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ABSTRACT 

T h i s t h e s i s d e s c r i b e s work on the growth and e l e c t r i c a l 

p r o p e r t i e s o f t h i n luminescent f i l m s o f z i n c s i l i c a t e phosphor, 

Zn^SiO^ : Mn, formed from the s o l i d - s t a t e r e a c t i o n of ZnF^tMn and SiO^ 
o 

a t 1000 C, on n-type s i l i c o n s u b s t r a t e s . The f i l m formed i n t h i s way 

c o n s i s t s o f z i n c s i l i c a t e separated from the s i l i c o n by a non-luminescent 

i n t e r f a c i a l l a y e r . E l e c t r i c a l measurements were made on m e t a l - i n s u l a t o r -

s i l i c o n (MIS) c a p a c i t o r s formed by photolithography using both the 

composite and the i n t e r f a c i a l f i l m as the i n s i i l a t o r . 

The f i l m p r o p e r t i e s vary with the growth c o n d i t i o n s . Three types 

o f f i l m s , defined by the gas ambient f o r the r e a c t i o n , were i n v e s t i g a t e d . 

High frequency c a p a c i t a n c e - v o l t a g e measurements on the composite f i l m s 

showed good MIS-type c h a r a c t e r i s t i c s but with f l a t - b a n d voltages t h a t 

changed w i t h e l e c t r i c a l s t r e s s . These changes, together with measure­

ments made on the i n t e r f a c i a l l a y e r s , were used to study the formation 

of space-charge w i t h i n the f i l m s . F i l m s formed i n s h o r t r e a c t i o n times 

i n and those w i t h longer r e a c t i o n times i n lO% of .0^ i n / showed 

p o l a r i z a t i o n when n e g a t i v e l y s t r e s s e d a t 10^ v/cm and above. T h i s was 

ex p l a i n e d by the build-up o f negative space-charge a t the d i e l e c t r i c -
2+ 

d i e l e c t r i c i n t e r f a c e , due to the s e p a r a t i o n o f Zn c a t i o n s from the 
4-

immobile (SiO^) anions i n the s i l i c a t e , c l o s e t o the i n t e r f a c e . 

F i l m s formed by a long r e a c t i o n time i n u l t r a - p u r e N^f showed 

the above type o f p o l a r i z a t i o n phenomenon only i n a very t h i n outer l a y e r . 

However, i n the bulk, p o l a r i z a t i o n was probably due to charge accumula­

t i o n a t c r y s t a l l i t e boundaries. I n g e n e r a l , t h e r e i s ho strong evidence 

o f e l e c t r o n i n j e c t i o n i n t o the s i l i c a t e f i l m s . 
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CHAPTER 1 

INTRODUCTION 

1.1 L i g h t - e m i s s i o n from S i l i c o n - b a s e d Devices 

T h i s t h e s i s i s concerned with the i n v e s t i g a t i o n of the e l e c t r i c a l 

p r o p e r t i e s of a p o s s i b l e l i g h t e m i t t i n g t h i n f i l m on s i l i c o n . I n c o rpora­

t i o n of such f i l m s w i t h s i l i c o n i n t e g r a t e d c i r c u i t technology might f i n d 

a p p l i c a t i x j n as i n t e g r a t e d e l e c t r o n i c d i s p l a y d e v i c e s or f o r o p t i c a l 

couplings between c h i p s or i n i n t e g r a t e d o p t i c s . The question of whether 

v i s i b l e and c o n t r o l l a b l e l i g h t can ever be emitted from s i l i c o n i n t e g r a t e d 

chip s t i o i c t u r e s i s a l s o of c o n s i d e r a b l e academic i n t e r e s t . 

E l e c t r o n i c d i s p l a y s based on s o l i d - s t a t e d e v i c e s have found many 

a p p l i c a t i o n s i n p r e s e n t day s c i e n t i f i c instruments, watches, c a l c u l a t o r s , 

e t c . Many o f these d i s p l a y d e v i c e s use l i g h t - e m i t t i n g diodes (LED's), 

which e x p l o i t some o f the e l e c t r o n i c p r o p e r t i e s of semiconducting I I I - V 

compounds, e s p e c i a l l y GaAs ^ P i _ °^ GaP. Devices from such m a t e r i a l s 

have the advantage of low power operation and give high r e s o l u t i o n i n 

d a y l i g h t . On the o t h e r hand, l i q u i d c r y s t a l d i s p l a y s , which have an even 

lower power d i s s i p a t i o n have the disadvantage o f r e q u i r i n g an e x t e r n a l 

l i g h t source f o r i l l u m i n a t i o n . The m a j o r i t y of LED's u t i l i s e the mechan­

ism of r a d i a t i v e recombination of excess c a r r i e r s which have been i n j e c t e d 

from a forward b i a s e d p-n j u n c t i o n and f o r t h i s to occur the band-gap of 

the m a t e r i a l has to correspond to wavelengths i n the v i s i b l e range of the 

spectrum (1) . S i l i c o n has a band-gap of 1.1 eV which corresponds to 

the i n f r a - r e d , and t h e r e f o r e i t i s not d i r e c t l y o f use f o r d i s p l a y 

d e v i c e s u s i n g the r a d i a t i v e recombination mechanism. Furthermore, 

s i l i c o n has an i n d i r e c t band-gap and t h e r e f o r e a n o n - r a d i a t i v e t r a n s i t i o n 

i s normally i n v o l v e d . 

Other forms of s o l i d - s t a t e d i s p l a y device use t h i n e l e c t r o ­

luminescent f i l m s deposited on to s u i t a b l e e l e c t r o d e s which w i l l omit 

v i s i b l e r a d i a t i o n w i t h a.c. or d.c. e x c i t a t i o n - r ^ ^ B ^ p l a y panels have 

t3MARS580 ) 
X ; , '-.b-..ry 



a l r e a d y formad s e v e r a l t e c h n o l o g i c a l a p p l i c a t i o n s mainly using z i n c 

s u l p h i d e semiconductors, although very l i t t l e o f t h e i r operating 

mechanism i s , as y e t , completely understood. 

P r e s e n t day d e v i c e s f o r perfojnning d r i v e , decoding, memory 

f u n c t i o n s , e t c . , a r e f a b r i c a t e d by the monolithic i n t e g r a t e d c i r c u i t 

techniques on s i l i c o n s u b s t r a t e s but s i n c e the d i s p l a y devices use 

m a t e r i a l s o t h e r than s i l i c o n , e x t e r n a l connections have to be made to 

complete a d i s p l a y system. The r e l a t i v e high c o s t s of such i n t e r ­

connections and t h e i r high f a i l u r e p r o b a b i l i t y makes them a governing 

f a c t o r i n l i m i t i n g the complexity and c o s t s of pre s e n t d i s p l a y systems. 

I t was r e a l i z e d i n the Department i n 1966 t h a t i f a t h i n f i l m , with l i g h t 

e m i t t i n g c a p a b i l i t y , can be formed on a s i l i c o n s u b s t r a t e a l s o c o n t a i n i n g 

the a s s o c i a t e d c i r c u i t r y , then complex i n t e g r a t e d i n t e r c o n n e c t i o n s could 

be made u s i n g standard s i l i c o n technology. There a r e consi d e r a b l e 

problems w i t h semiconducting t h i n f i l m s on s i l i c o n and a s u b s t i t u t e i s 

to use a phosphor f i l m e x c i t e d by the i n j e c t i o n o f high energy e l e c t r o n s 

from the s i l i c o n l e a d i n g to impact i o n i z a t i o n or resonance t r a n s f e r e l e c t r o ­

luminescence. 

The i d e a of mo n o l i t h i c d i s p l a y s has almost been overtaken by 

advances i n the d r i v i n g methods f o r both LED's and l i q u i d c r y s t a l s . The 

r e a l problem i s because o f the m i n i a t u r i z a t i o n i n s i l i c o n i n t e g r a t e d c h i p s . 

For a m o n o l i t h i c d i s p l a y which has to be about 5-10 mm a c r o s s , i t has to 

be extremely b r i g h t i n order to be readable. However, o p t i c a l couplings 

between c h i p s could s t i l l be of i n t e r e s t , and sma l l l i g h t e m i t t i n g areas 

opposite s i l i c o n photodetectors o r coupled v i a o p t i c a l f i l m coiiLd be of 

importance i n the f u t u r e . L i g h t e m i t t i n g f i l m s could be of i n c r e a s i n g 

i n t e r e s t f o r i n t e g r a t e d o p t i c a l d e v i c e s . There i s a l s o the s c i e n t i f i c 

q u e s t i o n of whether l i g h t from a s o l i d s i l i c o n - b a s e d s t r u c t u r e could be 

ach i e v e d . 



T h i s t h e s i s forms p a r t o f a wider study of p o s s i b l e e l e c t r o ­

luminescent f i l m s f o r the a p p l i c a t i o n s d e s c r i b e d . The m a t e r i a l considered 

i s z i n c - s i l i c a t e , doped w i t h manganese, which i n i t s n a t u r a l occuring 

form i s known as ' w i l l e m i t e ' . The formation o f tJ i i n w i l l e m i t e f i l m s 

on s i l i c o n has been s u c c e s s f u l l y i n i t i a t e d by Edwards (2) i n t h i s 

Department. T h i s chapter w i l l p r e s e n t some of the general p r o p e r t i e s of 

' w i l l e m i t e ' and the r e s u l t s o f previous i n v e s t i g a t i o n s ' of such ' w i l l e m i t e ' 

f i l m s . 

1-2 General P r o p e r t i e s o f W i l l e m i t e 

W i l l e m i t e i s a n a t u r a l l y o c c u r i n g luminescent mineral composed 

of z i n c o r t h o s i l i c a t e . I n t h i s t h e s i s the word ' w i l l e m i t e ' w i l l always 

r e f e r to the s y n t h e t i c luminescent z i n c s i l i c a t e f i l m incorporated with 

manganese. I n powder form t h i s m a t e r i a l has long been used f o r the 

sc r e e n s o f cathode-ray tubes g i v i n g the green l i g h t output with a peak 

emission o f 5250 X. The broad s t r u c t u r e l e s s emission band centred 
2+ 

about t h i s peak i s t y p i c a l o f Mn i o n i n the rhombohedral c i y s t a l s t r u c t u r e 

of cx-zn^SiO^, and i t i s p r a c t i c a l l y independent o f the method of e x c i t a ­

t i o n . 

The f i r s t d e t a i l e d X-ray examination o f w i l l e m i t e was under­

taken by Bragg and Za c h a r i a s e n (3) i n 1930. The s t r u c t u r e of w i l l e m i t e 

i s based on a rhombohedral space l a t t i c e w i t h a u n i t c e l l composing of 

42 atoms from s i x Zn SiO groups. I n g e n e r a l , the b a s i c b u i l d i n g block 

of s i l i c a t e c o n s i s t s o f a s i l i c o n atom surrovinded by four oxygen atoms 

a t the co r n e r s of a t e t r a h e d r a . Because of the l a r g e u n i t c e l l and 

rhoinbohedral space l a t t i c e on which w i l l e m i t e i s based, i t i s q u i t e 

d i f f i c u l t t o get a c l e a r p i c t u r e o f the atomic arrangement i n the s t r u c t u r e . 

However, from the work o f Bragg (4) , the s t r u c t u r e i s b a s i c a l l y formed by 

the i n t e r l i n k i n g of SiO^ t e t r a h e d r a and ZnO^ t e t r a h e d r a i n such a way t h a t 

each atom o f the SiO^ group a l s o forms p a r t o f two neighbouring t e t r a h e d r a 



Chemical Name : 

C r y s t a l S t r u c t u r e : 

Dopant : 

Energy Band-gap : 

R a d i a t i v e E m i s s i o n 

a-Zinc S i l i c a t e , Zn„SiO : Mn. 
2 4 

Rhombohedral, based on s i l i c a t e t e t r a g o n a l 

network. 
S i l i c a t e r a d i c a l , (SiO^) , i o n i c a l l y bonded 

to z i n c m e t a l l i c c a t i o n , Zn^^. 

Manganese. Mn^^ ions r e p l a c i n g Zn^^ ions i n 

l a t t i c e s i t e . 

5.4-5.5 eV ( o p t i c a l ) . 

Green. Peak a t 523oX ( f o r 1% Mn). 
-2 

Decay time '\'10 s e c . 

Luminescence Mechanism : T r a n s i t i o n o f 3d e l e c t r o n s i n Mn^^ i o n . 

From '̂ G e x c i t e d s t a t e to ̂ S Grotind s t a t e . 
Energy L e v e l s 

Conduction Band 
> \ N \ N N N N N 

5.45 eV 

V - y '̂^ ^ ^ V V \ 
Valence Band 

X = 5230 8 

Table 1.1 P r o p e r t i e s o f Wi l l e m i t e (Zn^SiO^) 



around z i n c atoms. The s t r o n g l y bound SiO^ group i n z i n c o r t h o s i l i c a t e 

i s due to the mixed c o v a l e n t - i o n i c band t h a t occurs between the S i atom 

and i t s four surrounding O atoms. T h i s r e s u l t s i n a r a d i c a l SiO^ group 
-4 

w i t h a net charge o f 7-4, i . e . (SiO^) , which i s i o n i c a l l y bonded to 

Zn^^ i o n s . Z i n c s i l i c a t e phosphors are made by i n c o r p o r a t i n g manganese 

ions i n t o the crystal l a t t i c e , the Mn̂"*̂  ions r e p l a c i n g the z i n c , w i t h a 

s l i g h t expansion o f the l a t t i c e because of the s l i g h t l y l a r g e r Mn̂"*̂  ion. 

K l i c k and Schulman (5) proved c o n c l u s i v e l y t h a t i t i s the e x c i t a t i o n of 

these Mn̂"*̂  ions which i s r e s p o n s i b l e f o r the peak i n emission spectrum 

a t 5250 A . Zi n c o r t h o s i l i c a t e has an o p t i c a l band-gap of 5.4-5.5 eV 

and a summary o f i t s p r o p e r t i e s i s given i n Table 1.1. 

