced 

because of the p r o x i m i t y of the absorption edge a t ~3880 8 i n the mixed 

c r y s t a l . I t i s suggested t h a t the p h o t o c o n d u c t i v i t y response o f manganese-2+ doped samples i s a r e s u l t o f the l o c a l i s e d t r a n s i t i o n s w i t h i n the Mn 
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TABLE 7.3 

COMPARISON OF EXCITATION AND PHOTOCONDUCTIVITY 
BANDS OBSERVED IN Zn(S,Se) 

Sample: No. 951 ZnS„ ^Se„ a:I,Mn 
0.6 0.4 

Temperature: 85 K 

E x c i t a t i o n 
Band Peaks 

Photoconductivity 
Maxima 

Photoconductivity 
Minima 

8 eV 8 eV 8 eV 

5330 2.325 4910 2.525 5350 2.317 

4960 2.500 4740 2.615 4980 2.490 

4650 2.665 4450 2.785 4680 2.650 

4300 2.885 4220 2.935 4280 2.900 

3920 3.162 - - 4050 3.060 

3890 3.190 3880 3.195 

Sample: No. 954 ZnS- ,Se„ . : I * 0.6 0.4 
Temperature: 85 K 

E x c i t a t i o n 
Band Peaks 

Photoconductivity ! 
Maxima * 

8 eV 8 eV ! 
i 

4220 2.935 

3890 3.190 

i 

3890 3.190 
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i o n s e l e c t i v e l y absorbing p a r t i c u l a r bands of r a d i a t i o n ; the energy 

absorbed by the i o n i s then not a v a i l a b l e f o r the generation o f photo-

c a r r i e r s and i s subsequently released i n a r a d i a t i v e t r a n s i t i o n t o the 

ground s t a t e . There seems t o be no support f o r the p o s s i b i l i t y t h a t a 
2+ 

l o c a l i s e d e l e c t r o n i n an e x c i t e d s t a t e of the Mn i o n can become auto-

i o n i z e d t o the conduction band and thereby c o n t r i b u t e t o the phptocurrent. 

This would produce c o i n c i d e n t maxima i n the e x c i t a t i o n and photoconduc­

t i v i t y spectra. 

The p h o t o c o n d u c t i v i t y spectra, shown i n Figures 7.8 and 7.9, 

each contain a major s h o r t wavelength peak associated w i t h the generation 

of f r e e c a r r i e r s by band-to-band t r a n s i t i o n s , w i t h s t r u c t u r e on the low 
2+ 

energy side associated w i t h absorption w i t h i n the Mn i o n . The energies 
of the s h o r t wavelength peaks and o f the minima p o s s i b l y associated w i t h 

2+ 

Mn i o n absorption are l i s t e d i n Table 7.4. The data show t h a t the high 

energy peak s h i f t s t o shorter wavelength when the samples are cooled t o 

85 K, w h i l s t the p o s i t i o n s of the low energy minima are unaffected. As the 

P r o p o r t i o n o f sulphur i n the c r y s t a l s i s increased, the absorption edge 

s h i f t s t o higher energy and more s t r u c t u r e can be resolved a t s h o r t e r wave­

lengths. This r e s u l t p a r a l l e l s t h a t observed i n the e x c i t a t i o n spectra, 

where the higher energy t r a n s i t i o n s become apparent as the sulphur content 

i n the mixed c r y s t a l s i s increased. C r y s t a l s w i t h d i f f e r e n t compositions 

showed a good correspondence between the p o s i t i o n s o f the observed minima 

i n the p h o t o c o n d u c t i v i t y . I n the whole range o f Zn(S,Se):I,Mn c r y s t a l s , 

the measured p h o t o c o n d u c t i v i t y i s modified by the absorption and emission 
2+ 

of r a d i a t i o n w i t h i n the Mn i o n . Since the e l e c t r o n i c t r a n s i t i o n s are 
2+ 

confined t o the Mn i o n and do not i n v o l v e i o n i z a t i o n t o the conduction 

band, i t was not possible t o determine the p o s i t i o n s of the energy l e v e l s 

o f the ion w i t h respect t o the band edge. 



TABLE 7.4 

PHOTOCONDUCTIVITY BANDS OF Zn(S,Se):I rMn CRYSTALS 

'
 1 

Sample ZnSe ZnS_ .Se. . 0.4 0.6 ZnS_ ,Se_ . 0.6 0.4 Z n S 0 . 8 S e 0 . 2 ZnS 

Temperature 300 K 85 K 300 K 85 K 300 K 85 K 300 K 85 K 300 K 85 K 
High Energy 
Peak 8 4720 4520 4310 4150 4070 3940 3650 

Low 
Energy 
Minima 

(8) 

4050 4100 3990 
Low 

Energy 
Minima 

(8) 

4350 4320 4350 4350 

Low 
Energy 
Minima 

(8) 

4600 4700 4670 4670 4700 

Low 
Energy 
Minima 

(8) 

5050 5050 4900 5050 5100 5050 

Low 
Energy 
Minima 

(8) 

5350 
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7.3 Copper doped Zn(S,Se):Mn 

Copper was introduced i n t o the manganese-doped mixed c r y s t a l s 

i n order t o study i t s e f f e c t on the luminescence. To d i f f u s e copper 

i n t o the c r y s t a l s samples grown by the i o d i n e - t r a n s p o r t technique were 
o 

annealed f o r a p e r i o d o f 5 days a t 850 C i n a s o l u t i o n of zinc c o n t a i n i n g 

10% by weight o f copper. A f t e r t h i s annealing, the body colour o f the 

c r y s t a l o f ZnSe:Mn changed from orange t o b r i g h t red, but the colours of 

the c r y s t a l s o f ZnS- ,Se. , :Mn and ZnS:Mn s i m i l a r l y t r e a t e d , remained 
U. b U. 4 

orange and pale orange r e s p e c t i v e l y . The c r y s t a l s which were t r e a t e d i n 

zinc/copper were cut from the same boules used i n the experiments des­

cr i b e d i n the previous sections so t h a t the r e s u l t s obtained could be 

compared d i r e c t l y . A few c r y s t a l s were grown by the vapour phase method 

w i t h copper added t o the charge; measurements made on these samples are 

also included. 

