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Thermoluminescence of ZnS 

R . GRASSER, A . M A Y * , a n d A . S C H A R M A N N 

I. Physikalisches Institut der Universität Gießen 

(Z. Naturforsch. 27 a, 228—235 [1972] ; received 8 November 1971) 

A number of zinc sulphide phosphors containing cobalt was prepared with various concentrations 
of additional impurities. Co+ +- ions in both copper and silver activated phosphors produce a charac-
teristic glowcurve, showing three distinct peaks above liquid nitrogen temperature. It was establish-
ed that the first and probably the second glowpeak is connected with distinct traps, while the third 
peak is caused by a continuous distribution of traps. Measurements of thermoluminescence spectra 
as well as investigations of energy storage capacity and temperature dependence of electron capture 
in traps pointed to a local association of traps and luminescence centres in the case of the first two 
glowpeaks, whereas electron transfer via the conduction band from traps to separated luminescence 
centers was assumed for the third peak. An already existing model was used for discussing the 
experimental results obtained. 

1. Introduction 

R e g a r d l e s s o f t h e m a n y v a r i o u s p u b l i c a t i o n s in 

t h i s field s o f a r , i t i s r a t h e r u n c l e a r e d w h a t p h y s i -

c a l p r o c e s s e s a c t u a l l y t a k e p l a c e i n t h e l u m i n e s c e n c e 

o f z i n c s u l p h i d e p h o s p h o r s . A s e r i e s o f d i f f e r e n t 

m o d e l s w a s p r o p o s e d w h i c h in m o s t c a s e s c o u l d 

o n l y p a r t i a l l y b e f u l f i l l e d b y t h e v a r i o u s e x p e r i -

m e n t s 1 _ 4 . E v e n t h e u n i f o r m l u m i n e s c e n c e m o d e l f o r 

z i n c s u l p h i d e p h o s p h o r s s u g g e s t e d i n 1 9 6 6 5 , w h i c h 

m a k e s a p a r t i c u l a r l y e a s y u n d e r s t a n d i n g c a n n o t b e 

c o n s i d e r e d final. 

T h e a i m h e r e w a s to a c q u i r e s o m e m o r e k n o w l -

e d g e o f t h e v a r i o u s l u m i n e s c e n c e c e n t r e s a n d m e -

c h a n i s m s i n Z n S . I t w a s o f s p e c i a l i n t e r e s t w h e t h e r 

a n e x p l a n a t i o n f o r the t h e r m o l u m i n e s c e n c e c o u l d b e 

f o u n d w i t h i n t h e f r a m e w o r k o f e x i s t i n g m o d e l s . 

2. Experimental 

F o r the t h e r m o l u m i n e s c e n c e m e a s u r e m e n t s an ap-
p a r a t u s d e v e l o p e d b y ROTHERMEL 6 w a s u s e d with 
s l ight m o d i f i c a t i o n s . T h e a r r a n g e m e n t a l l o w e d a 
s i m u l t a n e o u s r e c o r d i n g of the total l u m i n e s c e n c e and 
the t h e r m o l u m i n e s c e n c e spec t ra . G l o w c u r v e s c o u l d a lso 

b e reg i s tered in p l a c e o f the s p e c t r a at v a r i o u s wave -
l engths . A l l the m e a s u r e m e n t s w e r e taken at the s a m e 
p h o t o m u l t i p l i e r v o l t a g e , so that g iven intensi t ies ( p h o t o -
currents ) o f the s p e c t r a l l y u n d i s t r i b u t e d ( E M I 6 2 5 6 S ) 
as we l l as those o f the s p e c t r a l l y d i s t r ibuted g l o w c u r v e s 
( E M I 9 5 5 8 Q B , S 2 0 c a t h o d e ) are a p p r o x i m a t e l y c o m -
p a r a b l e . T h e p h o s p h o r s w e r e e x c i t e d wi th the U V - p a r t 
o f the s p e c t r u m o f a h i g h p r e s s u r e m e r c u r y l a m p 
(Schott- f i l ter U G 1 1 ) u s u a l l y to saturat ion . F l u o r e s -
c e n c e spec t ra at d i f f e rent t e m p e r a t u r e s c o u l d a l so b e 
m e a s u r e d a f ter s o m e s i m p l e a l terat ions to the d e v i c e . 
F o r m e a s u r e m e n t s of t h e e l e c t r o n p a r a m a g n e t i c reso-
n a n c e ( E P R ) an A E G 2 0 - X - s p e c t r o m e t e r w a s u s e d . 

P u r e Z n S w a s used in p r e p a r i n g the v a r i o u s p h o s -
p h o r s . T h e s e w e r e a c c o r d i n g l y d o p e d wi th n i trates and 
ch lor ides , which w e r e a d d e d in the f o r m o f h i g h l y di-
luted so lut ions . In a d d i t i o n 2 m o l e p e r c e n t N a C l w e r e 
a d d e d in the s a m e w a y 7 . 

A f t e r d r y i n g at 1 2 0 ° C the s u b s t a n c e w a s fired at 
1 0 0 0 ° C f o r an h o u r in a n i t r o g e n a t m o s p h e r e . A s 
s h o w n later b y E S R m e a s u r e m e n t s ( M n + + - s i g n a l s ) , the 
result w a s an a lmost p u r e c u b i c s t ructure 8 . A l l d o p i n g 
c o n c e n t r a t i o n s are g iven in m o l e per m o l e Z n S . 