Almost a l l the e x t e n s i v e work on w i l l e m i t e reported i n the 

l i t e r a t u r e r e f e r s to s y n t h e t i c powder samples and there appears to have 

been v e r y l i t t l e done on t h i n f i l m s . Feldman and O'Hara (6) developed 

a technique f o r forming w i l l e m i t e t h i n f i l m s by evaporating the phosphor 

on t o s i l i c a g l a s s and then f i r i n g i t a t 1100° C f o r h a l f an hour i n 

oxygen. More r e c e n t work by d i Giacomo (7) d e s c r i b e d two methods f o r 

d e p o s i t i n g p o l y c r y s t a l l i n e t h i n f i l m o f w i l l e m i t e on quartz, sapphire 

and s i l i c o n wafers having i n i t i a l oxides of about 1 ym i n t h i c k n e s s . 

The f i r s t method was a vapour phase process u s i n g MnCl2 as dopant while 

the second was the normal evaporation and f i r i n g p r o c e s s . Neither method 

was v e r y s u c c e s s f u l i n producing good q u a l i t y f i l m s , e s p e c i a l l y the 

l a t t e r , where t h e r e were problems of decomposition. 

Edwards(2) has s u c c e s s f u l l y developed a simple technique f o r 

p r e p a r i n g t h i n f i l m s o f w i l l e m i t e on s i l i c o n s u b s t r a t e s . The id e a i s to 

make use o f s i l i c o n d i o x i d e , which i s t h e r m a l l y grown w i t h ease on 

s i l i c o n , as one of the c o n s t i t u e n t m a t e r i a l s . The other c o n s t i t u e n t i s 

ZnF^ : Mn (doped w i t h manganese) deposited on the Si02 by vacuum 

evapo r a t i o n . A subsequent heat treatment a t a high temperature 

(900° C- 1000°C) i n n i t r o g e n causes the f i l m s to r e a c t forming a high 



q u a l i t y f i l m o f w i l l e m i t e . The ZnF^ : Mn i s used i n s t e a d of any other 

z i n c compound (e.g. ZnCl ) because hoth ZnF and MnF have very n e a r l y the 

same vapour p r e s s u r e s and melting p o i n t s (872° C and 856° C r e s p e c t i v e l y ) 

so t h a t . t h e powder can be evaporated and condensed.without l o s s of the 

a c t i v a t o r . Z i n c f l u o r i d e i s one of the very few phosphors t h a t can be 

deposited by evaporation without l o s i n g i t s yellow luminescence. 

The chemical r e a c t i o n as p o s t u l a t e d by Edwards, takes the form 

of 

2ZnF : Mn + 2SiO —> Zn SiO : Mn + S i F 
£ • ^ f t • T 

where the S i F ^ i s given o f f because of i t s v o l a t i l i t y . I n order to 

achieve high f i e l d s w i t h low v o l t a g e s , Edwards decided to i n v e s t i g a t e 

f i l m s formed from i n i t i a l oxide f i l m s of t h i c k n e s s e s of 1000 A or l e s s . 

The f i l m s always gave uniform green cathodoluminescent emission w i t h peak 

emission a t 5250 A. The f i l m s were found to be s t r o n g l y adherent to 

the s i l i c o n , ^ s t a b l e and they have not d e t e r i o r a t e d a f t e r many years i n 

o r d i n a r y a i r . T r a n s m i s s i o n e l e c t r o n microscope s t u d i e s of these t h i n 

w i l l e m i t e f i l m s r e v e a l e d the presence of i s l a n d s o f c r y s t a l l i t e s of 

converted oxide surrounded by unreacted oxide i n regions where there 

was i n s u f f i c i e n t ZnF2. The v / i l l e m i t e f i l m s were a l s o shown to be 

p o l y c r y s t a l l i n e by u s i n g the r e f l e c t i o n d i f f r a c t i o n technique and i t 

was a l s o proved t h a t they have the c o r r e c t c r y s t a l s t r u c t u r e of a-Zn^SiO^. 

1.3 Luminescence of W i l l e m i t e Thin F i l m s 

Luminescence i s caused by r a d i a t i v e t r a n s i t i o n s a s s o c i a t e d wit± 

e i t h e r the bulk m a t e r i a l , i m p e r f e c t i o n s and/or s i n g l e or m u l t i p l e 

a c t i v a t o r s . Energy, f o r luminescence has t o be provided by some s o r t of 

e x t e r n a l e x c i t a t i o n . From the p o i n t of view of e x c i t a t i o n and emission 

mechanisms, w i l l e m i t e i s one of the s i m p l e r m a t e r i a l s f o r a c h i e v i n g 

luminescence, although t h e r e appears to have l i t t l e i n h e r e n t i n the 

d e t a i l e d study of i t s energy t r a n s p o r t p r o c e s s e s . 



The o r i g i n of the green emission from w i l l e m i t e has been the 

s u b j e c t o f a c o n s i d e r a b l e amount of theory which has been reviewed by 

K l i c k ( 8 ) , G a r l i c k (9) and K l i c k and Schulman ( 5 ) . From i t s s p e c t r a l 

f e a t u r e s , the t r a n s i t i o n s a r e found to be e n t i r e l y w i t h i n the Mn^^ i o n 
4 

between the G e x c i t e d s t a t e o f the 3d e l e c t r o n s , i n which four of them 

have p a r a l l e l s p i n s and one a n t i p a r a l l e l , and the ̂ S ground s t a t e i n which 

a l l f i v e e l e c t r o n s have p a r a l l e l s p i n s . The energy d i f f e r e n c e between 
-2 

t h e s e two s t a t e s i s 2.37 eV and t h e r e i s a long decay time ("x-lO sec) 

f o r the r a d i a t i v e t r a n s i t i o n to take p l a c e . The green luminescence o f 

w i l l e m i t e i s observable w i t h as l i t t l e as 0.1% of Mn incorporated i n the 

z i n c s i l i c a t e , o r as much as 20% Mn although the output i n i n t e n s i t y i s 

then v e r y much reduced. The peak output occurs a t about 1% Mn doping 

which i s normally used. 

Because of the s i n g l e impurity a c t i v a t i o n and s i m p l i c i t y i n 

understanding i t s e m i s s i o n mechanism, w i l l e m i t e seems to be a very l i k e l y 

m a t e r i a l f o r a c h i e v i n g e l e c t r o l u m i n e s c e n c e . I n h i s review of the va r i o u s 

types o f luminescence mechanisms, Morant (10) a l s o presented the p o s s i b l e 

ways o f a c h i e v i n g luminescence i n w i l l e m i t e by e l e c t r i c a l e x c i t a t i o n . 
2+ 

The four ways i n which the 3d e l e c t r o n s o f Mn can be r a i s e d to an 

e x c i t e d s t a t e are :-

(a) the resonance e x c i t a t i o n ( e x c i t o n t r a n s f e r ) from e l e c t r o n -

hole recombination o c c u r i n g w i t h i n about 100 X of the Mn^^ 

(b) the i n e l a s t i c c o l l i s i o n of a hot conduction e l e c t r o n or an 

i n j e c t e d e l e c t r o n , 

(c) the t r a p p i n g o f a ho l e which subsequently recombines w i t h 

an e l e c t r o n t r a n s f e r r i n g i t s energy to the ion, and 

(d) the absorption o f an e x t e r n a l l y a p p l i e d r a d i a t i o n . 

The l a s t case a p p l i e s only to photoluminescence and the other 

t h r e e to cathodolimiinescence or el e c t r o l u m i n e s c e n c e . With e l e c t r i c a l 
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F i g u r e 1.1 E l e c t r o l u m i n e s c e n t p r o c e s s e s a p p l i c a b l e to 

w i l l e m i t e a f t e r Morant (10) 



excita,tion any of the tJiree mechanisms may occur simultaneously, and 

there w i l l always be competition between n o n - r a d i a t i v e energy l o s s e s and 

e x c i t a t i o n energy which u l t i m a t e l y determines the e f f i c i e n c y . Cases 

(a) and (b) a r e most l i k e l y i f electroluminescence i s to be obtained 

i n w i l l e m i t e t h i n f i l m s because (c) i s improbable due to the low 

m o b i l i t y of h o l e s as w e l l as space-charge e f f e c t s t h a t can a r i s e from 

t r a p p i n g . 

To achieve e l e c t r o l u m i n e s c e n c e by e i t h e r of the f i r s t two 

c a s e s , Morant (10) has c l a s s i f i e d the methods o f e x c i t a t i o n i n t o t h r e e ; 

namely b i p o l a r i n j e c t i o n followed by recombination, u n i p o l a r i n j e c t i o n 

followed by impact e x c i t a t i o n , and u n i p o l a r i n j e c t i o n followed by impact 

i o n i z a t i o n (see F i g . 1.1) . I n a wide band-gap m a t e r i a l which probably 

has a very low e l e c t r o n m o b i l i t y , e x c i t a t i o n by means of b i p o l a r i n j e c t i o n 

f o l l o w e d by recombination i s expected to be most i n e f f i c i e n t . Hence the 

most l i k e l y e f f i c i e n t e l e c t r o l u m i n e s c e n t mechanism i n w i l l e m i t e t h i n 

f i l m s seems to be u n i p o l a r i n j e c t i o n . T h i s might be achieved by using 

a t h i n f i l m w i l l e m i t e on n-type s i l i c o n , i n the form of an MIS-type 

s t r u c t u r e , where the metal e l e c t r o d e has to be t r a n s p a r e n t f o r the l i g h t 

e m i s s i o n t o escape. By b i a s i n g w i t h a p o s i t i v e v o l t a g e , a high f i e l d 

c o u l d be c r e a t e d i n the w i l l e m i t e enabling e l e c t r o n s i n j e c t e d from the 

s i l i c o n to e x c i t e t h e 3d e l e c t r o n s of Mn^^ i o n s by c o l l i s i o n i o n i z a t i o n 

(Edwards (2) ) . I t was hoped t h a t l i g h t emission coiiLd be achieved i n 

t h i s manner. 

1.4 Review of P r e v i o u s Experimental Work 

Edwards' e a r l y experimental work on w i l l e m i t e t h i n f i l m s on 

s i l i c o n was a f f e c t e d by i o n i c contamination, u n c o n t r o l l a b l e p r o c e s s i n g 

and i r r e p r o d u c i b l e e l e c t r i c a l r e s u l t s . Capacitance-voltage and conduction 

measurements v a r i e d from one c a p a c i t o r to another. Because o f t h e l a c k 

of c o n t r o l i n tihe p r o c e s s i n g , Edwards concluded t h a t the i n i t i a l oxide 



grovm p r i o r t o the formation o f w i l l e m i t e f i l m s was.already contaminated 

w i t h e i t h e r sodium o r hydrogen i o n s . There was also evidence f o r the 

formation o f negative space-charge i n h i s w i l l e m i t e f i l m s . Cathodo-

luminescence was always observed b u t not photoluminescence, i . e . when 

i r r a d i a t e d w i t h u l t r a - v i o l e t l i g h t a t e i t h e r room temperature or l i q u i d 

n i t r o g e n temperature. Edwards obseirved some d.c. electroluminescence i n 

h i s MIS-type w i l l e m i t e s t r u c t u r e s a t f i e l d s o f about 2 x 10^ v/cm, which 

was on the verge o f d i e l e c t r i c breakdown o c c u r r i n g a t l o c a l i z e d spots i n 

the e l e c t r o d e s . I t was proposed t h a t the.corresponding high c u r r e n t o f 

about 100 yA was a r e s u l t o f hot e l e c t r o n s l e a d i n g t o c o l l i s i o n i o n i z a ­

t i o n , the same el e c t r o n s being responsible f o r impact c o l l i s i o n w i t h 

Mn̂ "*̂  ions which gave the green emission. 

Later work by Husain (11) was mainly concerned w i t h the i n v e s t i g a ­

t i o n o f the e l e c t r i c a l p r o p e r t i e s o f w i l l e m i t e t h i n f i l m s on metal 

e l e c t r o d e s . The metal chosen was platinum since i t i s less l i k e l y t o be 

a f f e c t e d by the w i l l e m i t e reaction-bake process, and i n the absence o f 

s o l i d platiniam, a t h i n f i l m had t o be deposited on an i n s u l a t i n g substrate 

o f quartz- W i l l e m i t e f i l m s were also deposited on alumina and sapphire 

substrates b ut there were problems o f sxabstrate cracking and the f i l m s 

p e e l i n g o f f . The w i l l e m i t e was formed from a s i l i c o n monoxide f i l m 

deposited on the platinum so t h a t i t may be r a t h e r d i f f e r e n t from t h a t 

formed on s i l i c o n . However, c u r r e n t v a r i a b i l i t y as w e l l as the existence 

o f a r e s i d u a l f i l m were also observed i n those f i l m s . Husain's c u r r e n t 

measurements were i n c o n s i s t e n t and i r r e p r o d u c i b l e . Weak electroluminescence 

was also observed but again, only a t very h i g h f i e l d s , and t h i s supported 

the e l e c t r o n i n j e c t i o n model o f Edwards. 

I n more thorough measurements on improved w i l l e m i t e MIS-type 

s t r u c t u r e s , Davies (12) found a decrease i n t h e slope o f the C-V p l o t . 

This decrease i n slope was explained by the non-uniformity o f the w i l l e m i t e 



f i l m s , e s p e c i a l l y a t the i n t e r f a c e s w i t h the s i l i c o n and the metal 

electrode. The d i s t o r t i o n o f C-V c h a r a c t e r i s t i c s because of non-

t i n i f o r m i t y i n the d i e l e c t r i c has been reported f o r other f i l m s by 

Crowell (13) , N i c o l l i a n and Goetzberger (14), and Snow and Dumesuil (15)• 

Based on t h i s idea, Davies proposed t h a t the area o f the w i l l e m i t e Mis­

type c a p a c i t o r i s d i v i d e d i n t o elemental capacitors experiencing varying 

degrees o f e l e c t r o n i n j e c t i o n . Each l o c a l i z e d elemental capacitor w i l l 

have i t s i n d i v i d u a l C-V c h a r a c t e r i s t i c as expected f o r a normal MIS-type 

s t r u c t u r e and the net c h a r a c t e r i s t i c , when the i n d i v i d u a l c h a r a c t e r i s t i c s 

are added up, w i l l r e s u l t i n a lowering o f the measured C-V slope. This 

e f f e c t o f slope lowering i n C-V p l o t s has been d e a l t w i t h i n d e t a i l , 

t h e o r e t i c a l l y , by Brews and Lopez (16). Davies also showed the existence 

o f a remnant oxide l a y e r i n between the w i l l e m i t e and the s i l i c o n by 

etc h i n g experiments and i t i s t h i s remnant l a y e r which he proposed as the 

determining f a c t o r f o r the high applied voltages required f o r e l e c t r o n 

i n j e c t i o n from the s i l i c o n i n t o the d i e l e c t r i c . Further i n v e s t i g a t i o n by 

Davies l e d t o the discovery o f an outer i n s u l a t i n g l a y e r , a few tens o f 

Angstroms i n thickness, on the surface o f the w i l l e m i t e , p o s s i b l y derived 

from unreacted c o n s t i t u e n t s , e.g. ZnO and ZnF^. This l e d t o the in v e n t i o n 

o f Davies o f the " d e g r o t t i n g " or post-etching process f o r the removal of 

t h i s unwanted l a y e r by a p o s t - r e a c t i o n chemical cleaning. 