7.3.1 Photoluminescence of Zn(S,Se)I,Mn,Cu,Zn 

The photoluminescence of c r y s t a l s o f Zn(S,Se):Z,Mn annealed i n 

zinc/copper i s shown i n Figure 7.11. The e x c i t a t i o n was provided by a 

3650 8 u l t r a - v i o l e t r a d i a t i o n source. At 85 K, the emission band maxima 

were observed a t 5860 8 (2.115 eV), 6000 8 (2.066 eV) and 6400 8 

(1.937 eV) i n ZnS,ZnS_ ,Se_ . and ZnSe r e s p e c t i v e l y ; i n the samples con-

t a i n i n g some sulphur a shoulder was observed on the sh o r t wavelength side 

o f the main emission band. On r a i s i n g the temperature t o 300 K , the 

emission bands broadened and s h i f t e d t o 5850 8 (2.119 eV) , 5910 8 

(2.098 eV) and 6500 8 (1.907 eV), r e s p e c t i v e l y . The wavelengths of the 

emission bands and t h e i r s h i f t s w i t h temperature are i n close agreement 

w i t h the r e s u l t s obtained w i t h the unannealed samples. The s h o r t wave­

length shoulders are a t t r i b u t e d t o the presence of copper; i t was shown 
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i n Chapter 6 t h a t copper gives emission bands a t 5320 8 (2.33 eV) , 

5950 8 (2.09 eV) and 6400 8 (1.94 eV) i n ZnS,ZnS,, rSe„ . and ZnSe. 
U.fo (J. 4 

The luminescence under e x c i t a t i o n by 5300 8 r a d i a t i o n i s shown 

i n Figure 7.12. I t was not possible t o measure the emission f r o n the 

c r y s t a l of ZnS„ ,-Se.. . a t 300 K because o f the low l e v e l of the lumin-0.6 0.4 
escence. With the c r y s t a l s of ZnS and ZnS„ ^Se„ „ the emission peaks 

0.6 0.4 c 

occurred a t 5870 8 (2.112 eV) and 6050 8 (2.049 eV) r e s p e c t i v e l y and the 

short wavelength shoulders were no longer apparent. These r e s u l t s agree 

w i t h the measurements made on the c r y s t a l s which were not doped w i t h 

copper, and i n d i c a t e t h a t manganese i s s t i l l present i n the samples and 

dominates the emission. I n the c r y s t a l of ZnSe:I,Mn(Cu+Zn) the emission 

was located a t 6500 8 (1.907 eV) a t 300 K s h i f t i n g t o 6450 8 (1.922 eV) 

on cooling t o 85 K. This band i s not comparable w i t h t h a t observed a t 

5850 8 (2.119 eV) i n the sample o f ZnSe:I,Mn under 5300 8 e x c i t a t i o n , 

but i s s i m i l a r i n p o s i t i o n t o the low energy copper emission which occurs 

a t 6400 8 (1.937 eV). Atomic absorption spectroscopy has shown t h a t 

t r e a t i n g samples o f ZnSe:Mn i n zinc has no e f f e c t on the manganese content. 

The r e s u l t s suggest t h a t annealing the manganese-doped mixed 

c r y s t a l s i n zinc/copper has the e f f e c t of i n c o r p o r a t i n g copper i n the 

samples, causing the a d d i t i o n a l appearance o f the low energy copper 

emission i n c r y s t a l s c o n t a i n i n g some sulphur. With ZnSe:I,Mn, however, 

the manganese emission was no longer apparent a f t e r treatment i n z i n c / 

copper and the low energy copper-emission dominated the emission even 

when 5300 8 r a d i a t i o n l y i n g e n t i r e l y w i t h i n a c h a r a c t e r i s t i c manganese 

band was used as e x c i t a t i o n . An explanation f o r t h i s behaviour w i l l be 

o f f e r e d l a t e r , but i t i s worth n o t i n g t h a t the copper emission l i e s a t a 

higher energy than t h a t of the manganese emission i n both c r y s t a l s con­

t a i n i n g some sulphur. 
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7.3.2 E x c i t a t i o n S p e c t r a 

The e x c i t a t i o n s p e c t r a of the manganese doped mixed c r y s t a l s t h a t 

had been annealed i n zinc/copper were next examined, and the r e s u l t s com­

pared with those f o r the u n t r e a t e d c r y s t a l s . The e x c i t a t i o n s p e c t r a a t 

room temperature and 85 K are shown i n F i g u r e s 7.13 and 7.14 r e s p e c t i v e l y . 

The v a r i a b l e i n t e r f e r e n c e f i l t e r used t o i s o l a t e the emission was optimised 

on the observed emission maximum, and f o r the sample of ZnSe was i i d d i t i o n -

a l l y c e n t r e d on the wavelength a t which the manganese emission should 

appear a t ~ 5800 8 . 