Reprint requests to Prof . Dr. A . SCHARMANN, I. Physikali-
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Fig. 3. Thermoluminescence glow curves of ZnS /10~ 3 Cu, 10 5 Co after UV-
excitation ( ) to saturation at different temperatures: —183 ° C (1) , 
- 1 5 2 ° C (2) , - 1 2 2 ° C (3) , - 9 5 ° C (4) and - 7 0 ° C (5) . - Dotted 
curves: Excitation with unfiltered mercury light (saturation) at —183 ° C (6), 

- 1 5 2 ° C (7) and - 7 0 ° C (8) . Heating rate: 36 deg./min. 
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Fig. 2. Thermoluminescence glow curve of Z n S / 1 0 - 4 Ag, 5 - 1 0 ~ 5 Co 
after UV-excitation (saturation) at —183 °C. Heating rate: 36 deg./min. 

Fig. 1. Thermoluminescence glow curves of ZnS /10~ 3 Cu, 1 0 - 5 Co 
( ) [heating rates 56 deg./min (1) and 13 deg./min ( 2 ) ] and of 
Z n S / 1 0 - 3 Cu ( ) (36 deg./min) after UV-excitation (saturation). 
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Fig. 5. Thermoluminescence glow curves of the blue and the green 
emission bands of Z n S / 1 0 - 3 Cu, 10~ 5 Co after UV-excitation (satura 

tion) at —183 °C. Heating rate: 36 deg./min. 
to 
t o 
vO 



3. Experimental Results 

A n u m b e r o f c o b a l t c o n t a i n i n g p h o s p h o r s w a s 

p r e p a r e d . T h e r e b y it a p p e a r e d that the i n c o r p o r a -

t i o n o f s p u r i o u s a m o u n t s o f c o b a l t c a u s e s a c o m -

p l e t e q u e n c h i n g o f fluorescence a n d t h e r m o l u m i n e s -

c e n c e . A m u c h d i f f e r e n t b e h a v i o u r r e s u l t s , i f c o p p e r 

( a s C u + ) i s a l s o i n c o r p o r a t e d . I n t h i s c a s e t h e p r e -

s e n c e o f C o d e c r e a s e s t h e f l u o r e s c e n c e c o m p l e t e l y , 

b u t o n the o t h e r h a n d a n i n t e n s i v e t h e r m o l u m i n e s -

c e n c e is o b s e r v e d . T h e g l o w c u r v e h e r e , w i t h t h r e e 

i s o l a t e d g l o w p e a k s , t a k e s a f o r m u n u s u a l f o r Z n S . 

M a x i m u m i n t e n s i t i e s a r e o b t a i n e d w i t h 1 0 ~ 3 g r a m 

a t o m s o f C u + a n d 1 0 - 5 g r a m a t o m s o f C o + + p e r 

m o l e Z n S . T h e g l o w c u r v e s f o r t w o d i f f e r e n t h e a t i n g 

r a t e s a r e g i v e n i n F i g u r e 1 . A c o m p a r i s o n b e t w e e n 

t h e c u r v e s a n d t h e g l o w c u r v e o f a p h o s p h o r p r e -

p a r e d i n t h e s a m e s e r i e s w i t h o u t c o b a l t ( d o t t e d l i n e ) 

s h o w s the c o n s i d e r a b l e i n f l u e n c e o f s m a l l a m o u n t s 

o f c o b a l t . T h e o b s e r v e d g l o w p e a k s w i l l b e d e n o t e d 

b y I , I I , a n d I I I , w h e r e b y a w e a k g l o w p e a k I c a n 

b e s e e n h u n g t o p e a k I . T h e t e m p e r a t u r e s at the 

g l o w p e a k s a r e - 1 5 0 ° C ( I ) , - 1 3 3 ° C ( I ' ) , - 8 ° C 

( I I ) , a n d + 9 5 ° C ( I I I ) a t a h e a t i n g ra te o f 3 6 

d e g . / m i n . A c h a n g e i n t h e C u a n d C o c o n t e n t s a l ters 

t h e p o s i t i o n o f t h e g l o w p e a k s I a n d I I v e r y l i t t le , 

w h e r e a s t h e t e m p e r a t u r e o f p e a k I I I c a n n o t b e 

r e p r o d u c e d . A s i m i l a r g l o w c u r v e f o r m i s o b -

t a i n e d w h e n A g + is s u b s t i t u t e d f o r C u + ( F i g u r e 2 ) . 

I n v e s t i g a t i o n s o f t r a p l e v e l s p e c t r a o f Z n S p h o s -

p h o r s h a v e s o f a r a l w a y s r e v e a l e d a q u a s i c o n t i n u o u s 

t r a p l e v e l d i s t r i b u t i o n 9 ' 1 0 . B u t the f o r m o f t h e g l o w -

m a x i m a I a n d I I p r o b a b l y i n d i c a t e s d i s c r e t e t r a p 

l e v e l s . T o e x a m i n e th i s , w e u s e d a t e c h n i q u e g i v e n 

b y H O O G E N S T R A A T E N n . T h i s t e c h n i q u e p r o v e d 

m o r e s a t i s f a c t o r y f o r o u r p h o s p h o r s t h a n t h e u s u -

a l l y a p p l i e d i n i t i a l r i s e m e t h o d e 6 . I n c a s e o f Z n S 

/ 1 0 - 3 C u , 1 0 - 5 C o w e find that the p e a k s I a n d T 

c o r r e s p o n d e a c h t o a d i s c r e t e t r a p l e v e l , w h i l e p e a k 

I I I r e s u l t s f r o m a c o n t i n u o u s o r q u a s i c o n t i n u o u s 

t r a p l e v e l d i s t r i b u t i o n . F o r g l o w p e a k I I w e c a n o n l y 

s tate that t h e r e a r e at l east t w o d i f f e r e n t t r a p l e v e l s , 

w i t h o u t e x c l u d i n g t h e p o s s i b i l i t y o f t h e e x i s t e n c e o f 

f u r t h e r t r a p l e v e l s o f c o u r s e . 