The remnant oxide l a y e r , o r r e s i d u a l f i l m , was thought t o be 

responsible f o r the s c a t t e r i n g o f electrons t h a t are i n j e c t e d from the 

s i l i c o n i n t o the w i l l e m i t e , thus reducing the e f f i c i e n c y o f luminescence. 

For t h i s reason, i t i s important t o achieve an almost n e g l i g i b l e r e s i d u a l 

f i l m when forming the w i l l e m i t e f i l m s . 

I n the subsequent work by E r r i n g t o n (17) on the r a t e o f growth 

o f w i l l e m i t e f i l m s on s i l i c o n , i t was found t h a t f o r reaction-bake times 

i n excess o f two minutes i n n i t r o g e n , the thickness o f oxide used up i n 
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Figure 1.2 E l e c t r o n i n j e c t i o n s t r u c t u r e f o r achieving 
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reversed biased p n ^ - j u n c t i o n 

a f t e r Campbell (18) 



the r e a c t i o n i s p r o p o r t i o n a l t o the square r o o t o f the r e a c t i o n time. 

This seems t o be i n accordance w i t h Fick's d i f f u s i o n law f o r a constant 

source c o n c e n t r a t i o n i n t o a s e m i - i n f i n i t e body. By varying the t h i c k ­

nesses o f i n i t i a l oxide and zinc f l u o r i d e as w e l l as the r e a c t i o n time 

and temperature, E r r i n g t o n t r i e d t o f i n d c o n d i t i o n s f o r the e l i m i n a t i o n 

o f the r e s i d u a l oxide f i l m . However the smallest thickness was found t o 

be about 50 8 i n c o n d i t i o n s which also cause problems o f thinness o f the 

w i l l e m i t e . For w i l l e m i t e t h i c k enough t o be b r i g h t l y cathodoluminescent, 

the r e s i d u a l f i l m thickness was a t l e a s t 300 S . E r r i n g t o n also measured 

the r e f r a c t i v e index o f the r e s i d u a l oxide f i l m , from ellipsometer measure­

ments. This showed values v a r y i n g from 1.80 t o about 2.60, depending on 

the time o f bake w i t h i n a range o f up t o 20 min., and much gr.eater than 

t h a t o f thermal oxide ( n = 1.46). . . . • 

On t h e basis o f the weak l i g h t output and extremely high f i e l d s 

r e q u i r e d t o achieve luminescence, Campbell (17) fabricated^pn s t r u c t u r e 

u n d e r l y i n g the f i l m s (see F i g 1.2). The o b j e c t i v e o f such a s t r u c t u r e , 

i n s t e a d o f the usual s i n g l y doped s i l i c o n , i s t o achieve a large concentra­

t i o n o f energetic h o t e l e c t r o n s from avalanching when the pn^ s t r u c t u r e i s 

reverse bias«<i. Hence, i n such c o n d i t i o n , t h e p r o b a b i l i t y o f very high 
2+ 

c o n c e n t r a t i o n o f e l e c t r o n s f o r impact c o l l i s i o n t o e x c i t e the Mn ions 

i s increased. E l e c t r o n i n j e c t i o n from the pn^ s t r u c t u r e i n f a c t comes 

from microplasmas which has s w i t c h i n g p r o p e r t i e s . Campbell also deduced 

t h a t the r e s i d u a l oxide f i l m s were responsible f o r l i m i t i n g the i n j e c t i o n 

e f f i c i e n c y o f high energy e l e c t r o n s . Campbell also prepared w i l l e m i t e 

f i l m s by h e a t i n g non-oxidized s i l i c o n having deposited ZnF^iMn a t 850° C 

i n wet oxygen atmosphere. The f i l m s were, however, o f poorer q u a l i t y 

and displayed less b r i g h t cathodoliaminescent p r o p e r t i e s w i t h a more yellow 

l i g h t emission. 
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1.5 O u t l i n e o f Present Research 

As has been pointed o ut i n s e c t i o n 1.4, some o f the major 

problems f a c i n g previous workers i n the area o f w i l l e m i t e t h i n f i l m s 

were due t o lack o f r e p r o d u c i b i l i t y . Although many processing improve­

ments were made between 1969 and 1976, i t was thought t h a t the main 

cause o f i n c o n s i s t e n t r e s u l t s was s t i l l the lack o f c o n t r o l i n the 

processing techniques, w i t h p o s s i b l e contamination o f the w i l l e m i t e f i l m s . 

Furthermore, the r e a c t i o n process could have caused the uneven foirmation 

o f w i l l e m i t e c r y s t a l l i t e s dispersed throughout the f i l m plus the p o s s i b i l i t y 

o f defects and grain-boiandaries causing major obstacles f o r achieving 

homogeneous f i l m s . I t was hoped t h a t i f many t e s t s t r u c t u r e s could be 

f a b r i c a t e d on a m i n i a t u r i z e d scale and w i t h the use o f a high q u a l i t y 

processing then f i l m homogeneity o f the w i l l e m i t e might be improved. 

The o b j e c t i v e o f the present work was t o c a r i y out a more 

i n t e n s i v e study on the p h y s i c a l parameters i n v o l v e d i n the formation and 

e l e c t r i c a l p r o p e r t i e s o f w i l l e m i t e f i l m s , w i t h the hope o f achieving 

e l e c t r o n i n j e c t i o n and electroluminescence. For t h i s reason, the 

i n v e s t i g a t i o n does n o t only i n v o l v e the e l e c t r i c a l c h a r a c t e r i s t i c s o f the 

w i l l e m i t e f i l m but also those o f the underlying s i l i c o n and the r e s i d u a l 

oxide f i l m (known o n l y as the r e s i d u a l f i l m i n t h i s t h e s i s ) . I n t e g r a t e d 

c i r c u i t techniques were used, as f a r as p o s s i b l e , f o r the f a b r i c a t i o n o f 

the t e s t samples. Their design, the f a b r i c a t i o n technique and the methods 

o f e l e c t r i c a l measurements are described i n Oiapter 2. This leads i n 

Chapter 3 t o a review o f the r e l e v a n t t h e o r i e s involved i n the analysis 

o f e l e c t r i c a l r e s u l t s , w i t h p a r t i c u l a r emphasis on the M e t a l - I n s u l a t o r -

Semicohductor (MIS) capacitance-voltage c h a r a c t e r i s t i c s . 

The research work was d i v i d e d i n t o three phases, concerned 

w i t h d i f f e r e n t types o f w i l l e m i t e f i l m produced by d i f f e r e n t c o n d i t i o n s 

imposed d u r i n g the reaction-bake processes. The f i r s t phase was f o r 
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w i l l e m i t e f i l m s produced by a s h o r t reaction-bake time Ĉ* 20 min) i n 

n i t r o g e n . This type o f w i l l e m i t e i s t y p i c a l o f the f i l m s i n v e s t i g a t e d 

by former workers. The e l e c t r i c a l r e s u l t s and t h e i r analysis are 

presented i n Chapter 4. I n the second phase o f the work oxygen was 

d e l i b e r a t e l y introduced i n a known p r o p o r t i o n i n the ambient during 

the r e a c t i o n process. I t was proposed by E r r i n g t o n (17) t h a t a n e g l i g i b l e 

r e s i d u a l f i l m might be achieved,by having the s i l i c o n o x i d i z e d i n s i t u , 

i n t h i s way. Results f o r t h i s type o f w i l l e m i t e f i l m , which also had a 

long reaction-bake time {"̂  20 hrs) , are presented i n Chapter 5. The long 

r e a c t i o n time was used because Hurd and Johnston (19) have shown t h a t i t 

w i l l g i v e a much more uniform d i s t r i b u t i o n o f the m a t e r i a l c o n s t i t u e n t s i n 

the w i l l e m i t e f i l m . For the pr e p a r a t i o n o f the t h i r d type o f w i l l e m i t e 

f i l m s i m i l a r c o n d i t i o n s were used, except f o r u l t r a - p u r e n i t r o g e n as 

the ambient d u r i n g t h e r e a c t i o n . Chapter 6 gives the r e s u l t s and analysis 

f o r t h i s f i n a l phase o f t h e work. 

The p r o p e r t i e s and c h a r a c t e r i s t i c s o f a l l the three types o f 

w i l l e m i t e f i l m and o f the r e s u l t i n g MIS s t r u c t u r e s are reviewed and 

discussed i n Chapter 7, w i t h emphasis e s p e c i a l l y on the in f l u e n c e o f 

reaction-bake c o n d i t i o n s on the e l e c t r i c a l c h a r a c t e r i s t i c s . Chapter 8 

concludes t h i s t h e s i s w i t h conclusions and some suggestions f o r f u r t h e r 

work. 
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CHAPTER 2 

SAMPLE PREPARATION AND MEASURING TECHNIQUES 

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

A review o f the previous work on w i l l e m i t e presented i n the previous 

chapter, showed lack o f r e p r o d u c i b i l i t y p o s s i b l y due t o lack o f c o n t r o l i n 

processing. With t h i s i n mind, i t was decided t o f a b r i c a t e a l l t e s t s t r u c t u r e s 

i n t h i s work by mo n o l i t h i c i n t e g r a t e d c i r c u i t techniques. For such purposes, 

the f a b r i c a t i o n o f t e s t s t r u c t u r e s should t h e r e f o r e be as f a r as possible 

l i k e t h a t o f some other w e l l - e s t a b l i s h e d Metal-Insulator-Semiconductor (MIS) 

type s t r u c t u r e s . 

Most work on MIS s t r u c t u r e s has been performed on the s i l i c o n - s i l i c o n 

d i o x i d e system and an e x c e l l e n t d e s c r i p t i o n on the physics and technology 

i n v o l v e d i s given by Grove ( 1 ) . For the MOS system one can deduce informa­

t i o n about surface and i n t e r f a c i a l s t a t e s , charge movement w i t h i n the 

i n s u l a t o r , and also e f f e c t s o f charge-trapping (2-4). Applying s i m i l a r 

methods t o our w i l l e m i t e f i l m s , should give some i n s i g h t i n t o t h e i r p hysical 

c h a r a c t e r i s t i c s . 

The f i r s t h a l f o f t h i s chapter i s devoted t o a d e s c r i p t i o n of the 

design and f a b r i c a t i o n o f t e s t s t r u c t u r e s f o r these e l e c t r i c a l measurements. 

I n the second h a l f , the o p t i c a l and e l e c t r i c a l measiaring techniques t h a t 

were used d u r i n g the course o f t h i s i n v e s t i g a t i o n are described. Most 

e l e c t r i c a l measurements were the normal ones of capacitance-voltage, w i t h 

d.c. conduction measurements i n s p e c i f i c circumstances only. The o p t i c a l 

measurements were b a s i c a l l y f o r determining f i l m thickness and r e f r a c t i v e 

index and t h i s was done using the ellipsometer. Occasional measurements, 

other than those mentioned here, w i l l be described i n the r e l e v a n t chapters. 

2.2 Design o f Test Structures 

F a b r i c a t i n g f i l m s on s i l i c o n so as t o ob t a i n MIS-type s t r u c t u r e s 
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i n v o l v e s various stages of processing summarized i n the flow diagram 

presented i n Fig.2.1. The normal MOS f a b r i c a t i o n procedure w i t h the 

r e l e v a n t technology i n v o l v e d i s w e l l presented by A l l i s o n (6) and the 

present procedure i s s i m i l a r . A l l t e s t s t r u c t u r e s i n t h i s work used 

1.5 - 2.0 ncra, n-type s i l i c o n substrates of 3.8 cm diameter and 0.266 cm 

thickness. I t was decided t o f a b r i c a t e the s t r u c t u r e s i n the form o f an 

array o f f i v e by f i v e m a t r i x o f chips i n the centre of the s l i c e where the 

i n t e r - c h i p separation i s 0.23 imn. Each chip i s i n the form o f a square o f 

size 1.69 mm. The purpose o f f a b r i c a t i n g these chips i n the c e n t r a l p a r t 

o f the s l i c e was t o avoid edge defects of the s l i c e . On each chip, there 

were three d i f f e r e n t s t r u c t u r e s (see Fig. 2.2), namely the composite, 

r e s i d u a l f i l m and the bare s i l i c o n , and when metal contacts are l a i d down 

on top of these s t r u c t u r e s one ends up w i t h a set of three d i f f e r e n t cap­

a c i t o r s . The composite s t r u c t u r e consists o f a metal contact on a combined 

w i l l e m i t e - r e s i d u a l f i l m above the s i l i c o n substrate (see Fig. 2 . 3 ( a ) ) , while 

the r e s i d u a l f i l m capacitor (Fig. 2.3(b)) has i t s w i l l e m i t e f i l m removed. 