The c r y s t a l s of ZnS and ZnS. ,Se„ „ showed f i v e bands of e x c i t a -
0.6 0.4 

t i o n when the manganese emission was monitored a t 5850 8. The e x c i t a t i o n 

bands a t 85 K were a t 5370 8 (2.308 e V ) , 4980 8 (2.489 eV) , 4650 8 

(2.666 eV), 4350 8 (2.850 eV) and 3920 8 (3.162 eV) . These wavelengths 

a r e very s i m i l a r to those of the e x c i t a t i o n bands of the unannealed man­

ganese doped c r y s t a l s . T h i s confirms t h a t manganese i s s t i l l p r e s e n t i n 

the samples following the treatment i n zinc/copper. The e x c i t a t i o n bands 

were not so w e l l defined a f t e r the annealing treatment, and some only 

became apparent a f t e r the sample was cooled to 85 K. T h i s may have been 

due to the f a c t t h a t the e f f i c i e n c y of the manganese emission i s reduced 

i n the presence of copper and s e l f - a c t i v a t e d recombination c e n t r e s . With 

the t r e a t e d sample of ZnSe:I,Mn, the e x c i t a t i o n s p e c t r a were measured w h i l e 

the emission was monitored a t both 5800 8 and 6300 8, F i g u r e s 7.13 and 

7.14. The e x c i t a t i o n s p e c t r a e x h i b i t e d a g r e a t d e a l of s t r u c t u r e when 

the sample was cooled to 85 K; the wavelengths and e n e r g i e s of the e x c i ­

t a t i o n peaks are given i n Table 7.5 and are compared with those measured 

i n the u n t r e a t e d c r y s t a l . Monitoring both the manganese emission a t 

5800 8 and the low energy copper emission a t 6300 8 g i v e s e x c i t a t i o n bands 

i n approximately the same p o s i t i o n s a t 5350 8 (2.317 eV), 5070 8 (2.445 eV) 
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TABLE 7.5 

EXCITATION BANDS OBSERVED IN ZnSe:I,Mn 

AND ZnSe:I fMn,Cu,Zn AT 85 K 

Sample ZnSe:I,Mn ZnSe : I, Mn,Cu,Zn 

Monitoring 5800 8 5800 8 6400 8 

5320 5350 

5040 5100 5070 
P o s i t i o n of 

e x c i t a t i o n 4850 4970 

band 8 
4650 4700 4650 

4460 4510 
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and 4650 8 (2.666 eV). These bands l i e a t wavelengths c l o s e to those of 

the f i r s t three manganese e x c i t a t i o n hands observed i n the untreated 

sample of ZnSe:I,Mn. There appears to be an a d d i t i o n a l band a t 4070 8 

(2.545 eV), and the 6300 X emission can a l s o be e x c i t e d i n a band c l o s e 

to the energy gap. The emission band a t 6300 8 dominates the luminescence 

i n the ZnSe c r y s t a l t r e a t e d i n zinc/copper and the emission i s s u f f i c ­

i e n t l y broad to o v e r l a p any band a t 5800 X. The e x c i t a t i o n band a t 4870 8 

may be e q u i v a l e n t to the band observed a t ~4900 8 i n undoped c r y s t a l s 

which has been reported i n Chapter 5. T h i s e x c i t a t i o n band was a s s o c i a t e d 

w i t h the s e l f - a c t i v a t e d luminescence from iodine-doped ZnSe and compares 

w e l l w i t h the band a t 4880 8 reported by Jones and Woods (1974) i n ZnSe:I 

t r e a t e d i n z i n c . 

From these r e s u l t s i t would appear t h a t the c r y s t a l s of ZnS:I,Mn 

and ZnS ,Se,. :I,Mn t r e a t e d i n zinc/copper show the same e x c i t a t i o n 0 . 6 0 . 4 

s p e c t r a as those reported i n S e c t i o n 7.2.2 f o r the unannealed samples. 

However, f o r ZnSe:I,Mn,Cu,Zn, i n which both the s e l f - a c t i v a t e d and 'low 

energy copper' emissions have s m a l l e r e n e r g i e s than the manganese emission 

the r e s u l t s are q u i t e d i f f e r e n t . I n these c r y s t a l s the c h a r a c t e r i s t i c 
2+ 

Mn emission i s no longer apparent and i s r e p l a c e d by a long wavelength 

band a t 6400 X; monitoring t h i s band r e v e a l s an e x c i t a t i o n spectrum very 

s i m i l a r to t h a t observed f o r the manganese emission i n the untreated 

c r y s t a l s . 

7.4 C r y s t a l s without i o d i n e 

C r y s t a l s of z i n c s e l e n i d e grown using the v e r t i c a l furnace t e c h ­

nique were examined s i n c e they contained no i o d i n e . Undoped and manganese 

doped samples were t r e a t e d i n z i n c p l u s 10% by weight of copper and the 

r e s u l t s compared. Both undoped and doped c r y s t a l s showed a s i n g l e band 
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of luminescence a t ^ 6400 8 w i t h h a l f - w i d t h 0.25 eV when e x c i t e d with 

3650 8 u l t r a - v i o l e t r a d i a t i o n . Samples produced by t h i s technique were 

doped w i t h manganese by i n t r o d u c i n g i t as the c h l o r i d e i n t o the growth 

tube. The c o n c e n t r a t i o n of manganese which could be introduced by t h i s 

method was l i m i t e d to ~1000 ppm compared w i t h up to 1% i n c r y s t a l s grown 

by the i o d i n e t r a n s p o r t method. The e x c i t a t i o n s p e c t r a of ZnSe:Cu,Zn 

and ZnSe:Mn,Cl,Cu,Zn are shown i n F i g u r e 7.15 measured w h i l e monitoring 

the copper emission a t 6400 8 and the Mn^+ emission a t 5800 8. The 

c r y s t a l without manganese shows a broad band of e x c i t a t i o n extending from 

the band-edge a t ~4550 8 to ~5440 8 f o r the copper emission a t 6400 8. 