T h e p o s s i b l e filling t o s a t u r a t i o n o f s p e c i f i c t r a p s 

d e p e n d s c o n s i d e r a b l y o n the t e m p e r a t u r e d u r i n g e x -

c i t a t i o n . F o r the m e a s u r e m e n t s , s h o w n in F i g . 3 , 

the s a m p l e w a s a l w a y s i r r a d i a t e d to s a t u r a t i o n at 

t h e g i v e n t e m p e r a t u r e s . T h e p h o s p h o r w a s t h a n 

f a s t l v c o o l e d d o w n t o 7 7 K . It is o b v i o u s t h a t the 

i n t e n s i t i e s o f t h e m a x i m a I ' a n d I I i n c r e a s e w r ith the 

e x c i t a t i o n t e m p e r a t u r e . T h e t h i r d g l o w p e a k w h i c h 

h a s d i f f e r e n t s h a p e s f o r d i f f e r e n t m e a s u r e m e n t s , 

s h o w s n o c o r r e l a t i o n w i t h t h e e x c i t a t i o n t e m p e r a -

t u r e . It is n o t p o s s i b l e t o m a k e a c o r r e s p o n d i n g 

o b s e r v a t i o n f o r p e a k I , b e c a u s e t h e a v a i l a b l e t e m -

p e r a t u r e is n o t s u f f i c i e n t l y l o w . I t m u s t b e m e n t i o n -

e d h e r e that the d e g r e e o f t r a p filling o b t a i n e d at 

s a t u r a t i o n is d u e t o a n e q u i l i b r i u m , w h i c h re -

su l ts f r o m the e x c i t a t i o n a n d s t i m u l a t i o n e f f e c t s o f 

i r r a d i a t i n g l i g h t . T h e s h a p e o f c u r v e 1 is a l s o o b -

t a i n e d w h e n a f t e r e x c i t a t i o n t o s a t u r a t i o n at — 7 0 ° C . 

a n d sti l l b e f o r e t a k i n g t h e g l o w c u r v e , t h e e x c i t a t i o n 

o f t h e s p e c i m e n is r e p e a t e d s h o r t l y w i t h U V l i g h t 

at l i q u i d n i t r o g e n t e m p e r a t u r e . I f t h e s t i m u l a t i o n 

e f f e c t is i n c r e a s e d b y r e m o v i n g t h e U V - f i l t e r a n d 

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

p a r t o f the H g - s p e c t r u m , t h e g l o w i n t e n s i t y d e -

c r e a s e s s h a r p l y ( F i g . 3 , c u r v e s 6 t o 8 ) . 

T h e e m i t t e d t h e r m o l u m i n e s c e n c e c o n s i s t s o f t h r e e 

d i f f e r e n t b a n d s , o n e in t h e b l u e , o n e i n t h e g r e e n , 

a n d t h e o t h e r in the r e d s p e c t r a l r e g i o n . T h e t h e r m o -

l u m i n e s c e n c e s p e c t r a , w h i c h v a r y h i g h l y w i t h the 

t e m p e r a t u r e a r e s h o w n i n F i g u r e 4 . W e h a v e t h e r e -

b y t a k e n i n t o c o n s i d e r a t i o n the s p e c t r a l s e n s i t i v i t y 

c u r v e o f t h e p h o t o m u l t i p l i e r a n d t h e b a n d w i d t h o f 

the m o n o c h r o m a t o r w h i c h , b e c a u s e o f t h e d i s p e r s i o n 

o f the p r i s m a , is n o t c o n s t a n t . T h e b l u e b a n d a p -

p e a r s in g l o w p e a k I at 4 4 5 n m a n d i n p e a k I I at 

4 5 8 n m . T h e g r e e n b a n d t o o , w h i c h a p p e a r s at first 

at a b o u t 5 2 5 n m , s h i f t s w i t h i n c r e a s i n g t e m p e r a t u r e 

t o w a r d s l o n g e r w a v e l e n g t h s . T h e p o s i t i o n o f t h e r e d 

b a n d c a n b e p u t a p p r o x i m a t e l y at 6 6 0 n m . 

T h e d i s t r i b u t i o n o f t h e v a r i o u s b a n d s t o t h e d i f -

f e r e n t p e a k s i s b e s t t a k e n f r o m t h e " m o n o c h r o m a t i c 

g l o w c u r v e s " . A s F i g . 5 s h o w s , t h e b l u e b a n d a p -

p e a r s o n l y i n p e a k I , I ' , a n d I I w h i l e t h e g r e e n 

b a n d i s c o n f i n e d t o t h e t h i r d p e a k . T h e g l o w c u r v e s 

s h o w n i n F i g . 6 a r e o b t a i n e d w h e n t h e m o n o c h r o -

m a t o r i s r e g u l a t e d t o t h e r e d b a n d . B e c a u s e o f the 

l o w i n t e n s i t y a r e d filter ( S c h o t t R G 1 , 2 m m ) is a d -

d e d b e t w e e n t h e s a m p l e a n d t h e m o n o c h r o m a t o r to 

s u p p r e s s — at l eas t p a r t l y — t h e s c a t t e r e d g r e e n 

l i g h t . O b v i o u s l y t h e p e a k s I , I , a n d I I c o n t a i n r e d 

c o m p o n e n t s . T h e g l o w c u r v e t a k e n at t h e h i g h e r e x -

c i t a t i o n t e m p e r a t u r e s h o w s v e r y c l e a r l y t h a t t h e s e c -

o n d m a i n p e a k i s m a d e u p o f t w o c o m p o n e n t s w h e r e 

the first i s i d e n t i f i e d w i t h g l o w p e a k I I i n F i g u r e 1 . 