The bare s i l i c o n m e t a l l i z e d areas i n the two corners of each chip have both 

o f the o v e r l y i n g f i l m s removed and i n f a c t are r e c t i f y i n g metal-semiconductor 

s t r u c t u r e s . These s t r u c t u r e s are l a b e l l e d by CW, CO and SB as i n Fig. 2.2, 

repr e s e n t i n g the composite, r e s i d u a l f i l m and bare s i l i c o n capacitors 

r e s p e c t i v e l y . For both the composite and r e s i d u a l f i l m s t r u c t u r e s there 

are three capacitors o f d i f f e r e n t areas on each c h i p , w i t h the l a r g e s t 
-3 2 

measuring 1.036 x 10 cm . However, there are only two m e t a l - s i l i c o n 
-4 2 

s t r u c t u r e s per chip , each w i t h an area o f 6.890 x 10 cm . With e i g h t 

capacitors per chip , one then has a t o t a l o f two hundred capacitors availabe 

on one s i l i c o n s l i c e . This method t h e r e f o r e enables one t o study the repro­

d u c i b i l i t y o f the e l e c t r i c a l c h a r a c t e r i s t i c s so t h a t the physi c a l i n t e r p r e ­

t a t i o n can be more r e l i a b l e . The .chip layouts have been reduced by about 

one hundred and twenty times from the size of the o r i g i n a l drawing and 
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t h i s a b i l i t y t o m i n i a t u r i z e the chip increased the p r o b a b i l i t y o f g e t t i n g 

d e f e c t - f r e e devices. 

A cross-section o f two o f the capacitors i s given i n Fig. 2.3(a) 

and ( b ) . I t i s worth d e s c r i b i n g some o f the advantages o f such s t r u c t u r e s . 

F i r s t l y there i s the masking oxide (from wet o x i d a t i o n ) , about 1.50 jj.m t h i c k , 

over the e n t i r e s i l i c o n s l i c e . The capacitor f i l m s , o f the order o f a few 

hundred Angstrom thickness, are grown i n areas from which t h i s oxide has 

been removed. Such a s t r u c t u r e can reduce the intense edge f i e l d e f f e c t s 

compared w i t h normal dot-evaporated capacitors.. I t has also been found t h a t 

the oxide surface can c o n t r i b u t e surface conduction (2) by contamination 

w i t h i o n i c charges which may i n v e r t or accumulate, depending on the type 

o f s i l i c o n , the s i l i c o n surface below i t . With a t h i c k masking oxide, t h i s 
3 2 

can be g r e a t l y reduced, since i t s capacitance i s only 7.7 x 10 pF/cm as 
4 2 

compared t o a device capacitance o f 6.9 x 10 pF/cm . The masking oxide i s 

also capable o f reducing the possible e f f e c t o f contamination a t the s i l i c o n -

oxide i n t e r f a c e . A l l these f a c t o r s can w e l l c o n t r i b u t e t o b e t t e r d e f i n i t i o n 

o f the e f f e c t i v e area o f the capacitors. 

I n Fig. 2.2, the e f f e c t i v e areas o f the capacitors are shown by 

d o t t e d l i n e s and F i g . 2.3 i l l u s t r a t e s them i n a cross-section. The aluminium 

m e t a l l i z a t i o n overlaps over the edges o f the cap a c i t o r s , again t o prevent 

any l a t e r a l conduction from t a k i n g place, and the e f f e c t of the w i l l e m i t e 

or r e s i d u a l f i l m overlapping the oxide windows r e s u l t s i n a more uniform 

e l e c t r i c a l f i e l d a t the edges. A l l e l e c t r i c a l connections t o the top o f 

the devices are o f aluminium, the areas o f which are bordered by the dark 

l i n e s i n Fig . 2.2. Bonding pads f o r probing the devices from the outside 

are o f 130 )J.m by 130 |J.m square i n dimension, which are s u f f i c i e n t l y large 

f o r micro-probing but small enough not t o c o n t r i b u t e much o f t h e i r s t r a y 

capacitances o f 0.39 pF each. Connections from the capacitors t o the 

bonding pads are made by aluminium s t r i p s which are 15 )im i n width. Cap­

a c i t o r s t h a t are made o f composite and r e s i d u a l f i l m s t r u c t u r e s each have 
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two e l e c t r i c a l connections t o bonding pads. The resistance between these 

pads provides a good way o f t e s t i n g whether the r e s i s t i v i t y i s s u f f i c i e n t l y 

low f o r a good e l e c t r i c a l connection t o be made on the capacitor. 

2.3 Sample Preparation and F a b r i c a t i o n 

I n t e g r a t e d c i r c u i t f a b r i c a t i o n by the p h o t o l i t h o g r a p h i c technique 

i s an e s t a b l i s h e d technology and many a r t i c l e s have been w r i t t e n on i t . 

For the present case, we are mainly i n t e r e s t e d i n the f a b r i c a t i o n o f t h i n 

f i l m s based on such technology. E x c e l l e n t d e s c r i p t i o n s of the growth of 

t h i n oxide f i l m s on s i l i c o n are given by Burger and Donovan (5) , Wolf (6) 

and Grove ( 1 ) . Processing and f a b r i c a t i o n were c a r r i e d out i n a class 10,000 

clean room w i t h class 100 laminar flow benches f o r c r i t i c a l operations, 

and i n order t o prevent any form o f cross-contamination s t r i c t r e s t r i c t i o n s 

o f a l l o w i n g one beaker per solvent etc. were observed. Washing and cleaning 

was done w i t h U l t r a r i s o - p r o p y l - a l c o h o l or deionized water and i n f a c t a l l 

s o l u t i o n s used were high p u r i t y U l t r a r chemicals supplied by Hopkins and 

Williams. 

A l l devices were f a b r i c a t e d d uring the course of t h i s work on n-type, 

<111> s i l i c o n having a r e s i s t i v i t y o f 1.5 - 2.0 fi.cm., unless otherwise 

mentioned. The s i l i c o n s l i c e s were 1.5 i n s . (3.81 cm.) i n diameter and 

0.266 mm. t h i c k . There were four masking stages involved:- (1) f o r 

d e f i n i n g the window i n the masking oxide, (2) f o r w i l l e m i t e d e f i n i t i o n , 

(3) corner contact d e f i n i t e , and (4) d e f i n i t i o n o f m e t a l l i z a t i o n p a t t e r n . 

The masks were l a b e l l e d 1,2,3 and 4 r e s p e c t i v e l y and the f u n c t i o n of each 

w i l l be explained as the discussion on f a b r i c a t i o n proceeds. 

I n i t i a l cleaning o f the s i l i c o n s l i c e s followed a standard pro­

cedure, (see Appendix I ) . The s l i c e s were then i n s e r t e d i n t o a furnace 

f o r about 10 minutes a t a temperature o f 1000°C i n dry oxygen, so as t o 

achieve a good q u a l i t y thermal oxide on the s i l i c o n . Following t h i s was 



a w e t - o x i d a t i o n stage, c a r r i e d out i n a separate furnace tube w i t h steam 

passing through i t . Steam ox i d i z e s the s i l i c o n surface a t a much f a s t e r 

r a t e than oxygen, but the r e s u l t i n g oxide i s o f i n f e r i o r e l e c t r i c a l q u a l i t y 

t o t h a t o f dry o x i d a t i o n . S e t t i n g the temperature o f the furnace at 
o 

1000 C and baking the s l i c e s f o r one hour gave a masking oxide over the 

e n t i r e substrate o f a thickness o f about 1.5 (jjn. The r o l e o f the t h i n 

oxide l a y e r i n the f i r s t stage o f o x i d a t i o n was t o obtain an o x i d e - s i l i c o n 

i n t e r f a c e w i t h minimum defects (2-4) . The t h i c k masking oxide has a dual 

r o l e ; the e l e c t r i c a l i s o l a t i o n o f devices as mentioned i n the previous 

s e c t i o n and p r o t e c t i o n from contamination o f the s i l i c o n surface. For the 

purpose o f f a b r i c a t i n g the c a p a c i t o r s , s u i t a b l e areas i n the masking oxide 

have t o be defined and the oxide etched o f f . The technique i s t o apply a 

uniform c o a t i n g o f pho t o r e s i s t , over the e n t i r e s l i c e , exposing i t t o 

u l t r a - v i o l e t l i g h t through the oxide-window mask and then developing the 

p h o t o r e s i s t . The a c t i o n of the u l t r a - v i o l e t l i g h t i s t o harden the photo­

r e s i s t . Unexposed areas remain s o f t and are removed w i t h ease by the 

p h o t o r e s i s t developer. Hence the unexposed areas, as determined by the 

molt, are removed and the underlying oxide i s then etched o f f by using a 

s o l u t i o n o f 1 : 10 mixture o f h y d r o f l u o r i c a c i d i n water. Using the photo­

r e s i s t remover, the remaining p h o t o r e s i s t i s then washed o f f , and then the 

s l i c e s are f i n a l l y cleaned w i t h i s o - p r o p y l - a l c o h o l . This i s a standard 

p h o t o l i t h o g r a p h i c process as used i n each masking stage. 

Immediately f o l l o w i n g the etching o f the capacitor windows i n the 

t h i c k oxide was the growth o f the t h i n , thermal oxide. This oxide, which 

i s o f thickness between 200 X and 500 A, i s one o f the c o n s t i t u e n t s 

r e q u i r e d i n the formation o f t h i n w i l l e m i t e f i l m s as was described i n the 

previous chapter. The o x i d a t i o n was c a r r i e d out i n a dry oxygen atmosphere 

a t 1000°C, except where s t a t e d l a t e r , the p e r i o d o f o x i d a t i o n being depen­

dent on the oxide thicknesses required. 
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The next stage o f f a b r i c a t i o n , i . e . the zinc f l u o r i d e evaporation, 

i n v o l v e d the use o f a h i g h - q u a l i t y high vacuiam system c o n s i s t i n g of r o t a r y 

and d i f f u s i o n pumps w i t h a large l i q u i d n i t r o g e n t r a p (3) , and thermal 

evaporation f a c i l i t i e s . The source f o r the thermal evaporation o f zinc 

f l u o r i d e was a platinum 'pepper-pot' loaded w i t h zinc f l u o r i d e powder, 

ZnF2:Mn, co n t a i n i n g 1% manganese. The s i l i c o n s l i c e s were mounted i n the 

chamber a t a distance o f about 11.0 cm above the source and w i t h the 

o x i d i z e d surface f a c i n g downwards. A f t e r evacuating the chamber t o a' 

pressiore o f 10 ^ t o r r , the source was heated t o about 800°C f o r a few 

minutes f o r degassing. The evaporation was done an hour l a t e r when the 

pressure was less than 10 ^ t o r r . The source temperature was allowed t o 
o o 

s t a b i l i z e a t 865 C ± 5 C before the s h u t t e r covering the substrate was 

opened. A time o f about s i x minutes o f evaporation was us u a l l y s u f f i c i e n t . 

W i t h i n the chamber, adjacent t o the substrate, was i n s t a l l e d the quartz 

c r y s t a l head o f a f i l r d thickness monitor. This enabled one t o c o n t r o l the 

thickness o f the zinc f l u o r i d e f i l m s deposited on t o the s i l i c o n oxide. 

Another method o f measuring the z i n c f l u o r i d e thickness was by a t e s t 

piece o f s i l i c o n , 1 cm by 2 cm, mounted on the edge of the substrate holder 

and which was l a t e r measured by e l l i p s o m e t r y . The evaporated zinc f l u o r i d e 

f i l m s were u s u a l l y between 500 ^ aND 1100 A t h i c k . 

The t h i r d stage i n making the t e s t capacitor was the s o l i d - s t a t e 

r e a c t i o n f o r the formation o f the w i l l e m i t e f i l m s , c o l l o q u i a l l y c a l l e d 

' w i l l e m i z a t i o n ' . A s p e c i a l furiwtce was prepared f o r t h i s purpose and 

p r o f i l e d t o give a peak temperature of 1000°C. The ambient gas and the 

time o f ' w i l l e m i z a t i o n ' depended on the type of w i l l e m i t e f i l m required. 

I n Table 2.1, the general features o f three d i f f e r e n t types of w i l l e m i t e 

f i l m s are given. Type-A w i l l e m i t e was t h a t s t u d i e d by previous workers. 

Type~B was f i r s t f a b r i c a t e d by the author and Type^C was as proposed by 

Hurd and Johnston (12). The d e t a i l s of the f a b r i c a t i o n techniques and the 
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resulting c h a r a c t e r i s t i c s w i l l be discussed in three chapters in the 

l a t e r part of t h i s t h e s i s . 

The second masking stage was carried out using the willemite 

d e f i n i t i o n mask. Photoresist application and u l t r a - v i o l e t l i g h t exposure 

were the same as described previously. Before the removal of the photo­

r e s i s t but after the developing, the s l i c e was immersed i n a dilute 

solution of 1 : 10 acetic acid to water in order to etch the willemite 

except where required for the composite capacitors. After the photoresist 

removal, the s l i c e underwent a 'degrotting' process as i n i t i a t e d by 

Davies ( 2 ) . This i s a cleaning process for the willemite surface achieved 

by using very dilute sodium hydroxide solution (1 in 5 parts of water) 

which i s supposed to dissolve surface layers, such as zinc oxide, formed 

during the 'willemization' process. 

The t h i r d masking step, the definition of the corner contacts, was 

merely to make metal to semiconductor structures at two opposite corners 

of each chip. These l a t e r played an important role when reassessing the 

e l e c t r i c a l c h a r a c t e r i s t i c s of the s i l i c o n surface after undergoing the 

fabrication processes. By defining the areas with the mask, the residual 

film was etched using 10% HF solution. The s l i c e was then cleaned and 

moionted i n the chamber of an ultra-high vacuvmi system for the metallization. 

The system, a Varian Motal 927, had sorption, ion and sublimation pumps 
-9 

capable of achieving a vacuum of 10 torr. For our purposes, only the 

ion and sorption pimps were used for aluminium evaporation at a pressure 

of l e s s than 10 ^ torr. A 4l*V electron beam evaporation source was 

used. The thickness of the evaporated aliminium was a few microns. 

The f i n a l stage of photoresist was for defining the metallization 

areas. Areas other than that of the devices, connecting s t r i p s and 

bonding pads were etched by using dilute sodium hydroxide. This was used 

i n preference to orthophosphoric acid to prevent any p o s s i b i l i t y of etching 
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the willemite, which i s attacked by most acids. After washing i n iso-

propyl-alcohol and drying, the s l i c e was then annealed for about 10 minutes 

in a dry nitrogen atmosphere at a furnace temperature of 470°C. 