By comparison the e x c i t a t i o n s p e c t r a f o r the manganese doped c r y s t a l , 

monitoring 6400 8, show a number of bands a t 85 K w i t h peaks a t 4520 8 

(2.74 eV), 4880 8 (2.54 eV), 5150 8 (2.41 eV) and a shoulder a t ~5400 8 

(2.30 e V ) ; monitoring a t 5800 8 r e v e a l s a broad band peaking a t ~4650 8 

(2.66 eV) with a s m a l l shoulder a t ~ 5 1 20 8 (2.42 eV) . These bands l i e 

a t wavelengths c l o s e to those f o r bands observed i n ZnSe:I,Mn. The 

nature of the e x c i t a t i o n bands w i l l be d i s c u s s e d more f u l l y l a t e r , however 

i t i s worth noting t h a t the s t r u c t u r e i n the e x c i t a t i o n spectrum was only 

observed i n the c r y s t a l c o n t a i n i n g manganese when the emission a t 6400 8 

was monitored. 

7.5 ZnSe:Mn annealed i n z i n c and selenium 

The method of i n t r o d u c i n g copper i n t o the c r y s t a l s d i s c u s s e d i n 

the p r e v i o u s s e c t i o n s , was to anneal the samples i n a s o l u t i o n of z i n c 

c o n t a i n i n g 10% by weight of copper. The e f f e c t of h e a t i n g c r y s t a l s of z i n c 

s e l e n i d e i n l i q u i d z i n c alone i s to i n c r e a s e the e l e c t r i c a l c o n d u c t i v i t y 

by s e v e r a l o r ders of magnitude by d e c r e a s i n g the c o n c e n t r a t i o n of acceptors 

a s s o c i a t e d with i m p u r i t i e s and z i n c v a c a n c i e s . I t was f e l t , t h e r e f o r e , 
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t h a t the method of doping might be producing e f f e c t s more a t t r i b u t a b l e 

to the heating i n z i n c than to the doping with copper. I n order to examine 

t h i s , a c r y s t a l of z i n c s e l e n i d e doped with manganese was annealed i n z i n c 

alone and the c r y s t a l of ZnSe:I,Mn,Cu,Zn was re-annealed i n selenium s i n c e 

i t has been shown (Aven and Woodbury 1962) t h a t t h i s r e v e r s e s the e f f e c t 

of treatment i n z i n c . 

The photoluminescence emission s p e c t r a f o r these c r y s t a l s under 

3650 8 e x c i t a t i o n a r e shown i n F i g u r e 7.16. The copper doped sample had 

an emission band a t 6500 8 (1.91 eV) and a h a l f - w i d t h of 0.23 eV; t h i s 

i s v ery s i m i l a r to the emission observed i n the c r y s t a l of ZnSe:I,Mn,Cu,Zn 

which had not been annealed i n selenium. The z i n c t r e a t e d , manganese-

doped c r y s t a l shows a band of emission peaking a t 6200 8 (2.00 eV) with 

a h a l f - w i d t h of 0.28 eV which i s s i m i l a r to the emission observed i n s e l f -

a c t i v a t e d c r y s t a l s . Because of the low i n t e n s i t y of the emission, i t was 

not p o s s i b l e to measure the emission s p e c t r a e x c i t e d by 5300 8 r a d i a t i o n . 

The e x c i t a t i o n s p e c t r a J:"or these c r y s t a l s , measured w h i l e monitoring the 
2+ 

observed emission maxima and the wavelength p o s i t i o n of the Mn emission 

a t 5800 8, are shown i n F i g u r e 7.17. The c r y s t a l of ZnSe:I,Mn annealed 

i n z i n c shows a broad band of e x c i t a t i o n a t ~ 4 7 00 8 (2.64 eV) w i t h a 

s m a l l shoulder a t 5150 8 (2.41 eV). T h i s compares w e l l w i t h the e x c i t a ­

t i o n s p e c t r a f o r the 5800 8 emission band i n the c r y s t a l of ZnSe:Cl,Mn,Cu,Zn. 

Monitoring the red emission i n the c r y s t a l of ZnSe:I,Mn,Cu,Zn annealed i n 

selenium g i v e s an e x c i t a t i o n band a t 4500 8 (2.75 eV), c l o s e to the band 

edge, w i t h bands a t 4800 8 (2.58 eV), 5180 8 (2.39 eV) and a shoulder a t 

~5400 8 (2.30 eV) measured a t 85 K. Monitoring the Mn^+ emission a t 

5800 8 g i v e s bands a t 4680 8 (2.65 eV) and 5030 8 (2.46 eV) . Comparing 

the measurements on t h i s c r y s t a l before and a f t e r treatment i n selenium, 

i t would appear t h a t the i n t e n s i t y of the manganese emission d i m i n i s h e s 
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on annealing i n z i n c and t h a t the c h a r a c t e r i s t i c e x c i t a t i o n becomes l e s s 

d i s t i n c t } however, annealing i n selenium r e v e r s e s t h i s e f f e c t and 

r e s t o r e s the emission almost t o i t s o r i g i n a l l e v e l . 

The e f f e c t of heating the c r y s t a l s of ZnSe:Mn.in (a) z i n c , or 

(b) zinc/copper i s to e l i m i n a t e the manganese emission band and r e p l a c e 

i t w i t h the s e l f - a c t i v a t e d emission a t 6150 8 or the low energy copper 

emission a t 6400 8 r e s p e c t i v e l y . Monitoring the emission a t the wavelength 

of the manganese band i n the t r e a t e d c r y s t a l s r e v e a l s bands of e x c i t a t i o n 

a t ~4700 8 and ~5100 8. Annealing a z i n c - t r e a t e d c r y s t a l of ZnSe:Mn 
2+ 

i n selenium causes the Mn e x c i t a t i o n bands to become more d i s t i n c t a t 

4680 8 and 5030 8. When the s e l f - a c t i v a t e d emission band a t 6150 8 i n the 

c r y s t a l of ZnSe:I,Mn,Zn i s monitored, an e x c i t a t i o n spectrum i s r e v e a l e d 

which i s s i m i l a r to t h a t observed w h i l e monitoring the manganese emission 

i n z i n c - t r e a t e d c r y s t a l s . The e x c i t a t i o n spectrum for the 64,30 8 copper 

emission from ZnSe:Mn,Cu,Zn shows four bands a t approximately 4550, 4850, 

5100 and 5400 8. 