T h e s e c o n d , w h i c h w e st i l l h e r e r e f e r to as I I ' , d o e s 
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Z n S / 1 0 - 3 Cu, 1 0 - 5 Co after UV-excitation (saturation) at - 1 8 3 ° C 

( ) and — 70 ° C ( ) . Heating rate: 56 deg. /min. 

n o t s h o w a n y g r o w i n g w i t h i n c r e a s i n g e x c i t a t i o n 
t e m p e r a t u r e , as is t h e c a s e f o r g l o w p e a k I I . 

F i g u r e 7 i l l u s t r a t e s the r e l a t i v e fluorescence e f f i -
c i e n c y o f t h e t h r e e b a n d s a s a f u n c t i o n o f t h e t e m -
p e r a t u r e . T h e s e c u r v e s a r e o b t a t i n e d f r o m fluores-
c e n c e s p e c t r a , w h i c h are c o n t i n u o u s l y t a k e n w i t h in -
c r e a s i n g t e m p e r a t u r e ( h e a t i n g r a t e : 3 d e g r e e s / m i n ) . 
F o r e x c i t a t i o n w e u s e 1 5 0 k V X - r a y s , w h i c h e n a b l e s 
u s to r e g i s t e r o n l y the fluorescence l i g h t w h i c h is 
h e r e v e r y w e a k , w i t h o u t t h e p a r t i c i p a t i o n o f t h e 
e x c i t i n g s o u r c e . T h e o r d i n a t e s i n F i g . 7 g i v e the in-
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Fig. 7. Intensities of the blue, green and red components of 
the luminescence of Z n S / 1 0 - 3 Cu, 1 0 — 5 Co during irradiation 

with 150 kV X-rays as a function of temperature. 

t e n s i t i e s o f t h e v a r i o u s b a n d m a x i m a at c o r r e -
s p o n d i n g t e m p e r a t u r e s . I n sp i t e o f t h e l o w h e a t i n g 
r a t e the r e s u l t s a r e s l i g h t l y f a l s i f i e d b y s i m u l t a n e -
o u s l y e m i t t e d t h e r m o l u m i n e s c e n c e ( m a x i m u m o f t h e 
4 4 5 n m c u r v e at — 2 0 ° C a n d r i s e o f t h e 5 2 5 n m 
c u r v e a b o v e 0 ° C ) . T h e m o s t i m p o r t a n t r e s u l t o f t h e 
fluorescence e f f i c i e n c y m e a s u r e m e n t s is t h e f a c t that 
t h e g r e e n a n d t h e b l u e b a n d s i n t h e fluorescence 
s p e c t r u m , as o p p o s e d t o t h e r m o l u m i n e s c e n c e , re -
m a i n i n i n t e n s i t y a p p r o x i m a t e l y t h e s a m e i n t h e 
w h o l e t e m p e r a t u r e i n t e r v a l b e l o w a b o u t 4 0 ° C . 

T h e E P R - s p e c t r u m o f Z n S / 1 0 " 3 C u , 1 0 ~ 5 C o is 
s h o w n i n F i g u r e 8 . I n a d d i t i o n to the s i x s h a r p , 
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H 

Fig. 8. EPR-spectrum of Z n S / 1 0 - 3 

Cu, 1 0 ~ 5 Co after UV-irradiation. 



Fig. 9. E P R absorption of Z n S / 1 0 " 3 

Cu, I O " 5 Co at 110 K after UV-ex-
citation and short time heating to 
various temperatures. (Dotted curve: 

Thermoluminescence glow curve. 
Heating rate: 13 deg./min.) 
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e q u i d i s t a n t l ines , w h i c h a r e a l w a y s p r e s e n t as a re -
sult o f m i n o r M n i m p u r i t i e s , the s p e c t r u m s h o w s at 
1 1 0 K a f t e r U V - e x c i t a t i o n a n o t h e r s i g n a l , w h i c h c o r -
r e s p o n d s to a R v a l u e o f 2 . 0 1 3 + 0 . 0 0 3 . A f t e r 
h e a t i n g the U V - e x c i t e d p h o s p h o r r e p e a t e d l y to 
d i f f e r e n t t e m p e r a t u r e s a n d then m e a s u r i n g the 
h e i g h t o f the E P R - s i g n a l , the r e l a t i o n s h i p s h o w n 
in F i g . 9 is o b t a i n e d . W e c a n see that t h e r e i s a fas t , 
t h o u g h i n c o m p l e t e , d e c a y o f the E P R - c e n t r e s a r o u n d 
g l o w p e a k I I . T h e r e i s still a t r a c e o f the E P R - s i g n a l 
e v e n a f t e r h e a t i n g u p t o 1 6 0 ° C . A t l i q u i d h e l i u m 
t e m p e r a t u r e w e f i n d still a n o t h e r v e r y b r o a d s i g n a l , 
w h i c h is l a r g e l y d e f o r m e d d u e t o the v e r y u n f a v o u r -
a b l e c o n d i t i o n s o f r e l a x a t i o n in th i s t e m p e r a t u r e 
in terva l ( F i g . 8 ) . A ^ - f a c t o r o f 2 . 2 4 2 ± 0 . 0 1 0 is o b -
t a i n e d . 