The f i n a l stage of processing was to make the back contact to the 

s l i c e . The unpolished side of the s i l i c o n s l i c e was lapped with 3 )j,m 

grain-size diamond paste and the s l i c e was then cleaned i n iso-propyl-

alcohol and mounted in a small vacuum system for the evaporation of gold 

at a pressure of 10 ^ torr. The gold was evaporated on to the back part 

of the s l i c e through a mask to give two s t r i p s at 0.5 cm apart with each 

s t r i p measuring 2.5 x 0.5 cm. This was then followed by sintering in dry 

N2 i n a furnace at 435°c for 10 minutes to drive i n the gold and form an 

ohmic contact. In order to check that a good ohmic back contact had been 

made, the resistance between the two gold s t r i p s was always measured on 

completing the processing of the s l i c e . The bulk resistance through the 

s l i c e was about 200 fi when reasonably good ohmic contacts had been made. 

2. 4 Instrumentation and Measuring Techniques 

In t h i s section a description of the instrumentation techniques 

used during the course of t h i s work w i l l be given. The instruments mentioned 

here w i l l only pertain to the most widely used techniques which are con­

sidered to be of basic importance to the physical studies of our films. 

Instruments and techniques which were les s frequently used w i l l be described 

i n l e s s d e t a i l i n t h e i r respective sections l a t e r i n the thesis. 

Ellipsometry 

One of the most basic techniques for measuring the thickness and 

r e f r a c t i v e index of thin films on s i l i c o n substrates i s ellipsometry, used 

whenever the thin films are non-absorbing and the substrate highly reflecting. 

Theoretically speaking, when e l l i p t i c a l l y polarized l i g h t i s incident at an 
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angle on a highly r e f l e c t i n g subatrate with a thin film on i t , conciitions 

can be foimci for i t to become l i n e a r l y polarizeci after r e f l e c t i o n . An 

e l l i p t i c a l l y polarizeri state of the incident l i g h t i s achieved by placing 

a compensator (or quarter-wave plate) in the path of a l i n e a r l y polarized 

beam. Thus an ellipsometer contains a polarizer, compensator, the re­

f l e c t i n g substrate and analyzer in the path of the l i g h t . The instrument 

i s set to give an inte n s i t y minimum at the analyzer by adjustment of the 

pola r i z e r and analyzer orientations. Two ellipsometric parameters, ^ and 

A , evaluated from the polarizer and analyzer readings respectively, are 

then used to calculate the re f r a c t i v e index and thickness of the film. 

Both the r e f r a c t i v e index and the thickness are c h a r a c t e r i s t i c of the film 

and are also related to a complex function dependent upon the lig h t wave­

length, incident angle and the substrate's r e f l e c t i v i t y (Appendix I I ) . 

Mc Crackin et a l (13) have given a thorough description of the experimental 

and computational technique used with an ellipsometer, while Archer (14) 

has made detailed studies of thin films on s i l i c o n s\±istrates. The e l l i p ­

someter for our work, constructed by Errington in t h i s department, u t i l i z e s 

a monochromatic green l i g h t source ( X = 5461 A) incident at an angle of 

70° to the substrate normal. Such a setting i s claimed by Archer (14) 

to give an accuracy of ± 5 A, but oujc accuracy seems to be approximately 

±20 £, the discrepancies being due to certain very sensitive alignment 

procedures, film non-uniformity and substrate i r r e g u l a r i t y . Nevertheless 

our r e s u l t s on oxide films on s i l i c o n give good thickness agreement, within 

the quoted accuracy, when compared with capacitance measurements. 

The main advantage of ellipsometry i s that i t i s non-destructive. 

The accuracy achieved i s e a s i l y an order of magnitude better than that of 

the conventional interferometer. With the recent development of electroni­

c a l l y operated ellipsometers, much more f l e x i b i l i t y and accuracy can be 

obtained and a thorough presentation of the svibject i s given by Azzam and 

Bashara (16) . 
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E l e c t r i c a l Measurements 

The most widely used e l e c t r i c a l technique for assessing the physical 
properties of the films i s that of the capacitance-voltage (C-V) plot. 
For such measurements we have used a conductance-capacitance-voltage (G-C-V) 
analogue instrument, b u i l t i n th i s Department by Martin ( 1 1 ) . The instrument 
measures capacitance from 1.0 pF to 10 )iF and admittances from 1 mV to 100 piT, 
over a frequency range of 10 to 500 kHz, which i s adequate for most purposes. 
A sweep voltage of both positive and negative polarity was supplied to the 
sample by the plotter with a maximxim amplitude which was variable up to 
20 v o l t s . Superimposed on th i s slowly varying voltage was a 100 m V (r.m.s.) 
a.c. signal derived from a Farne l l LFM3 Signal Generator. The outputs from 
the G-C-V plotter, which are a measure of capacitance and conductance 
against voltage, were d i r e c t l y connected to a Bryans X-Y plotter. Also 
present on the G-C-V plotter was a f a c i l i t y for controlling the sweep speed, 
from 2 7 . 1 3 mV/min up to a fast ramp of 5 .34 V/sec. However, most of the 
measurements were performed i n the slower sweep speeds of around 300 mV/min, 
so as to allow s u f f i c i e n t time for the device to respond. Capacitance 
ca l i b r a t i o n was provided by a calibration unit containing silvered-mica 
capacitors each with 0 . 5 pF tolerance and high value r e s i s t o r s . 

For frequencies higher than that of the plotter, a Wayne-Kerr Model 

B601 radio frequency (RF) bridge was used. The frequency range of th i s 

ins.trument is 5 kHz to 5 MHz with capacitance ranges of 225 , 2 2 . 5 and 2 .25 pF 

at f u l l - s c a l e . The quoted s e n s i t i v i t y of the bridge i s 0 . 1 jpF but a 

p r a c t i c a l value of only 0 . 2 5 pF can e a s i l y be resolved. The bridge source 

of 7 mV (r.m.s.) or le s s was provided by an Advance B4B o s c i l l a t o r while 

the detector was an Eddystone Model 830 communications receiver. Connected 

between the d.c. power supply and the bridge .was an L-C c i r c u i t as shown 

in Fig. 2 . 4 . The inductor consisting of two RF c o i l s of 128 mH inductance 

each i s necessary to i s o l a t e the d.c. power supply from the RF measiiring 
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c i r c u i t , while the 1000 pF silvered-mica capacitor i s to prevent d.c. 

current flow through the bridge c i r c u i t . The RF bridge was used mainly 

for Schottky mercury-probe or very thin film MIS measurements. 

When studying insulator systems with very low d.c. conduction such 

as the MIS system, i t i s necessary to use a highly sensitive current-

measuring instrument. For t h i s purpose we made use of a Vibron Electrometer 

Model 33C and a Converter Unit Model B33C having nominal r e s i s t o r s from 
5 12 

10 to 10 ohms. The sample i s connected i n series with a selected 

r e s i s t o r in the converter unit and on applying a d.c. voltage the same 

current flows through the sample and the r e s i s t o r . The potential across 

the known r e s i s t o r i s measured by the electrometer enabling the current to 

be calculated. The electrometer i s capable of measuring currents down to 

-14 12 

10 amps when the r e s i s t o r i s set at 10 ohms. Such a s e n s i t i v i t y how­

ever can be obscured by stray charges and careful measurements by taking 

background cxarrent into consideration have to be made. Current values of 

10 amps or higher seem to be adequate to discriminate between the sample 

current and the effects of stray charges. A discharge switch on the electro­

meter also helps since charges accumulated in the c i r c u i t can be drained off 

a f t e r each measurement. The d.c. supply for current measurements was 

obtained from a F a r n e l l L30AT s t a b i l i s e d power supply unit. 
Probe Gear 

L a s t l y , the probing technique for making e l e c t r i c a l contacts on to 

bonding pads w i l l be described. With extremely small areas, e l e c t r i c a l 

contacts were made by lowering s t e e l microprobes on to the pads under 

electronic control. This was to avoid any accidental damage that could 

happen to the capacitors i f i t were done manually. An Electroglas Inc. 

Wafer Prober was mounted on a metal frame in a laminar flow cabinet, thus 

providing a clean probing environment. The prober s l i c e platform has X-Y 
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e l e c t r i c a l l y controlled movement plus rotation. The ten steel probes each 

with a t i p radius of 10 fjjn have sideways and v e r t i c a l adjustments and 

e l e c t r i c a l connections to the outside. A vacuum chuck held the s l i c e firmly 

on the platform so as to give good e l e c t r i c a l contact between the gold back 

contact on the s i l i c o n and the platform i t s e l f . The mechanisms for the X-Y 

movements and probe lowering are controlled by an electronic unit, the 

Electroglas Inc. 920SS Controller. This unit enables one to manoeuvre the 

probes to within 25 )j.m without any d i f f i c u l t y , so again lessening the 

p o s s i b i l i t y of the capacitors being damaged by inaccurate probing. 

F i n a l l y , a general experimental set-up for the measurements i s 

presented i n the form of a block diagram in Fig. 2.5. The instrumentation 

technique i s shown separated into three parts, namely the capacitance measure­

ment, probing and current measurement. Such a set-up provides rapid changes 

that can be made from capacitance to conduction measurements, without the 

need to move the s l i c e around. 
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CHAPTER 3 

REVIEW OF RELEVANT THEORIES 

3.1 Introduction 

The purpose of t h i s chapter i s to give a review of the theoretical 

background required for understanding the capacitance-voltage c h a r a c t e r i s t i c s 

of the willemite and residual film structures. Although d e t a i l s are not 

given, an attempt i s made to c l a r i f y the physics by presenting a qualitative 

picture of the concepts involved and using mathematical expressions only 

when necessary. These are the main ejcpressions to be used i n the interpre­

tation of the r e s u l t s i n the following chapters. 

Section 3.2 presents the theory of the ideal Schottky barrier, 

together with some possible effects that can cause experiments to deviate 

from theory. Following t h i s i s a section on the theory of Schottky barriers 

with deep trapping l e v e l s with emphasis on the capacitance-voltage relation­

ship only. A thorough description of the physical concepts of capacitance-

voltage of the Metal-Insulator-Semiconductor (MIS) structure i s presented 

i n Section 3.4. This forms the essence of a major part of the experimental 

work c a r r i e d out by the author during the course of t h i s research. The 

f i n a l section i s devoted to doi±)le-dielectric MIS structures. Since theories 

of such structures are so widely dispersed, depending on various mechanisms 

proposed, only a general review i s attempted i n t h i s section. A few other 

theoretical ideas used i n t h i s investigation are given when used i n the 

relevant chapters, rather than i n the present chapter. 

3.2 The Schottky Barrier 

A metal i n contact with a semiconductor can have rec t i f y i n g character­

i s t i c s which depend on the properties of the metal and the semiconductor. 

Such a metal-semiconductor contact i s known as a Schottky barrier because 

of the formation of an energy barrie r near the metal-semiconductor interface. 
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I f an n-type semiconductor with a work function rj)^ i s brought into contact 

with a metal of work function c() , such that c() i s l e s s than cb , electrons 
m s m 

w i l l flow from the semiconductor into the metal (Fig. 3.1 ( a ) ) . Both the 

metal and semiconductor Fermi l e v e l s are then forced to coincide in order 

to achieve equilibriijm, and when this i s accomplished the surface region 

of the semiconductor i s l e f t with only positive donors. These positive 

charges are balanced by extra conduction electrons i n the surface of the 

metal and since the density of electrons i n the metal i s much higher than 

the semiconductor donor density, the resulting f i e l d w i l l drop almost 

e n t i r e l y across the semiconductor. The space-charge or 'depletion' region 

that i s formed occupies a distance w between the surface of the semiconductor 

and the neutral region i n the bulk. Electrons going from the metal to the 

semiconductor now have to surmount an energy barrier rj) , the barrier height 

of the Schottky b a r r i e r . A Schottky barrier on a p-type semiconductor can 

be made sim i l a r except that the condition i s that cj) has to be les s than c|) . 
m s 

For an idea l Schottky barrier, assuming that the current-limiting 

process i s the transfer of electrons across the interface, Bethe's thermionic-

emission theory gives the forward-bias current density:-
2 I -^^b A* T exp kT 

where V i s the applied voltage, 

cj)^ the barrier height 

T the temperature, 

q the electronic charge 

A* the Richardson's constant, and 

A* = ('"VDIQ) 1-2 X 10"*"̂  A m"̂  K~'̂  

where m* and m are the effective and r e s t masses of electrons respectively, o 
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The theory a l s o g i v e s the s a t u r a t i o n c u r r e n t d e n s i t y i n the r e v e r s e 

b i a s d i r e c t i o n ; -

2 / •^'^h \ J = A* T exp j (3.2) 

I n most p r a c t i c a l . c a s e s d e v i a t i o n s from both r e l a t i o n s h i p s are bound 

to be observed. The b a r r i e r h e i ght (|)̂  i s normally voltage dependent due to 

image-force lowering or the presence of an i n t e r f a c i a l l a y e r between the 

metal and semiconductor, and i f (i>^ i s l a r g e e l e c t r o n - h o l e recombination 

c u r r e n t w i l l then be the l i m i t i n g f a c t o r . The s e r i e s r e s i s t a n c e from the 

bulk semiconductor w i l l a l s o take up a f r a c t i o n of the a p p l i e d voltage and 

t h i s w i l l bend the l o g I by V p l o t towards s a t u r a t i o n a t higher forward b i a s 

v o l t a g e s . These f a c t o r s can a l s o c o n t r i b u t e to the non-saturation of the 

r e v e r s e b i a s c u r r e n t which g r a d u a l l y i n c r e a s e s u n t i l breakdown i s observed. 

Thinning of the b a r r i e r so as to allow t u n n e l l i n g i n r e v e r s e b i a s can a l s o 

cause the c u r r e n t to i n c r e a s e . P r a c t i c a l Schottky b a r r i e r s a l s o show the 

e x i s t e n c e o f 'surface s t a t e s ' which are d i s c r e t e energy l e v e l s a t the 

s u r f a c e of the semiconductor. Depending on the s i g n of t h e i r charge the 

s u r f a c e s t a t e s can have a s h i e l d i n g e f f e c t on the donors from the e l e c t r o n s 

i n the metal, thus dominant i n c o n t r o l l i n g the b a r r i e r height (see 

Rhoderick ( 1 ) ) . 