7.6 D i s c u s s i o n 

The purpose of the work reported i n t h i s chapter was to examine 

the p r o p e r t i e s of manganese-doped c r y s t a l s of Zn(S,Se) throughout the 

whole range of composition. E x c i t i n g the manganese-doped c r y s t a l s w i t h 

u l t r a - v i o l e t r a d i a t i o n ( X = 3650 8) causes the Mn^+ emission to be masked 

by the s e l f - a c t i v a t e d emission band i n c r y s t a l s w i t h a low sulphur content. 

T h i s could be a t t r i b u t e d to the f a c t t h a t the energy of the e x c i t i n g r a d i a ­

t i o n i s g r e a t e r than the band-gap energy up to a composition of ~ 60% 

sul p h u r . The band-gap f o r ZnS^ g S eQ 4 ̂ s approximately 3.35 eV compared 

w i t h an energy of 3.40 eV f o r 3650 8 r a d i a t i o n . However, i f the samples 

are e x c i t e d by 5300 8 r a d i a t i o n i n the f i r s t a b s o r p t i o n band of the Mn^+ 
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i o n , an orange band i s observed a t 5850 £ i n ZnSe and 5860 A* i n ZnS. 

The h a l f - w i d t h of t h i s emission i s 0.15 eV throughout the range of com­

p o s i t i o n and i s much narrower than the bands a s s o c i a t e d w i t h s e l f -

a c t i v a t e d or copper emissions; t h i s luminescence can be unambiguously 
2+ 

a t t r i b u t e d to the c h a r a c t e r i s t i c Mn emission. The wavelength of the 
2+ 

Mn emission band p a s s e s through a minimum energy when the composition 
of the c r y s t a l i s v a r i e d , s h i f t i n g to 5990 8 i n ZnS^ -jSeQ 3- T h i s has 

2+ 
been e x p l a i n e d (Asano e t a l 1968) on the b a s i s t h a t the Mn i o n i s s u r -

2- 2-

rounded by v a r i o u s combinations of S and Se i o n s as the composition 

of the mixed c r y s t a l changes, thus a l t e r i n g the c r y s t a l l i n e f i e l d which 

causes the s p l i t t i n g of the manganese l e v e l s . 

There i s a marked s i m i l a r i t y between the e x c i t a t i o n s p e c t r a of the 

manganese emission i n a l l the mixed c r y s t a l s ; three bands are observed 

i n ZnSe:Mn a t 4650, 5030 and 5340 8 and these bands appear i n the whole 

range of compositions. As the absorption edge s h i f t s from 2.7 eV i n 

ZnSe to 3.7 eV i n ZnS, a d d i t i o n a l bands become apparent i n the e x c i t a ­

t i o n s p e c t r a . I n ZnS:Mn f i v e peaks can be observed a t 3920, 4320, 4650, 

5000 and 5350 X. The lowest energy e x c i t a t i o n band does not change i n 

p o s i t i o n , but the higher energy bands s h i f t s l i g h t l y to s h o r t e r wave­

lengths when the p r o p o r t i o n of sulphur i s i n c r e a s e d . The s i m i l a r i t y of 
2+ 

the e x c i t a t i o n s p e c t r a i n d i c a t e s t h a t the Mn i o n o c c u p i e s a t e t r a -

h e d r a l l y coordinated s u b s t i t u t i o n a l s i t e throughout the range of com­

p o s i t i o n , but the c r y s t a l f i e l d s p l i t t i n g i n c r e a s e s m a r g i n a l l y i n going 

from ZnSe to ZnS. Cooling a sample from room temperature to 85 K causes 

the e x c i t a t i o n spectrum to become more s h a r p l y d e f i n e d , however the 

p o s i t i o n s of the peaks do not a l t e r . T h i s suggests t h a t the v a r i a t i o n 

of the manganese emission band energy w i t h composition and; w i t h tem­

p e r a t u r e cannot be s o l e l y e x p l a i n e d by a change i n the c r y s t a l f i e l d 
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surrounding the Mn i o n . 

An examination of the p h o t o c o n d u c t i v i t y s p e c t r a f o r the manganese 

doped c r y s t a l s r e v e a l s a number of peaks i n the response which are only 

observed i n the samples containing manganese. The photocurrent tends to 

be dominated by e x c i t a t i o n a c r o s s the band-gap but t h e r e are a number of 

bands a t longer wavelengths which remain f i x e d i n p o s i t i o n when the com­

p o s i t i o n of the samples i s v a r i e d . A comparison i n d i c a t e s t h a t the 

p o s i t i o n s of the minima i n photocurrent agree with the maxima i n the 
2+ 

absorption by the Mn i o n . I t i s suggested t h a t t h i s absorption of rad­

i a t i o n , which l e a d s to photoluminescence, i s superimposed on the i n t r i n s i c 

production of p h o t o - c a r r i e r s w i t h i n the c r y s t a l g i v i n g r i s e to the observed 

s p e c t r a . Since the e x c i t a t i o n of the manganese ion d i d not l e a d to the 

production of f r e e - c a r r i e r s , i t was not p o s s i b l e to determine the p o s i t i o n 
2+ 

of the Mn ground s t a t e i n the range of mixed c r y s t a l s . 