H O O G E N S T R A A T E N 1 2 h a d a l r e a d y o b s e r v e d ear -
l i e r that t h e s t o r e d t h e r m o l u m i n e s c e n c e l i ght s u m o f 
a n e x c i t e d Z n S / C u , C o - p h o s p h o r d e c r e a s e drast i -
c a l l y w i t h i n c r e a s i n g w a i t i n g t ime b e t w e e n e x c i t a -
t i o n a n d m e a s u r e m e n t . H e e x p l a i n e d this e f f e c t w i t h 
t u n n e l i n g p r o c e s s e s . F r o m m e a s u r e m e n t s o n Z n S 
/ 1 0 ~ 3 C u , 1 0 - 5 C o w e find that t h e l i ght o f the sec -
o n d g l o w p e a k (a t — 8 ° C ) d e c r e a s e s w i t h i n a t i m e 
in terva l o f t w o h o u r s b y a b o u t 3 4 % , p r o v i d e d the 
p h o s p h o r is k e p t at l i q u i d a i r t e m p e r a t u r e a f t e r 
e x c i t a t i o n . T a k i n g a p u r e l y e x p o n e n t i a l d e c a y , 
the l i f e t i m e o f t r a p p e d e l e c t r o n s is c a l c u l a t e d t o b e 
1 . 8 4 - 1 0 4 s . In c o n t r a s t to the s e c o n d g l o w m a x i m u m 
p e a k I I I r e m a i n s s tab le t h r o u g h o u t the w h o l e p e r i o d 
o f o b s e r v a t i o n . 

80 120 °C 160 

4. Discussion 

It w a s a l r e a d y e s t a b l i s h e d in e a r l i e r p u b l i c a t i o n s 
that t h e i n c o r p o r a t i o n o f c o b a l t i n Z n S l e a d s t o the 
f o r m a t i o n o f d e e p t rap leve ls w i t h an a c t i v a t i o n en-
e r g y o f 0 . 5 2 e V a n d a q u e n c h i n g o f t h e v i s i b l e lu-
m i n e s c e n c e 1 3 ' 1 4 . H o w e v e r t y p i c a l e m i s s i o n b a n d s 
a r i s e i n the i n f r a r e d spectra l r e g i o n , w h i c h are at-
t r i b u t e d t o t r a n s i t i o n s w i t h i n t h e 3 d shel l o f the 
C o + + i o n 1 5 . O n the o ther h a n d K R Y L O V A 1 6 f o u n d 
that c o b a l t d o e s n o t act as a k i l l e r if c o p p e r is a l so 
p r e s e n t , b u t g i v e s r i se to a t h e r m o l u m i n e s c e n c e 
g l o w c u r v e t y p i c a l f o r c o b a l t . T h i s b e h a v i o u r w a s in-
v e s t i g a t e d e x h a u s t i v e l y b y HOOGENSTRAATEN a n d 
KLASENS 1 7 . T h e a u t h o r s p r e p a r e d p h o s p h o r s w i t h 
a u n i f o r m C u + c o n t e n t o f 3 1 0 - 5 g r a m a t o m s p e r 
m o l e a n d v a r i e d t h e C o + + c o n c e n t r a t i o n . W h i l e the 
p h o s p h o r w i t h o u t c o b a l t s h o w e d a s i n g l e g l o w p e a k 
at a b o u t — 1 0 0 ° C a n e w m a x i m u m w a s f o r m e d at 
1 1 0 ° C w i t h i n c r e a s i n g c o b a l t c o n t e n t . A t the s a m e 
t i m e the l o w t e m p e r a t u r e p e a k g r a d u a l l y d i s a p p e a r -
e d . T h e m a x i m u m g l o w p e a k i n t e n s i t y w a s o b s e r v e d 
w i t h a c o b a l t c o n c e n t r a t i o n o f 1 0 - 5 . 

T h e t w o a d d i t i o n a l peaks I a n d I I w h i c h w e o b -
t a i n e d i n o u r m e a s u r e m e n t s a r e a p p a r e n t l y c o n n e c t -
e d w i t h t h e c o p p e r c o n t e n t , w h i c h here is g rea te r 
b y a b o u t t w o o r d e r s o f m a g n i t u d e . T h e s e p e a k s are 
p r o b a b l y c h a r a c t e r i s t i c o f the i n c o r p o r a t e d c o b a l t 
b e c a u s e the ir p o s i t i o n s are u n a f f e c t e d b y t h e d o p i n g 
c o n c e n t r a t i o n s , n o t e v e n w h e n A g + is subst i tuted f o r 
C u + ( F i g . 2 ) . It f o l l o w s t h e r e f o r e that c o p p e r d o e s 



n o t p l a y a n e x c e p t i o n a l r o l e i n c o n n e c t i o n w i t h Z n S -

p h o s p h o r s c o n t a i n i n g c o b a l t a s p r e v i o u s l y a s s u m -

e d 1 7 . 

V a r i o u s e x p e r i m e n t a l r e s u l t s p o i n t t o t h e f a c t 

t h a t t h e t h e r m o l u m i n e s c e n c e m e c h a n i s m f o r p e a k s I , 

T , a n d I I i s d i f f e r e n t f r o m t h a t f o r t h e t h i r d p e a k . 