The d e p l e t i o n region i n a Schottky b a r r i e r behaves i n some r e s p e c t s 

l i k e a p a r a l l e l - p l a t e c a p a c i t o r . I n r e v e r s e b i a s the capacitance per u n i t 

area i s g i v e n by , 
/K e qN, / \-h 

where V̂ ^ i s the d i f f u s i o n voltage (see F i g . 3.1) 

V^ i s the r e v e r s e b i a s v o l t a g e , 

K the d i e l e c t r i c c onstant of the semiconductor and s 

e the p e r m i t t i v i t y of f r e e - s p a c e , o 
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I f N^ i s assxjmed to be uniform and V i s independent o f b i a s , a d D 
-2 C by p l o t should g i v e a l i n e a r r e l a t i o n s h i p which can y i e l d information 

on the b a r r i e r parameters. From the slope the value of can be evaluated 

and i f the l i n e i s e x t r a p o l a t e d backwards ( F i g . 3 . 1 ( b ) ) , the i n t e r s e c t i o n on 

the v o l t a g e - a x i s g i v e s the value of V̂ .̂ For a non-uniformly doped semi-
-2 

conductor the C by V p l o t i s non-linear but the slope a t any p o i n t s t i l l 

i n d i c a t e s the donor c o n c e n t r a t i o n a t the edge of the de p l e t i o n l a y e r . T h i s 

enables an imp u r i t y p r o f i l e from the semiconductor s u r f a c e inwards to be 

obtained. 

3.3 Deep-levels i n Semiconductors 

When l o c a l i z e d e l e c t r o n s t a t e s are s i t u a t e d around the ce n t r e of the 

band gap a semiconductor i s s a i d to c o n t a i n d e e p - l e v e l s . B a s i c a l l y there 

e x i s t two types o f d e e p - l e v e l s , namely the donor- and acceptor-type t r a p s . 

The donor-type are n e u t r a l when f i l l e d w i t h e l e c t r o n s and p o s i t i v e when 

empty, w h i l e the acceptor-type a r e negative when f i l l e d and n e u t r a l when 

empty. Si n c e these t r a p s are s i t u a t e d f a r from the conduction o r valence 

band, they a r e not i o n i z e d a t room tenperature. The occupation of a tr a p 

w i t h i n a d e p l e t i o n l a y e r depends p r i m a r i l y on i t s p o s i t i o n w i t h r e s p e c t to 

the Fermi l e v e l . 

D eep-levels can o r i g i n a t e from impurity-complexes or impurity-vacancy 

complexes such t h a t the impurity can be i n t e r s t i t i a l or s u b s t i t u t i o n a l w i t h i n 

the h o s t semiconductor. P r a c t i c a l e f f e c t s due to deep-levels have l e d to 

nmerous t h e o r i e s and experimental techniques being developed to i n v e s t i g a t e 

them. A good review on the s u b j e c t i s given by Milnes (2) . Some of the 

co n v e n t i o n a l techniques l i k e t h e r m ally s t i m u l a t e d c u r r e n t (TSC) and thermo­

luminescent (TL) i n v o l v e tedious e x p e r i m e n t a l - f i t t i n g to theory although 

they have the advantage of y i e l d i n g fundamental parameters l i k e d r i f t -

m o b i l i t y , capture c r o s s - s e c t i o n , a c t i v a t i o n energy e t c . Others l i k e the 
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Fernherer and Goetzberger MOS technique (3) or the junction-capacitance 

method (4,5), y i e l d only the trap depth and density though involving 

l i t t l e computation. In t h i s section, the l a s t technique only w i l l be des­

cribed with s p e c i f i c reference to the theory of Sah and Reddi (5) for a 

p^-n junction (or n-type Schottky b a r r i e r ) . 

In the general case, the occupation of the traps i s determined by 

Shockley-Read-Hall s t a t i s t i c s according to which the probability of an 

electron occupying a trap i s dependent upon the emission rate of electrons 

and holes into the conduction or valence band respectively. Thus the 

junction-capacitance of a p''̂ -n (or Schottky barrier) structure becomes 

strongly dependent on the measuring frequency. To describe t h i s i n d e t a i l , 

the model proposed by Sah and Reddi i s based on the. non-uniform charge 

d i s t r i b u t i o n due to an acceptor-type trap i n an n-type semiconductor within 

the depletion region (Fig. 3.2). The depletion layer consists of a space-

charge region y and a tr a n s i t i o n region (w-y). Within the space-charge 

region the charge comes only from the donor concentration N^, since traps 

lying above the Fermi-level are empty and neutral. On the other hand, the 

tr a n s i t i o n region has contributions from both donors, and traps, altering 

the concentration to (N^ - N ) where N i s the trap concentration. This 
D T T 

situat i o n i s i l l u s t r a t e d i n the lower half of Fig. 3.2 where the non-

uniformity i s represented by a 'staircase' function. When a small voltage 

i s applied, charges at y and w w i l l be uncovered. At w, free c a r r i e r s are 

swept away, and at y, electrons are emitted into the conduction band from 

the traps. This r e s u l t s i n a net change i n charge AQ for which the cap­

acitance C = AQ/AV i s determined, i f the measuring frequency o) i s high, 

such that the traps cannot respond to the rapidly varying signal voltage, 

then charging and discharging of the acceptors occurs only at the edge of 

the t r a n s i t i o n region x s-w. In other words, T^(w) « lo ̂  « ^^Y^' 

where '̂ ^ i s the time constant of the trapping centres associated with their 

positions i n the depletion region. 
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Working on t h i s basis Sah and Reddi derived the relationships , 

dc \ 2 / V - V - — I d ) 
-1 

and 
ac / 2 / ( N ^ - N ) I N / / D T » D/ 

V - V - — d) 

(3.4) 

-1 
/ N , D 

(3.5) 

where Ĉ ^ and Ĉ ^ are the dc and ac capacitances respectively, the other 

symbols have the meanings given previously and 

t = (Ep - v / ^ 

Some important observations oan be made from the equations (3.4) and 

(3.5) . 

( i ) For a high trapping concentration, i . e . N '\' N , the capacitance C 
T D ac 

for low reverse bias i s reduced substantially below that of the zero-

trap case. 
( i i ) C < C, at a l l bias voltages and C -> at large reverse bias. 

ac dc ac dc . 
( i i i ) I f ->• 0 both Ĉ ^ and C_̂^ w i l l approach the ideal junction-capacitance 

ac 
-2 case as i n equation (3.3) giving a linear C by V p l o t . 

The model i s v a l i d as long as < N̂^ and the applied voltage i s i n 

reverse bias. Knowing the trap depth, hence ^ , a theoretical capacitance-

voltage curve can be f i t t e d to the experimental p l o t , enabling the value of 

to be worked out. The trap concentration need not necessarily be uniform 

because i t i s calculated for any point x = y only. In t h i s way a p r o f i l e 

of i n t o the semiconductor can also be obtained. A similar approach can 

be used fo r donor-type traps i n n-type semiconductors to derive the 

capacitance-voltage relationship where the mathematical treatment i s given 

i n Appendix I I I . 
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3.4 Metal-Insulator-Semiconductor (MIS) Structures 

Following the successful growth of high-quality oxide films on s i l i c o n 

i n the early 1960's, i t was proposed that a Metal-Oxide-Semiconductor (MOS) 

structure could be used as a voltage dependent capacitor (6). The main 

i n t e r e s t i n MOS capacitors at that time was i n t r y i n g to understand the 

surface properties of s i l i c o n . Grove et a l (7) were probably the f i r s t to 

provide a complete picture of the MOS capacitor both experimentally and 

t h e o r e t i c a l l y . Similar ideas can be used more generally for Metal-Insulator-

Semiconductor (MIS) structures, with any insulating f i l m on a semiconductor 

with a metal top contact. On an energy band diagram t h i s system i s 

visualised as having a large barrier height between the semiconductor and 

insulator conduction band edges when the system i s i n thermal equilibrium. 

Electrons cannot surmount t h i s barrier unless externally stimulated, hence 

there w i l l be no net charge flowing between the metal and semiconductor. 

However, i f the insulator i s t h i n enough (100 X or less) quantum mechanical 

tunnelling can take place between the metal and semiconductor. 

Fig. 3 .3(a) depicts the r e l a t i v e energy bands of an n-type ideal MIS 

structure i n thermal equilibrium. Notice that the Fermi levels of the semi­

conductor, insulator and metal are a l l aligned; the Fermi level of the 

insulator being assvmied to be at i t s i n t r i n s i c energy le v e l . When a 

positive voltage i s applied to the metal with respect to the semiconductor 

the semiconductor- surface w i l l accumulate electrons and most of the voltage 

w i l l be taken up by the insulator (Fig. 3 . 3(b)). Electrons are attracted 

towards the v i c i n i t y of the insulator-semiconductor interface and t h i s p i l e - . 

up of charges causes the f i e l d to drop almost e n t i r e l y across the insulator. 

Such a s i t u a t i o n i s known as the accumulation mode. For small negative bias, 

electrons are repelled from the v i c i n i t y of the interface leaving behind a 

positive space charge region of uncompensated ionized donors (Fig. 3 . 3 ( c ) ) . 

Since i n t h i s mode the concentration of carriers i s negligible i n comparison 
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to the impurity concentration, i t i s referred to as the depletion mode.' 

With further increase i n the negative metal bias (Fig. 3.3(d)) holes (the 

minority carriers i n t h i s case) are attracted to the interface so that while 

some of the semiconductor charge s t i l l consists of the charge of the ionized 

donors, there i s also positive charge due to the holes. This situation i s 

referred to as the inversion mode, i.e . an accumulation of minority carriers 

has altered the e l e c t r i c a l p o l a r i t y of .the semiconductor surface. 

Consider the e f f e c t of rapidly changing the metal bias between the 

equilibrium situations shown i n Fig. 3.3(c) and 3.3(d). I t i s evident that 

for the charge d i s t r i b u t i o n to follow such a change, holes must be generated 

and transported to the surface, and electrons must be removed from the edge 

of the depletion layer.. I t i s clear that the capacitance following such a 

bias change w i l l depend on the r e l a t i v e rates of the bias change and of the 

re-arrangement of the charge within the semiconductor. I f the bias change 

i s slow, the cha.rges withi n the semiconductor w i l l be able to rearrange i n 

phase and be essentially, i n equilibrium with the instantaneous d.c. bias. 

In such a case an analysis based on the assumption of equilibrium i n a 

semiconductor yields gqfod results. On the other hand, for a high frequency 

a.c. measurement such as that of the small signal capacitance, whether or 

not the equilibrium analysis i s applicable w i l l depend on the frequency of 

the measurement and the rate of carrier rearrangement. Majority carriers 

can be easily removed from the bulk of the semiconductor with a time constant 
-12 

of the order.of the d i e l e c t r i c relaxation time (~10 s e c ) , so the 

question i s now reduced to whether or not minority carriers can be generated 

and/pr transported at a s u f f i c i e n t l y rapid rate to keep up with the varia­

t i o n i n applied bias. This factor w i l l be taken up i n a later part of the 

discussion. 

The small signal capacitance-voltage (C-V). characteristic of the 

MIS structure has been extensively used for the comparison of theory and 
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experiment. A q u a l i t a t i v e description of the ideal MIS C-V curve i s given 

here. The t o t a l capacitance of the structure i s made up of the insulator 

capacitance, which i s assumed to be constant, and a voltage dependent semi­

conductor capacitance. As has been mentioned e a r l i e r , i n the accumulation 

mode electrons are drawn towards the surface of the semiconductor and the 

s i t u a t i o n i s comparable to that of a p a r a l l e l plate capacitor. The t o t a l 

capacitance i s thus equal to the insulator capacitance since the semi­

conductor bulk i s neutral and not contributing any charge (Fig. 3 . 4 ) ) . i n 

the depletion mode the space-charge region that i s formed i n the semiconductor 

contributes i t s own capacitance which i s voltage dependent since the deple­

t i o n width varies with voltage. Thus the t o t a l capacitance i s that of the 

insulating f i l m i n series with the depletion capacitance. This results i n 

a decrease i n the t o t a l capacitance and, as more of the semiconductor gets 

depleted with increasing bias, a rapid reduction of the capacitance i s 

observed. I n Fig. 3.4 the depletion mode i s featured by a sharp drop i n 

capacitance giving r i s e to a steep C-V gradient which i s typ i c a l for an 

ideal MIS structure. With bias greater than that for the onset of inversion, 

i.e . when the minority carriers (holes i n t h i s case) s t a r t accumulating 

at the surface, the s i t u a t i o n depends on the measuring frequency. Consider 

f i r s t a small low frequency a.c. signal superimposed on the d.c. bias. I f 

the measuring frequency i s s u f f i c i e n t l y low for the rate of minority carriers 

(holes) to keep up with the small signal varia t i o n , charge exchange with the 

inversion layer can occur. The accumulation of holes at the interface 

increases with voltage and the charge i n the inversion layer e f f e c t i v e l y 

shields the depletion region from any increase i n f i e l d . As the charge 

storage becomes dominated by the inversion layer the capacitance w i l l approach 

that of the insulator (see curve (a) i n Fig. 3 . 4 ) . On the other hand, i f 

the frequency i s high, the hole generation cannot follow the varying signal 

and charge exchange with the inversion layer cannot occur. The capacitance 
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i s then further reduced eventually becoming constant i n what i s known as 

the strong inversion s i t u a t i o n (curve (b) i n Fig. 3.4). Another condition 

which can occur i s the deep-depletion mode, i.e. where the strong inversion 

case does not occur and the capacitance keeps on decreasing with increasing 

negative bias (curve (c) i n Fig. 3.4). This occurs i f the insulator becomes 

leaky or the device i s switched rapidly from the accumulation in t o the 

inversion mode thus not allowing s u f f i c i e n t time for the generation of holes 

to form an inversion layer. 

In the above discussion the space charge within the semiconductor i s 

induced by the application of a bias between a metal and the semiconductor. 

However, such a space charge may also be induced by charges i n surface states 

or by a work function difference between the metal and the semiconductor. 

Assuming the absence of an external voltage, the effe c t of a work function 

difference i s to induce an e l e c t r i c dipole consisting of a surface charge 

i n the metal at the metal-insulator interface and a space charge extending 

i n t o the seiiiiconductor near the insulator-semiconductor interface. In 

addition, the charge i n the surface states w i l l induce charges of opposite 

p o l a r i t y i n the metal and i n the semiconductor. Both these effects tend 

to s h i f t the C-V curves i n the depletion region along the voltage-axis. 

For the device i n accumulation the insulator capacitance per unit 

area Ĉ  can be evaluated by the normal p a r a l l e l plate capacitor expression. 