Copper was d e l i b e r a t e l y introduced i n t o manganese-doped c r y s t a l s 

to examine i t s i n f l u e n c e on the emission s i n c e the metal i s an important 

contaminant i n our samples. The e f f e c t of t r e a t i n g c r y s t a l s of ZnS and 

ZnSg 6
S e Q 4 a s o l u t i o n of z i n c p l u s copper i s to superimpose the low 

2+ 

energy copper emission on the c h a r a c t e r i s t i c Mn emission; the manganese 

band s t i l l dominates the luminescence and the e x c i t a t i o n s p e c t r a f o r t h i s 

e mission i s u n a f f e c t e d . T r e a t i n g ZnSe i n z i n c or zinc/copper causes the 

emission to be r e p l a c e d by the s e l f - a c t i v a t e d and low energy copper band 

r e s p e c t i v e l y . Subsequent annealing of a z i n c t r e a t e d c r y s t a l i n selenium 

causes the manganese emission to reappear as can be demonstrated by 

examining the e x c i t a t i o n s p e c t r a . The annealing treatment i n z i n c or 

zinc/copper i n c r e a s e s the c o n d u c t i v i t y o f the c r y s t a l s a t the same time 

as i n c r e a s i n g the number of s e l f - a c t i v a t e d and copper c e n t r e s r e s p e c t i v e l y . 

A l l e n e t a l (1973) and Jones and Woods (1973) have suggested t h a t the 
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manganese emission i n ZnSe cannot be e x c i t e d i n the presence of a l a r g e 

c o n c e n t r a t i o n of f r e e e l e c t r o n s because Auger p r o c e s s e s quench the emission 

S i n c e the c o n d u c t i v i t y of the c r y s t a l s d e c r e a s e s with the i n c r e a s e i n the 

proportion of sulphur, t h i s model could be used to e x p l a i n the f a c t t h a t 
2+ 

the Mn emission i s not quenched i n the samples of ZnS and ZnSg gSeg ^ on 

the b a s i s t h a t the c o n c e n t r a t i o n of f r e e e l e c t r o n s i s not high enough. 
2+ 

An a l t e r n a t i v e suggestion i s t h a t the Mn emission i s quenched as a r e s u l t 

of competitive r a d i a t i v e t r a n s i t i o n s to the s e l f - a c t i v a t e d and copper c e n t r e s 

These c e n t r e s s h i f t to h i g h e r e n e r g i e s when the p r o p o r t i o n of sulphur i s 

i n c r e a s e d and i n both ZnS and ZnS Q gSe Q 4 have e n e r g i e s higher than the 

manganese emission. An examination of the e x c i t a t i o n s p e c t r a f o r ZnSe, 

measured w h i l e monitoring the copper emission a t 6400 8, r e v e a l s a number 

of bands a t 4520, 4650, 4870, 5070 and 5350 8; t h r e e of these bands show 
2+ 

a good correspondence w i t h the e x c i t a t i o n bands of the Mn emission. I n 

a d d i t i o n , the 4520 8 band i s a t t r i b u t e d to e x c i t a t i o n a c r o s s the energy 

gap and the 4870 8 band i s a s s o c i a t e d w i t h the e x c i t a t i o n of the s e l f -

a c t i v a t e d emission. I t i s not p o s s i b l e to determine c o n c l u s i v e l y whether 

the quenching of the manganese emission i n z i n c - t r e a t e d ZnSe i s due to 

d e - e x c i t a t i o n by Auger p r o c e s s e s or by r a d i a t i v e p r o c e s s e s . Indeed both 

p r o c e s s e s may be o p e r a t i v e . I t might be p o s s i b l e to e s t a b l i s h the 

e f f e c t i v e n e s s of each quenching p r o c e s s by making a c a r e f u l study of the 

e f f e c t of i n c r e a s i n g c o n d u c t i v i t y on the manganese emission. 
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CHAPTER 8 

CONCLUSION 

8.1 Summary of r e s u l t s 

The purpose of t h i s work was to examine the luminescence p r o c e s s e s 

i n the mixed a l l o y s of z i n c s u l p h o - s e l e n i d e and to r e l a t e these t r a n s i ­

t i o n s to those observed i n ZnS and ZnSe. I t has been e x p l a i n e d t h a t the 

luminescence i n ZnS has r e c e i v e d a g r e a t d e a l of a t t e n t i o n and t h e o r i e s 

have been put forward to d e s c r i b e many of the emission c e n t r e s t h a t are 

observed. ZnSe has r e c e i v e d much l e s s a t t e n t i o n , but many of the emission 

c e n t r e s p r e s e n t have been e s t a b l i s h e d and d e s c r i b e d by analogy w i t h those 

observed i n ZnS. The whole range of Zn(S,Se) mixed a l l o y s has r e c e i v e d 

l i t t l e a t t e n t i o n i n s p i t e of the f a c t t h a t these compounds cover a range 

of band-gaps v a r y i n g i n energy from the red to the b l u e . The i n t e r e s t i n 

examining these m a t e r i a l s stems from the p o s s i b i l i t y o f using them for the 

production of e l e c t r o l u m i n e s c e n t d e v i c e s . 

The c r y s t a l s examined during the course of the p r e s e n t work were grown 

i n t h i s department using the i o d i n e t r a n s p o r t technique; t h i s method was 

used to produce c u b i c s i n g l e c r y s t a l s o f Zn(S,Se) throughout the range of 

composition. I n a d d i t i o n , a few samples were grown by a vapour phase 

technique. T h i s high temperature method produced c u b i c m a t e r i a l f o r com­

p o s i t i o n samples up to 60 a t . % sulphur, but above t h i s the samples were 

u s u a l l y hexagonal i n s t r u c t u r e . Doped c r y s t a l s were produced by adding 

i m p u r i t i e s such as manganese and copper during the growth procedure. 

C e r t a i n samples were a l s o h e a t - t r e a t e d i n l i q u i d z i n c ; t h i s technique 

had the e f f e c t of removing i m p u r i t i e s from the as-grown c r y s t a l s and of 
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reducing the c o n c e n t r a t i o n of copper i n the doped c r y s t a l s . 