T h e v e r y l o w h a l f w i d t h c o u l d b e a r e s u l t o f d i s c r e t e 

t r a p l e v e l s . I f o n t h e o t h e r h a n d w e c o n s i d e r t h e 

t e m p e r a t u r e s h i f t o f t h e p e a k s w i t h t h e h e a t i n g r a t e 

s h o w n i n F i g . 1 , t h e r e a r e t e m p e r a t u r e d i f f e r e n c e s 

o f 3 d e g r e e s ( I ) , 7 d e g r e e s ( I I ) a n d 2 0 d e g r e e s 

( I I I ) . W h i l e t h e r a t i o o f t h e s h i f t t o t h e a b s o l u t e 

t e m p e r a t u r e o f t h e g l o w m a x i m u m r e m a i n s a b o u t t h e 

s a m e f o r p e a k s I a n d I I , a v a l u e t w i c e a s m u c h i s 

o b t a i n e d f o r p e a k I I I . F i n a l l y t h e t r a p f i l l i n g t o s a -

t u r a t i o n f o r m a x i m a I , T , a n d I I i s e x t r e m e l y d e -

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

l i g h t . 

A n e x p l a n a t i o n o f t h e s p e c t r a l b e h a v i o u r o f 

t h e r m o l u m i n e s c e n c e i s o n l y p o s s i b l e w i t h t h e a s -

s u m p t i o n o f t w o d i f f e r e n t m e c h a n i s m s . 

F o r t h e m o m e n t w e w i l l n o t t a k e t h e r e d b a n d i n t o 

c o n s i d e r a t i o n . A l t h o u g h t h e g r e e n b a n d p e r s i s t s i n 

t h e fluorescence s p e c t r u m ( F i g . 7 ) d o w n t o l i q u i d 

a i r t e m p e r a t u r e , i n t h e r m o l u m i n e s c e n c e m e a s u r e -

m e n t s it i s o b s e r v e d o n l y i n t h e t h i r d g l o w p e a k . 

W e a s s u m e that t h e g r e e n t h e r m o l u m i n e s c e n c e t a k e s 

p l a c e w i t h t h e p a r t i c i p a t i o n o f t h e c o n d u c t i o n b a n d , 

a n d a c o u p l i n g b e t w e e n t r a p l e v e l s a n d t h e " b l u e " 

l u m i n e s c e n c e c e n t r e s f o r p e a k I , I , a n d I I . F o r 

t h e e x a m i n a t i o n o f t h e s e a s s u m p t i o n s i t w a s d e -

s i r a b l e t o t a k e m e a s u r e m e n t s o f t h e r m a l l y s t i m u l a t -

e d c o n d u c t i v i t y . T h e s e o f c o u r s e c a n o n l y b e c a r r i e d 

o u t i f s i n g l e c r y s t a l s a c c o r d i n g l y d o p e d a r e a v a i l a b l e . 

W e r e f e r h e r e t o w o r k s o f d i f f e r e n t a u t h o r s 1 0 ' 1 8 

w h o m e a s u r e d t h e r m o l u m i n e s c e n c e a n d t h e r m a l l y 

s t i m u l a t e d c o n d u c t i v i t y i n Z n S c r y s t a l s , b o t h s i m u l -

t a n e o u s l y . T h e r e s u l t w a s a l w a y s t h a t t h e g r e e n 

t h e r m o l u m i n e s c e n c e w a s a c c o m p a n i e d b y t h e r m a l l y 

s t i m u l a t e d c o n d u c t i v i t y . T h i s k i n d o f p a r a l l e l i t y i s 

s o f a r n o t k n o w n f o r t h e b l u e t h e r m o l u m i n e s c e n c e 

i n Z n S . D u e t o o u r m e a s u r e m e n t s o n Z n S / 1 0 _ 3 C u , 

1 0 - 5 C o a l o c a l a s s o c i a t i o n o f t r a p s a n d l u m i n e s -

c e n c e c e n t r e s a p p e a r s p r o b a b l e i n t h e c a s e o f 

t h e b l u e t h e r m o l u m i n e s c e n c e . T h e i n c r e a s e i n c a p -

t u r e p r o b a b i l i t y o f t r a p s o b s e r v e d f o r p e a k T a n d I I 

c a n t h u s b e e x p l a i n e d i n a c o n f i g u r a t i o n d i a g r a m o f 

a l u m i n e s c e n t c e n t r e w i t h a m e t a s t a b l e e n e r g y l e v e l . 

T h e s m a l l h a l f w i d t h o f t h e m a x i m a I , T , a n d I I fits 

t h i s a s s u m p t i o n . I n t h i s c o n n e c t i o n t h e l o w s t a b i -

l i t y o f t h e s e c o n d g l o w p e a k , o b s e r v e d i f a f t e r e x -
c i t a t i o n t h e p h o s p h o r i s h e l d at l i q u i d a i r t e m p e r a -
t u r e f o r s o m e t i m e , i s o f p a r t i c u l a r i n t e r e s t . T h e 
m e a s u r e d l i f e t i m e o f t h e t r a p p e d e l e c t r o n s i s b y 
m a n y o r d e r s o f m a g n i t u d e t o o s h o r t t o e x p l a i n t h e 
e m p t y i n g o f t h e t r a p s w i t h t h e r m a l s t i m u l a t i o n p r o -
c e s s e s . I f w e a s s u m e h o w e v e r t h a t t h e t r a p p e d e l e c -
t r o n i s l o c a t e d v e r y c l o s e t o a l u m i n e s c e n c e c e n t r e , 
t h e d e c a y o f t h i s p e a k s h o u l d b e a c c e l e r a t e d b y t u n -
n e l r e c o m b i n a t i o n s . 
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Fig. 10. Energy level diagram for the uniform luminescence 
centre model of ZnS. 