On the other hand, the depletion capacitance i s more complicated because i t i» 

i s the resultant of two capacitors, one being voltage-dependent. Taking 

int o accoxant the metal-semiconductor work-function difference d) and the 
ms 

charge contribution from surface-states Q , the normalized depletion cap-
ss 

acitance for.an n-type MIS structure i s given by Grove et a l (7) as 
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. _c_ 
c (3.6) 

where 
i s the applied voltage 

'^s' '̂o ^ ® d i e l e c t r i c constants of the semiconductor and 
insulator respectively, and. 

i s the insulator thickness. 

equation 
The metal-semiconductor work-function can be evaluated from the 

'f' = <!' ~ ( X + ^ - d) ) f 3 71 ms m̂ ^ 2 F̂ - ') 

where <(> i s the metal work-function, m 
X i s the semiconductor electron a f f i n i t y while 

Eg and (̂^ are i t s band-gap and Fermi level respectively. 

Equation (3.6) predicts a displacement of (-((> + 0 /C ) along 
ms ss o 

the voltage axis of a capacitance-voltage p l o t . By knowing the value of 

(j) from equation ( 3 . 7 ) , the charge of the surface states can be evaluated ms 
from the displacement. 

Inversion occurs when the surface potential of the semiconductor 

i s (|)̂  ^^-p (Fig. 3 . 5 ) . For strong inversion ((|)^ = '̂'''p̂  ' ̂ ® minimim cap­

acitance per u n i t area as given by Cobbold (8) i s 

qN K E ^ 

mm ' . . I 
4 

where = Ei - Ef. 

Anothet- important feature of an MIS structure i s the flat-band 

condition. This occurs when the bands i n the semiconductor are forced to 

straighten such that the semiconductor surface i s at zero pote n t i a l . The 

corresponding capacitance of the system i s known as the flat-band capacitance 

35 



and, i f the insulator and semiconductor parameters are known, i t can be 

evaluated from the expression given by Goetzberger and Sze (9) as 
T -1 

C^„ = (K e ) FB o o 
kT K e 

s o (3.9) 

For unknown insulator parameters, the flat-band capacitance can 

be deduced from the high frequency C-V curve (Lehovec ( 1 0 ) ) . I f C and C 
o min 

are the measured accumulation and strong inversion capacitances respectively, 

then the normalized flat-band capacitance i s 

FB = 1 -
(C - C . ) o min 

2/£n 
mm 

(3.10) 

where n^ i s the semiconductor i n t r i n s i c carrier concentration. 

For s i l i c o n at room temperature, the expression i n square 

brackets i s approximated by Lehovec to a numerical value of 6 and t h i s can 

be used i n a crude approximation for deducing the flat-band capacitance. 

Otherwise i f the donor concentration i s known, the flat-band capacitance 

can be calcialated accurately from equation (3.10). The significance of the 

flat-band capacitance i s that i t enables us to extract the experimental 

value of the flat-band voltage from the C-V curve.. As described above, 

the value i s the displacement, ( -4 + 0 /C ). 
^ ms ss o 

In practice, the characteristics of MIS structures are usually 

foiand to deviate from the ideal discussed so f a r . Some of the most com­

monly encountered effects are simmarized as follows:-

(a) Charges i n the insulator 

Charges i n insulators can be c l a s s i f i e d into two types. F i r s t l y , 

there are fixed charges i n the insulator bulk and/or i n the v i c i n i t y of i t s 
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interfaces. These charges may be characteristic of the insulator i t s e l f 

or they may be due to the preparation technique. The second types are the 

mobile ionic charges which can come about from contamination. As can be 

seen from Fig. 3.6, the insulator charges induce further charge at the semi­

conductor surface (accumulation i n t h i s case). The b u i l t - i n f i e l d due to 

bulk charges also bends the insulator bands as shown. This causes the f l a t -

band voltage to be sh i f t e d further on the voltage-axis by an amount depending 

on the net magnitude and p o l a r i t y of the charges. A further change i n the 

C-V curve i s due to the movement of the insulator charge i n an applied f i e l d . 

Since the ionic charges are heavy i n con^jarison to electronic charges, they 

only move slowly and as a re s u l t hysteresis i n C-V measurements i s often 

encountered ( 7 ) . 

(b) Lateral current flow 

Siarfaces having a permanent inversion layer due to charges i n the . 

insulator and/or on the siarface can cause l a t e r a l current flow. Assuming 

the charges to be positive and the semiconductor p-type, an inversion layer 

can be induced i n the semiconductor immediately underneath the insulator, 

including those not covered by the metal. ' ' ,, .. 

The e f f e c t i s to form a depletion capacitance i n an area 

much larger than that of the metal electrode which increases the semi­

conductor capacitance. Such an e f f e c t , known as the a.c. l a t e r a l current 

flow, i s very much a function, of frequency as described by Nicollian and 

Goetzberger (11). 

(c) Temperatvure and illum i n a t i o n 

With the device displaying strong inversion, the high frequency 

characteristic can be forced to change to the low frequency type i f there 
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i s a s u f f i c i e n t l y elevated temperature and/or illumination. Such external 

influences increase the carrier generation rate i n the semiconductor bulk 

and f a j J c i l i t a t e the t r a n s i t i o n from high to low frequency behaviour. 

3.5 Double-dielectric MIS Structxires 

A more complicated type of MIS system i s formed by having two d i f ­

ferent insulators on a semiconductor, such a structure being known as the 

Metal-Insulator-Insulator-Semiconductor (MIIS) system. The physics of the 

semiconductor i n t h i s system i s very similar to that of the MIS, but the 

insulators have to be treated d i f f e r e n t l y , primarily because of the modifica­

t i o n i n the ele c t r o s t a t i c s . Studies on double-layered d i e l e c t r i c s have 

been widely performed on Metal-Si^N^-SiO^-Si (MNOS) and Metal-Al^O^-SiO^-Si 

(MAOS) structures; the importance l y i n g i n t h e i r a b i l i t y to trap or empty 

electronic charges w i t h i n the insulators. The introduction of extra charges 

al t e r s the flat-band voltage and i f included i n an MIS-type transistor i t s 

switching voltage can be varied. This i s the p r i n c i p l e of one category of 

memory devices and Balk (12) i n his review of t h i s subject has pointed out 

some of the important physical features. 

I f an external voltage i s applied to an MIIS system the f i e l d d i s t r i ­

bution i n the films w i l l be governed by t h e i r d i e l e c t r i c properties. For 

a charge-free system the f i e l d at the insulator-insulator interface i s 

determined by the continuity of d i e l e c t r i c f l u x . I f trapping centres exist 

wi t h i n the insulators (either i n the bulk or at the interface) , the flow 

of currents i n the ind i v i d u a l insulator may be unequal leading to a bui l d ­

up of charge. Assiming that the density of trapping states can s u f f i c i e n t l y 

accommodate the built-u p charge Q̂ , the s h i f t i n flat-band voltage (compared 

to the charge-free case) can be expressed by 

Q-X 
AV_ = - (3.11) FB K e o 

38 



where X r < are the thickness and d i e l e c t r i c constant of the outer 
insulator (nearest to metal). 

I n t h i s case the trapping sites are assumed to be at the insulator-

insulator interface but more generally one can include bulk trapping i n the 

insulators. Apart from trapping effects, the s h i f t i n flat-band can also 

origin a t e from other forms of charge contribution l i k e the creation of 

surface-states by high f i e l d s or the polarization of mobile ions i n the 

insulators. I f a l l these factors are taken in t o account, the change i n 

flat-band voltage can be a very complicated function of the d i e l e c t r i c 

properties, f i e l d and time, hence a more rigour-ees treatment i s required 

rather than that of equation (3.11). Hu et a l (13) have worked out qual­

i t a t i v e l y the directions of hysteresis arising from electron/hole i n j e c t i o n 

from the metal and/or semiconductor during the complete cycle of a C-V 

sweep of an MNOS structure. The model proposed assumes charge trapping 

and emptying processes occurring i n the s i l i c o n n i t r i d e via a Poole-Frenkel 

conduction mechanism during the d.c. sweep. In another study on n-type 

MNOS structures, Jepperson et a l (14) reported C-V s h i f t s towards more 

negative flat-band voltages after subjecting devices to high f i e l d s i n 

negative bias. . The results are interpreted i n terms of surface states 

created by the high f i e l d and charge i n j e c t i o n i n t o the n i t r i d e . 

F u l l i n t e r p r e t a t i o n of the experimentally observed conduction 

behaviour i n a MIIS system requires knowledge of i t s band structure. Since 

trapping states are common i n wide band gap materials, the positions of these 

levels are important when assessing charge i n j e c t i o n models. The metal-

insulator b a r r i e r heights are equally important since they determine the 

mechanism, of conduction from metal into insulator or vice versa. As has 

been mentioned e a r l i e r , the most important parameter of a MIIS system i s 

the flat-band voltage. To observe the memory effects of such devices, a 

p l o t of the flat-band voltage against the constant d.c. stress voltage (for 
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a given time) can reveal hysteresis. Another useful feature i s the 

charging time, i . e . the time needed to achieve a given flat-band s h i f t 

when a constant d.c. voltage i s applied to the device, which i s important 

i n determining whether charge can be retained i n d e f i n i t e l y (see (15)). 
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CTAPTER 4 

INVESTIGATION AND DISCUSSION OF TYPE-A WILLEMITE 
(Short Reaction Time) 

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

Edward's o r i g i n a l work es t a b l i s h e d t h a t t h i n f i l m s of w i l l e m i t e 

(Zn^SiO^iMn) could be formed on a s i l i c o n substrate by the conversion o f 

a t h e r m a l l y grown s i l i c o n d i o x i d e f i l m , as described i n Chapter 1. I t was 

shown t h a t the w i l l e m i t e had high l i g h t e m i t t i n g c a p a b i l i t y when bombarded 

w i t h h i g h energy e l e c t r o n s but t h a t i t only e x h i b i t e d weak electroluminescence 

(EL) i f a h i g h f i e l d was a p p l i e d across the f i l m . Edward's i n v e s t i g a t i o n 

showed the existence o f mobile p o s i t i v e ions i n h i s f i l m s , thus o v e r r i d i n g 

other e l e c t r i c a l p r o p e r t i e s . Further work by Davies (1) reduced t h i s 

problem by having b e t t e r c o n t r o l of the processing technique. His r e s u l t s 

i n d i c a t e d t h a t e l e c t r o n i n j e c t i o n i n t o the w i l l e m i t e was c o n t r o l l e d by t h i n 

i n s u l a t i n g f i l m s at the s i l i c o n - w i l l e m i t e i n t e r f a c e , (possibly SiO^) and/or 

at the. w i l l e m i t e - a l u m i n i u m i n t e r f a c e , (possibly Al^O^, ZnO or unreacted ZnF^). 

As a r e s u l t o f t h i s , a post r e a c t i o n etching process, i . e . the removal o f 

unwanted c o n s t i t u e n t s from the surface o f the w i l l e m i t e , was introduced. 

Also, t h e aluminium i s now always deposited i n a f a r b e t t e r vacuum system 

than i n Davies' work. The combined e f f e c t of these improvements i n pro­

cessing i s t h a t i t i s now b e l i e v e d t h a t the outer i n s u l a t i n g l a y e r has been 

completely e l i m i n a t e d , enabling a d i r e c t connection t o be made between the 

w i l l e m i t e f i l m and the aluminiiam m e t a l l i z a t i o n . 

However the i n s u l a t i n g f i l m between the w i l l e m i t e and the s i l i c o n 

i s f a r more important. This l a y e r i s known as a ' r e s i d u a l f i l m ' because 

i t i s s t i l l present a f t e r e t c h i n g o f f the w i l l e m i t e i n 10% g l a c i a l a c e t i c 

a c i d . The r e s i d u a l f i l m i s d i s t i n g u i s h e d from the w i l l e m i t e by being 

non-luminescent and a c i d r e s i s t a n t . I t has a d e f i n i t e thickness, and 

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

described i n Section 4.4. 
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I n e a r l i e r work by E r r i n g t o n (2) i t was shown t h a t the s i l i c o n -

w i l l e m i t e i n t e r f a c i a l f i l m always e x i s t s even f o r w i l l e m i t e formed i n 

n i t r o g e n , and w i t h a wide range o f i n i t i a l thicknesses of oxide and zinc 

f l u o r i d e . 

I t i s the o b j e c t i v e of t h i s chapter t o describe f u r t h e r i n v e s t i g a ­

t i o n s c a r r i e d out on w i l l e m i t e f i l m s s i m i l a r t o those used e a r l i e r and now 

c a l l e d Type-A W i l l e m i t e . Chapters 5 and 6 w i l l describe the i n v e s t i g a t i o n 

of r a t h e r d i f f e r e n t f i l m s c a l l e d Type - B and C W i l l e m i t e . The e a r l i e r 

sections o f the present chapter describe the technique of prepara t i o n and 

examination o f the f i l m s . Later sections are devoted t o the e l e c t r i c a l 

r e s u l t s obtained on the r e s i d u a l and composite f i l m s w i t h some analysis. 

A discussion o f the e l e c t r i c a l p r o p e r t i e s o f the composite w i l l e m i t e Mis­

type s t r u c t u r e as a whole i s given i n the l a s t s e c t i o n of the chapter. 

4.2 Preparation o f Type-A W i l l e m i t e 

The general technique f o r processing s i l i c o n s l i c e s f o r f a b r i c a t i n g 

the e l e c t r i c a l t e s t s t r u c t u r e s were described i n Chapter 2. I n a d d i t i o n 

t o the e l e c t r i c a l t e s t s l i c e s , t e s t chips (or c o n t r o l samples) were made 

a t the same time. These measured 1.0 x 1.5 sq. mm, and were from the same 

type o f s i l i c o n . They underwent s i m i l a r treatment t o the device s l i c e s 

b u t w i t h o u t photolithography. The t e s t chips were used f o r o p t i c a l exam­

i n a t i o n and f o r thickness measurements of the i n i t i a l oxide, composite, 

and r e s i d u a l f i l m s on the el l i p s o m e t e r . Thermal oxide growth and zinc 

f l u o r i d e evaporation were c a r r i e d out as i n Section 2.3 and w i t h pre­

cautions against contamination, e s p e c i a l l y i n the oxide growth, c a r e f u l l y 

observed. 