The photoluminescence of the Z n ( S , S e ) : I mixed c r y s t a l s shows 

c l e a r l y the presence of two d i s t i n c t deep-lying emission bands. T h i s 

c o n t r a s t s markedly w i t h the o b s e r v a t i o n s made on both ZnS and ZnSe samples 

where i t i s only p o s s i b l e to d e t e c t s i n g l e emission bands. I t has been 

c o n c l u s i v e l y e s t a b l i s h e d t h a t these emission bands are not a s s o c i a t e d with 

the presence of copper, and the bands a l s o appear i n samples which have 

been h e a t - t r e a t e d i n l i q u i d z i n c to remove u n i n t e n t i o n a l i m p u r i t i e s . The 

lower energy emission band s h i f t s l i n e a r l y from 2.08 eV (5950 8) i n ZnSe 

t o 2.23 eV (5560 8) i n ZnS Q S e . _ a t 85 K. Above a composition of 60% 
0. o 0.2 

sulphur the higher energy emission can be r e s o l v e d as a separate band} 

t h i s band s h i f t s continuously from 2.38 eV (5200 8) i n ZnS Q g S eQ 4 through 

to 2.59 eV (4780 8) i n ZnS. The p o s i t i o n s of the s i n g l e bands observed 

i n ZnSe and ZnS agree with the r e p o r t s of other workers on the p o s i t i o n s 

of the s e l f - a c t i v a t e d luminescence. Throughout the range of composition, 

the high and low energy bands s h i f t to lower e n e r g i e s when the temperature 

of the samples i s reduced to 85 K} t h i s behaviour i s c o n s i s t e n t with a 

l o c a l i s e d , s e l f - a c t i v a t e d t r a n s i t i o n . 

I t i s concluded t h a t there are two d i s t i n c t s e l f - a c t i v a t e d lumin­

escence p r o c e s s e s i n the z i n c s u l p h o - s e l e n i d e mixed c r y s t a l s . I n ZnS and 

ZnSe, by comparison, there are s i n g l e emission bands, and hence t h e r e i s 

no d i r e c t r e l a t i o n s h i p between the s e l f - a c t i v a t e d band i n ZnSe and t h a t i n 

ZnS. I t has been suggested here t h a t i n t e r s t i t i a l sulphur and selenium may 

c o n t r i b u t e to these two d i s t i n c t c e n t r e s . I n the s e l f - a c t i v a t e d c e n t r e , the 

z i n c vacancy i s coordinated with three n a t i v e anion s i t e s and a s u b s t i t u t i o n a l 

i o d i n e c o a c t i v a t o r i o n . Sulphur or selenium ions i n any combination f i l l 

the anion s i t e s , depending on the composition of the a l l o y , and these 

produce the C^ v symmetry of the c e n t r e ; the s u b s t i t u t i o n a l i o d i n e ion 

d i s p l a c e s a sulphur or selenium ion and c r e a t e s an i n t e r s t i t i a l atom 
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which remains i n the c l o s e proximity and p e r t u r b s the environment of 

the centre thus causing the two d i s t i n c t luminescence c e n t r e s . 

The behaviour of the copper emission i n the Zn(S,Se):Cu system 

c o n t r a s t s markedly with t h a t observed for the s e l f - a c t i v a t e d emission. 

The two copper bands i n ZnS a t 4400 8 (2.82 eV) and 5320 8 (2.33 eV) 

show a continuous s h i f t of p o s i t i o n to 5350 A* (2.32 eV) and 6450 A* 

(1.92 eV) i n ZnSe as the composition of the mixed a l l o y s i s v a r i e d . How­

eve r , the s h i f t i n the energy of the peak p o s i t i o n s becomes more r a p i d 

towards the s u l p h u r - r i c h end. T h i s continuous s h i f t i n the energy of the 

emission bands i s c o n s i s t e n t w i t h a random d i s t r i b u t i o n of sulphur and 

selenium anions around the luminescence c e n t r e , and w i t h the depth of the 

c e n t r e changing as the band-gap of the a l l o y a l t e r s . I t i s concluded 

t h a t the green and blue copper emission bands i n ZnS are d i r e c t l y com­

p a r a b l e w i t h the red and green bands i n ZnSe. 

I n c o n t r a s t t o the s e l f - a c t i v a t e d emission, the 'copper-green' 

and 'copper-blue' emission bands s h i f t to higher energy when the samples 

a r e cooled to 85 K. The 'copper-blue' emission i s apparent i n a l l the 

h i g h l y copper-doped samples a t 85 K and i n the s u l p h u r - r i c h samples a t 

300 K. 

The manganese emission band i n the Zn(S,Se):Mn mixed a l l o y s i s 
2+ 

complicated by the o v e r l a p of other impurity bands. However, the Mn 

emission has been unambiguously i d e n t i f i e d as being c e n t r e d a t 5880 8 

(2.11 eV) i n both ZnS and ZnSe a t 300 K, and i n the v i c i n i t y of 5900 8 

(2.10 eV) throughout the range of composition. On c o o l i n g t o 85 K the 

emission band s h i f t s to 5850 8 (2.12 eV) i n ZnSe and to 5860 A (2.12 eV) 

i n ZnS; i n the mixed a l l o y s the behaviour i s not so c o n s i s t e n t , however 

the emission band remains c l o s e to 5900 8 (2.10 eV). The h a l f - w i d t h s 

of the emission bands reduce from 0.20 eV a t 300 K to 0.15 eV a t 85 K i n 

a l l the samples. These h a l f - w i d t h s are much narrower than are observed 
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fo r copper or s e l f - a c t i v a t e d bands. The e x c i t a t i o n s p e c t r a f o r the man­

ganese emission have a marked s i m i l a r i t y f o r a l l compositions. Three 

bands are observed i n ZnSe:Mn a t 4650 8, 5030 % and 5340 8; as the 

absorp t i o n edge s h i f t s from 2.7 eV i n ZnSe to 3.7 eV i n ZnS, a d d i t i o n a l 

bands become apparent u n t i l f i v e bands are observed i n ZnS:Mn a t 3920 8, 

4320 8, 4650 8, 5000 8 and 5350 8. The e x c i t a t i o n p rocesses occur w i t h i n 

the manganese i o n i t s e l f with t r a n s i t i o n s between the 6A^ ground s t a t e 

and the higher energy l e v e l s of the ion. I t i s concluded from the e x c i t a -
2+ 

t i o n s p e c t r a t h a t the Mn i o n occupies a t e t r a h e d r a l l y coordinated sub­

s t i t u t i o n a l s i t e throughout the range of composition. 