It i s d i f f i c u l t t o a p p l y t h e s e c o n s i d e r a t i o n s i n t h e 

c a s e o f t h e r e d b a n d , f o r t h i s b a n d a p p e a r s s i m u l -

t a n e o u s l y w i t h t h e b l u e a s w e l l a s t h e g r e e n t h e r m o -

l u m i n e s c e n c e . B u t i f w e b a s e o u r d i s c u s s i o n o n t h e 

u n i f o r m l u m i n e s c e n c e m o d e l f o r Z n S p h o s p h o r s 5 , 

i t i s e a s y t o i n t e r p r e t e al l s p e c t r a l c h a r a c t e r i s t i c s o b -

s e r v e d h e r e . T h e b a s i c a s s u m p t i o n o f t h e l u m i n e s -

c e n c e m o d e l i s a c o v a l e n t l y b o n d c o m p l e x c o n s i s t i n g 

o f a Z n - i o n a n d i ts s u r r o u n d i n g s p e r t u r b e d b y i m -

p u r i t i e s a n d d e f e c t s . T h e g r o u n d s tate o f t h e c o m -

p l e x i s m a i n l y d u e t o Z n - e i g e n f u n c t i o n s . T h e r e a r e 

t w o t e r m g r o u p s i n t h e f o r b i d d e n z o n e a b o v e t h e 

v a l e n c e b a n d as s h o w n i n F i g . 1 0 A . A n e x c i t a t i o n 

o f a n e l e c t r o n l e a d s t o a n i n c r e a s e d s p l i t t i n g . T h e 

e x c i t e d s tate o f t h e c e n t r e i s s i t u a t e d j u s t b e l o w t h e 

c o n d u c t i o n b a n d , a n d a t r a n s i t i o n t h e r e b y t o t h e 

g r o u n d s tate c o r r e s p o n d s t o a g r e e n b a n d ( 5 2 0 n m ; 

F i g . 1 0 B ) . A m u c h g r e a t e r s p l i t t i n g i s o b t a i n e d w h e n 

a n e l e c t r o n i s e x c i t e d f r o m e a c h o f t h e t w o t e r m 

g r o u p s ( F i g . 1 0 C ) . I n th i s c a s e t h e e x c i t e d s ta te l i e s 

e n e r g e t i c a l l y w i t h i n t h e c o n d u c t i o n b a n d . A b l u e b a n d 

at 4 5 0 n m a n d a r e d b a n d at 6 8 0 n m a r e a t t r i b u t e d 

t o t h i s d o u b l e e x c i t e d c e n t r e . I f it i s a s s u m e d that t h e 

Z n i o n i s l o c a t e d at a n i n t e r s t i t i a l a n d n o t at a Iat-



tice site the a u t h o r s e x p e c t a s l ightly greater split-
t ing f o r the t w o term g r o u p s . T h e emiss i on b a n d s 
w o u l d then l ie at a b o u t 4 7 5 , 5 8 0 and 6 2 0 n m re-
spec t ive ly . 

C o n t r a r y to suggested m o d e l s , which attribute lu-
m i n e s c e n c e to band - te rm- t rans i t i ons and which thus 
pos tu la te a h y p e r b o l i c d e c a y law, the u n i f o r m lu-
m i n e s c e n c e centre m o d e l suggests an exponent ia l 
d e c a y f o r the fluorescence. R e c e n t measurements 1 9 

h a v e a g a i n led to the result that the v is ib le lumines -
c e n c e o f Z n S as a matter o f f a c t d o e s o b e y first o r d e r 
d e c a y k inet i cs . F u r t h e r m o r e the fac t that in b o t h d o p -
e d and u n d o p e d Z n S s ing le crysta ls six v a r i o u s 
b a n d s w e r e f o u n d , w h e r e b y at least five b a n d s were 
o b s e r v e d in o n e and the s a m e u n d o p e d crystal u n d e r 
f a v o u r a b l e c o n d i t i o n s o f exc i ta t i on 2 0 suppor t s this 
l u m i n e s c e n c e m o d e l . T h e e n e r g y d i a g r a m f o r the 
g r e e n e m i s s i o n , s h o w n in F l g . 1 0 B, w a s recent ly 
c o n f i r m e d b y BuRGETT and LIN 2 1 , w h o m e a s u r e d the 
q u e n c h i n g o f l u m i n e s c e n c e b y i n f r a r e d i r rad ia t i on . 

T h e u n i f o r m l u m i n e s c e n c e centre m o d e l a lso al-
l o w s the interpretat ion o f the spectral t h e r m o -
l u m i n e s c e n c e b e h a v i o u r o f Z n S / 1 0 - 3 Cu , 1 0 - 5 C o , 
i n c l u d i n g the red b a n d . S i n c e the exc i ted level f o r 
the b l u e l u m i n e s c e n c e is s u p p o s e d energet i ca l ly to 
l ie wi th in the c o n d u c t i o n b a n d , it f o l l o w s that the 
t rans fer o f e l ec t rons v ia this b a n d f r o m traps 
to i o n i z e d l u m i n e s c e n c e centres s h o u l d no t cause 
b l u e t h e r m o l u m i n e s c e n c e . T h e b l u e t h e r m o l u m i n e s -
c e n c e s h o u l d o n l y b e p o s s i b l e i n this m o d e l w h e n 
a trap and a l u m i n e s c e n c e centre are l o ca ted c l o s e to 
o n e another o r , w h e n the metastable e l e c t ron i c level 
is itself part o f the l u m i n e s c e n c e centre . T h e m o d e l 
attr ibutes the b l u e as wel l as the red b a n d to the 
t w o p o s s i b l e e l e c t ron trans i t ions within a d o u b l y 
i o n i z e d l u m i n e s c e n c e centre . It shou ld then b e ex-
p e c t e d that wi th a spec i f i c p r o b a b i l i t y it is a l w a y s 
p o s s i b l e to get the red instead o f the b lue trans i t ion . 
A c o m p a r i s o n be tween F igs . 3 and 6 s h o w s this c o r -
re la t ion be tween the t w o trans i t ions . F i g u r e 3 s h o w s 
p r i m a r i l y the r ise o f the b l u e b a n d in peak II with 
i n c r e a s i n g exc i ta t i on temperature , be cause o f w e a k 
intensity a n d l o w sensit ivity o f the p h o t o m u l i p l i e r 
m a k e the red c o m p o n e n t n e g l i g i b l e . F r o m F i g . 6 it 
wi l l b e seen that a f ter exc i ta t i on at — 7 0 C the red 
c o m p o n e n t o f p e a k II increases in the same p r o p o r -
t i on as the b l u e c o m p o n e n t . S i n c e a c c o r d i n g to this 
m o d e l the red t h e r m o l u m i n e s c e n c e c o u l d a lso result 
f r o m e lec t ron t rans fer v ia the c o n d u c t i o n b a n d , it 
f o l l o w s that it s h o u l d a lso a p p e a r s imul taneous ly 