The photoconductivity of manganese-doped mixed c r y s t a l s shows 

c o n s i d e r a b l e s t r u c t u r e , however t h i s appears to be c o n s i s t e n t w i t h a 
2+ 

s e l e c t i v e absorption w i t h i n the Mn i o n producing a luminescence t r a n s ­

i t i o n which i s superimposed on the i n t r i n s i c p h o t oconductivity of the 
2+ 

c r y s t a l . There i s no evidence to suggest t h a t the Mn i o n can be e x c i t e d 

to produce f r e e c a r r i e r s . 

Manganese-doped samples of Zn(S,Se) have been h e a t - t r e a t e d i n 

molten copper/zinc. The e f f e c t of t h i s treatment on samples of both ZnS 
and ZnSg g S eQ ^ *-s t o superimpose the 'copper-green' emission on the 

2+ 

c h a r a c t e r i s t i c Mn*" emission, however t h i s l a t t e r emission s t i l l dominates 

the luminescence. By c o n t r a s t , i n the t r e a t e d sample o f ZnSe the s e l f -

a c t i v a t e d and red copper-emission dominate the luminescence; both these 
2+ 

emissions l i e lower i n energy than the Mn emission. The e x c i t a t i o n 
s p e c t r a f o r the copper emission i n t h i s sample i n d i c a t e : t h a t the copper 

2+ 

band can be e x c i t e d by r a d i a t i o n i n the c h a r a c t e r i s t i c Mn e x c i t a t i o n 

bands. H e a t - t r e a t i n g c r y s t a l s o f Zn(S,Se) i n z i n c has the e f f e c t of 

i n c r e a s i n g the c o n d u c t i v i t y of the samples; A l l e n e t a l (1973) and 
2+ 

Jones and Woods (1973) have suggested t h a t the Mn emission i n ZnSe 
may be quenched i n the presence of a l a r g e c o n c e n t r a t i o n of f r e e e l e c t r o n s 
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by an Auger p r o c e s s . An a l t e r n a t i v e suggestion i n the copper/zinc t r e a t e d 
2+ 

ZnSe:Mn i s t h a t the Mn emission i s quenched by a r a d i a t i v e d e - e x c i t a t i o n 

process t o the l o w e r - l y i n g 'copper-green' c e n t r e . 

8.2 Suggestions f o r f u r t h e r work 

Two d i s t i n c t s e l f - a c t i v a t e d (S.A.) emissions have been observed 

i n the mixed Z n ( S , S e ) : I c r y s t a l s , whereas t h e r e i s only a s i n g l e band i n 

ZnS and ZnSe. An e l e c t r o n s p i n resonance technique has been used to 

g i v e information about the geometry of the S.A. c e n t r e i n ZnS. T h i s t e c h ­

nique could provide u s e f u l information about the environment of the two 

S.A. c e n t r e s i n the mixed c r y s t a l s . 

The m a j o r i t y of c r y s t a l s examined i n t h i s work were grown by a 

chemical t r a n s p o r t method and c o n t a i n i o d i n e as a c o a c t i v a t o r . The group 

V I I i o n which s u b s t i t u t e s f o r an anion may i n f l u e n c e the two S.A. c e n t r e s 

which are p r e s e n t i n the mixed c r y s t a l s . An examination of samples doped 

wi t h group I I I elements Ga or A l , which s u b s t i t u t e f o r the Zn i o n , may 

g i v e more evidence about the nature of these S.A. c e n t r e s . 

S e v e r a l a d d i t i o n a l techniques would be u s e f u l i n order to under­

stand the mechanisms i n v o l v e d i n the luminescence p r o c e s s e s . Time r e s o l v e d 

spectroscopy would be u s e f u l i n i d e n t i f y i n g p a i r recombination p r o c e s s e s 

and might c l a r i f y the p o s i t i o n with the 'copper-green' emission. I n f r a ­

red quenching of the v a r i o u s emission p r o c e s s e s would enable the o p t i c a l 

depths of the luminescence c e n t r e s to be obtained^ t h i s would be e s p e c i a l l y 

u s e f u l i n the s u l p h u r - r i c h mixed c r y s t a l s where the c e n t r e s are b e l i e v e d 

to be deep and hence the e n e r g i e s are d i f f i c u l t to o b t a i n from thermal 

quenching measurements. 

Braun e t a l (1972) have used a photocapacitance technique i n order 
2+ 

to e s t a b l i s h the ground s t a t e p o s i t i o n of the Mn i o n i n ZnSe. The 

a p p l i c a t i o n of a s i m i l a r technique to the range of manganese-doped 
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Zn(S,Se) mixed c r y s t a l s might provide information about the p o s i t i o n of 

the ground s t a t e as the composition of the a l l o y i s v a r i e d . The c h a r a c t e r ­

i s t i c manganese emission has been shown to be quenched i n ZnSe by heat-

t r e a t i n g samples i n zinc/copper s o l u t i o n . Treatment i n z i n c a f f e c t s the 

c o n d u c t i v i t y of the c r y s t a l s , and the c o n c e n t r a t i o n of copper a f f e c t s the 

i n t e r a t o m i c s e p a r a t i o n of the copper and manganese atoms. An examination 

of the quenching as a f u n c t i o n of both the c o n d u c t i v i t y and c o n c e n t r a t i o n 

of copper might provide u s e f u l i nformation about the quenching mechanism. 
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