with the g r e e n t h e r m o l u m i n e s c e n c e , as l o n g as there 
are still d o u b l y i o n i z e d l u m i n e s c e n c e centres . It is 
there f o re u n d e r s t a n d a b l e that the red e m i s s i o n c a n 
still b e o b s e r v e d a lso a b o v e p e a k II . A s e x p e c t e d , 
this p e a k ( I I ) , l ike the green p e a k ( I I I ) , s h o w s n o 
d e p e n d e n c e o n the exc i ta t i on temperature , b o t h 
b e i n g attr ibuted to the s a m e traps o r rather the 
same transfer m e c h a n i s m b y o u r m o d e l . T h e ear l ier 
d r o p in p e a k I I ' c a n b e e x p l a i n e d b y the filling 
p r o c e s s o f the d o u b l y i o n i z e d l u m i n e s c e n c e cen-
tres. 

U n f o r t u n a t e l y o n l y v e r y little c a n b e said about 
the nature o f the t raps r e q u i r e d here . T h e fac t that 
the p o s i t i o n s o f p e a k s I , I ' and II are fixed b y the 
C o + + w h i l e o n the o ther h a n d a surp lus o f C u + o r 
A g + is necessary if w e are to o b t a i n t h e r m o l u m i n e s -
c e n c e at all , p o i n t s to C o + + - C u + - o r C o + + - A g + - a s s o -
ciates as " t h e r m o l u m i n e s c e n c e c e n t r e s " . T h e ex-
changeab i l i t y o f c o p p e r and s i lver also fits v e r y well 
into the u n i f o r m l u m i n e s c e n c e centre m o d e l . In ac-
c o r d a n c e wi th this m o d e l w e c a n assume that the 
m o n o v a l e n t ac t ivators p r o d u c e latt ice de fec ts , which 
are r e s p o n s i b l e f o r a h i g h c o n c e n t r a t i o n of lumines -
c e n c e centres . T h e h i g h e r the C u + - o r A g + - c o n c e n -
trat ion , the greater the p r o b a b i l i t y , that the C o + + -
i ons , w h i c h are r e s p o n s i b l e f o r the c rea t i on o f the 
trap levels are l o c a t e d very c l o s e to the lumines -
c e n c e centres . T h e l u m i n e s c e n c e centres wi th dis-
crete metastab le states, r e s p o n s i b l e f o r the m a x i m a 
I, I , a n d I I , then p o s s i b l y e m e r g e , w h i l e separate ly 
i n c o r p o r a t e d C o + + - i o n s — iso lated f r o m the lumi -
n e s c e n c e centres — are r e s p o n s i b l e f o r the trap dis-
t r i b u t i o n o f the th i rd g l o w p e a k . 

A s e x p e c t e d , the E P R - m e a s u r e m e n t s presented 
here c a n n o t o f f e r a sa t i s fac tory a n s w e r t o the ques -
t ion a b o u t the s t ructure o f the t h e r m o l u m i n e s c e n c e 
centres , s ince , as w e k n o w , E P R spectra o f p o w d e r s 
genera l l y g i v e o n l y insu f f i c i en t i n f o r m a t i o n s . T h e 
very b r o a d s ignal ( F i g . 8 ) , w h i c h w a s f o u n d at li-
q u i d h e l i u m temperature , has b e e n attr ibuted b y 
m a n y a u t h o r s 2 2 - 2 4 to a C o + + - i o n . A b o v e all, w e 
find p a r a m a g n e t i c centres , the thermal des t ruc t i on 
o f w h i c h is c o r r e l a t e d wi th the t h e r m o l u m i n e s c e n c e 
g l o w c u r v e , o f p a r t i c u l a r interest . A s imi lar ef fect 
had a l r e a d y b e e n f o u n d i n se l f -act ivated Z n S s ing le 
crysta ls 2 5 . T h e a u t h o r s f o u n d p a r a m a g n e t i c centres 
with a ^ - f a c t o r o f 2 . 0 1 8 2 , w h i c h w e r e d e s t r o y e d 
within 1 0 0 to 1 5 0 K , this b e i n g a c c o m p a n i e d b y an 
e m i s s i o n o f g l o w l i g h t . A t the s a m e t ime a sharp 
relative dec rease o f the red b a n d w a s o b s e r v e d . T h e 



E P R - c e n t r e s , w h i c h in o u r c a s e w e r e d e s t r o y e d a c -
c o m p a n i e d b y t h e g l o w p e a k s I I a n d I I I , s h o w a l s o 
a ^ - v a l u e h i g h e r t h a n that o f the f r e e e l e c t r o n . T h i s 
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