The most important features o f Type-A w i l l e m i t e preparation are i t s 

reaction-bake c o n d i t i o n s . As has been mentioned e a r l i e r , a s p e c i a l furnace 

was prepared, f l u s h e d w i t h dry n i t r o g e n and set a t 1000°C. The reaction-bake 
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process was c a r r i e d out f o r 20 min a t atmospheric pressure, w i t h an e x t r a 

2-3 min. allowed f o r the s l i c e s t o reach peak temperature. E a r l i e r , 

E r r i n g t o n (2) had experimented w i t h d i f f e r e n t r e a c t i o n times up t o a 

maximum o f 25 min, p l u s various oxide t o f l u o r i d e thickness r a t i o s . A l l 

h i s f i l m s showed cathodoluminescence but there were d i f f e r e n c e s i n the 

r e s i d u a l f i l m thicknesses. The r e s u l t s were i n t e r p r e t e d i n terms o f the 

ease w i t h which zinc ions could penetrate the i n i t i a l l a y e r of w i l l e m i t e 

t h a t was formed e a r l y i n the r e a c t i o n . During t h i s l a t e r or t r a n s i t i o n 

stage, the d i s s o l u t i o n o f s i l i c o n oxide which i s r e q u i r e d f o r the r e a c t i o n 

was thought t o continue but a t a decreasing r a t e due t o c r y s t a l l i t e s o f 

w i l l e m i t e a c t i n g as b a r r i e r s . Davies (1) also discovered the existence 

o f an i n s u l a t i n g l a y e r , p o s s i b l y ZnO and unreacted ZnF^, at the surface of 

the f i l m and he used d i l u t e ammonium f l u o r i d e t o etch o f f t h i s top layer. 

I t was l a t e r r e a l i z e d by the author t h a t since ZnO i s not soluble i n ammonium 

f l u o r i d e , a weak s o l u t i o n o f 20% sodium hydroxide has t o be used instead. 

The etch was f o l l o w e d by immediate washing and cleaning i n f l o w i n g deionized 

water f o r 30 min. To avoid u n d e r c u t t i n g o f the w i l l e m i t e , the etchant used 

a f t e r a l i m i n i u m m e t a l l i z a t i o n was again a weak s o l u t i o n o f sodium hydroxide 

r a t h e r than orthophosphoric a c i d which would normally be used. This i s 

because w i l l e m i t e i s e a s i l y attacked by most acids. To reduce i o n i c con­

t a m i n a t i o n , the m e t a l l i s a t i o n etch was again done q u i c k l y w i t h immediate 

washing. 

Throughout the processing, s t r i c t precautions were observed regarding 

any l i k e l y sources o f contamination. Washing and cleaning was always done 

w i t h IPA or deionized water and the s l i c e s were handled only w i t h s p e c i a l 

metal tweezers and s t o r e d i n glass p e t r i dishes. The p h o t o r e s i s t t r e a t ­

ment, f i x i n g and developing were a l l c a r r i e d out i n a class 100 laminar 

f l o w bench, which f u r t h e r increases the c l e a n l i n e s s o f the processing 

environment. 
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4.3 F i l m Examination 

Examination o f the f i l m s on the t e s t chips was c a r r i e d out using an 

e l l i p s o m e t e r , o p t i c a l microscope and a scanning e l e c t r o n microscope (SEM). 

A l l the Type-A w i l l e m i t e f i l m s prepared revealed strong green cathodo-

luminescence when bombarded w i t h electrons i n an evacuated pot. The 

e l l i p s o m e t e r can measure the approximate thickness and r e f r a c t i v e index 

of the f i l m s . Composite f i l m s had r e f r a c t i v e i n d i c e s ranging from 1.68 t o 

1.72 J the v a r i a t i o n being accounted f o r by changes i n the r e l a t i v e t h i c k ­

nesses o f w i l l e m i t e t o r e s i d u a l f i l m and by the varying u n i f o r m i t y of the 

f i l m s . For t h i n r e s i d u a l f i l m s (see Table 4.1), say less than 100 A, the 

r e f r a c t i v e index i s about 2.80, w h i l e t h i c k e r r e s i d u a l f i l m s (see Table 

4.2) have values o f around 1.50. These values can be compared w i t h those 

f o r the oxides o f s i l i c o n ; 1.46 f o r s i l i c o n d i oxide and 2.20 f o r s i l i c o n 

monoxide. 

Table 4.1 i l l u s t r a t e s r e s u l t s f o r f i l m s prepared i n the manner 

suggested by E r r i n g t o n ( 2 ) . I t can be seen t h a t when the zinc f l u o r i d e 

f i l m i s much t h i c k e r than the oxide, r e l a t i v e l y t h i c k , e a s i l y etched top 

l a y e r w i l l r e s u l t ( c l e a r l y f o r . t h e case of T l ) . Presumably the suggestion 

by Davies (4.1) t h a t one o f the c o n s t i t u e n t s of the top l a y e r i s unreacted 

z i n c f l u o r i d e may be p o s s i b l e . 

V i s u a l examination was done w i t h the o p t i c a l microscope. The surface 

o f the Type-A w i l l e m i t e always appears t o be t e x t u r e d w i t h pink or blue 

c r y s t a l l i t e s on a v i o l e t background. I t i s not easy t o decide whether the 

t e x t u r e i s a consequence o f topographical o r o p t i c a l e f f e c t s . The grains 

o f i n d i v i d u a l c r y s t a l l i t e s are r e a d i l y observable a t high m a g n i f i c a t i o n , 

w i t h p r e f e r r e d n u c l e a t i o n o f the c r y s t a l l i t e s o c c u r r i n g around regions of 

defects of. i m p u r i t i e s . For reasonably large defects such as pin-holes, 

the n u c l e a t i o n gave r i s e t o ' c r a t e r - l i k e ' features i n the w i l l e m i t e f i l m s . 

These ' c r a t e r - l i k e ' f eatures are made up of various d i f f e r e n t colours and 
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Type of Film Tl T2 T3 

I n i t i a l Oxide 591 594 402 

Zinc fluoride 1852 1053 1448 

Composite (without post-etch) 928 905 628 

Composite (with post-etch) 659 . 838 . . 569 

Residual 74 57 77 

Willemite 605 781 492 

Top layer 269 67 59 

Table 4.1; Film thicknesses (in X) on t e s t chips, T l , T2 
and T3, for Type-A willemite based on 
Errington's recommended parameters. Time of 
bake i s 20 mins, at 1000°C temperature in 
atnraspheric dry nitrogen. 

Experimental S l i c e SLl SL4 SL6 

I n i t i a l Oxide 930 318 609 

Zinc fluoride 663 197 553 

Coniposite (without post-etch) 930 - 713 

Composite (with post-etch) 920 861 694 

Residual 376 636 342 

Willemite. 544 225 352 

Top layer 10 - 19 

Table 4.2; The film thicknesses (in X) for Type-A 
willemite as measured on three difference 
experimental s l i c e s . 
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g r a i n - s i z e s which are a l l well-arranged i n a c i r c u l a r manner (see Plate 4.1) 

This f e a t u r e may have been caused by t a n g e n t i a l surface tension of the 

c o n s t i t u e n t m a t e r i a l s around a defect centre when i n the molten s t a t e . 

However, observations o f the r e s i d u a l f i l m d i d not reveal any r e l a t e d 

defects i n the g e n e r a l l y g l a s s y - l i k e appearance. 

the SEM examination of both the composite and r e s i d u a l f i l m s was 

u s u a l l y c a r r i e d out i n the secondary emission mode. The contrast obtained 

f o r the w i l l e m i t e i s b e t t e r than f o r the r e s i d u a l f i l m since the l a t t e r 

tends t o darken a f t e r a prolonged exposure. Even high m a g n i f i c a t i o n 

(capable o f r e s o l v i n g t o about 0.1 )im), and t i l t i n g the t e s t chips t o 

extremes, d i d not reve a l any s i g n i f i c a n t non-imiformity of the w i l l e m i t e 

surface, apart from the ' c r a t e r - l i k e ' features a t defects. This i n d i c a t e s 

t h a t o v e r a l l , the w i l l e m i t e i s uniform and the ' c r a t e r - l i k e ' features are 

a c t u a l l y bumps r a t h e r than dips. 

Grooves were prepared i n some composite f i l m s , by etching o f f the 

w i l l e m i t e along a narrow s t r i p , f o r examining the edge between the w i l l e m i t e 

and the r e s i d u a l f i l m . U n fortunately, even a t high magnifications, there 

were no outstanding features t h a t could be seen i n the SEM, which may 

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

gradual r a t h e r than a sharp edge. 

Cathodoluminescent mode examination i n the SEM showed p o s i t i v e 

r e s u l t s f o r the w i l l e m i t e f i l m s , but not f o r the r e s i d u a l f i l m s . However 

no other features could be seen i n the cathodoluminescent mode. 

4.4 E l e c t r i c a l Results f o r the Residual Fi l m 

The f i l m thicknesses f o r Type-A w i l l e m i t e on the s l i c e s t h a t were 

used i n e l e c t r i c a l measurements are shown i n Table 4.2. I t must be men­

t i o n e d here t h a t the r e s i d u a l f i l m thickness was d e l i b e r a t e l y made much 

gre a t e r than t h e minimum suggested by E r r i n g t o n (Table 4.1). Very t h i n 
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f i l m s (less than 100 K) are known t o give r i s e t o quantum mechanical 

t u n n e l l i n g and i f t h i s i s dominant other p r o p e r t i e s of the f i l m may be 

masked. Residual f i l m thicknesses f o r the e l e c t r i c a l measurements are 

greate r than 300 w e l l i n excess o f those f o r d i r e c t t u n n e l l i n g t o occur. 

Capacitance and conductance measurements were c a r r i e d out i n 

ambient room l i g h t since no noticeable d i f f e r e n c e s can be observed from 

those i n the dark, but neverthless dc conduction measurements were made 

i n the dark. 

A t y p i c a l capacitance/conductance-voltage c h a r a c t e r i s t i c o f the 

r e s i d u a l f i l m i s shown i n Figure 4.1. The measuring frequency was 100 kHz 

unless otheirwise s p e c i f i e d . I n forward b i a s , i . e . when the metal p o l a r i t y 

i s made more p o s i t i v e w i t h respect t o the semiconductor, a s l i g h t increase 

i n capacitance i s observed which saturates between 60 and 90 mV a t a value 

of Co = 111.14 pF. The value o f Co i s a t t r i b u t e d t o be the high frequency 

r e s i d u a l f i l m capacitance and f o r a thickness o f 341 R over an area of 
-3 2 

1.03 X 10 cm the d i e l e c t r i c constant o f the f i l m works out t o be 

=4.17. For values greater than 90 mV th e r e i s a r a p i d drop i n cap-
o 

acitance which i s considered t o be due t o f a i l u r e o f the G-C-V p l o t t e r t o 

measure capacitance i n p a r a l l e l w i t h high conduction. 

I n reverse bias (metal made more negative than the semiconductor), 

the capacitance decreases q u i t e r a p i d l y up t o - 0.52 V which w i l l be shown 

i n Section 4.4 t o correspond w i t h V^^, followed by a more normal d e p l e t i o n -

type c h a r a c t e r i s t i c f o r higher voltages. Correspondingly a r a p i d drop i n 

conductance also occurs u n t i l , a t a voltage of -0.20 V, i t s t a r t s t o r i s e 

again, achieving a peak conductance value o f 2.33 )J.V close t o the voltage 

Vpg. For voltages g r e a t e r than V^^ the conductance drops r a p i d l y u n t i l 

a t about -1.0 V and beyond,becomes v i r t u a l l y n e g l i g i b l e . 

Measurement a t 1 kHz and a t greater voltages thcin shown i n Figure 4.1 

reveals an increase i n the conductance s t a r t i n g a t -4.35 V, again r i s i n g 
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Figure 4.2; • Current-voltage c h a r a c t e r i s t i c of the r e s i d u a l 

f i l m f o r both p o s i t i v e and negative bias. 



r a p i d l y w i t h f u r t h e r reverse bias. At 100 kHz t h i s r i s e i n conductance 

i s not observed u n t i l the voltage i s -7.75 V. 

The dc conduction c h a r a c t e r i s t i c i s shown i n Figure 4,2 f o r both 

forward and reverse b i a s . At very small voltages (less than 10 mV) an 

ohmic r e l a t i o n s h i p i s observed i n both d i r e c t i o n s o f bias. Voltages 

g r e a t e r than 10 mV give a r a p i d r i s e i n the forward current leading t o a 

strong power law r e l a t i o n s h i p ( l og J v") from 100 mV onwards w i t h a 

value o f n = 6.8. I n reverse bias the ohmic region i s followed by a 

sublinear region up t o -0.52 V and a more r a p i d r i s e from t h i s voltage 

t o -4.40 V. Beyond -4.40 V the c u r r e n t r i s e s even more r a p i d l y i n a 

power-law r e l a t i o n s h i p c o i n c i d i n g w i t h the increase i n conductance observed 

a t 1 kHz. 

Transforming the capacitance-voltage curve of Figure 4.1 on t o a 
2 

1/C - V p l o t reveals a c h a r a c t e r i s t i c very d i f f e r e n t from t h a t of a 

Schottky b a r r i e r (Figure 4.3). For reverse voltages, less than V , 
FB 

2 
1/C appears constant f o r both high and low frequencies. With higher 

2 

reverse voltages the 1/C p l o t s f i t two s t r a i g h t l i n e s w i t h changes of 

slopes o c c u r r i n g at -1.31 V and - 1 . V f o r the 1 kHz and 100 kHz curves 

r e s p e c t i v e l y . The two curves diverge from one another as the reverse 

voltage i s increased. 

To t r y t o explaiin the capacitance c h a r a c t e r i s t i c s , some work was 

also done on the u n d e r l y i n g s i l i c o n a f t e r the formation of the Type-A 

w i l l e m i t e . A f t e r the removal of both the w i l l e m i t e and the r e s i d u a l 

f i l m s w i t h h y d r o f l u o r i c a c i d etch, aluminium was deposited on the bare 
s i l i c o n t o form a metal-semiconductor contact. A t y p i c a l r e s u l t f o r the 

2 

1/C - V f o r the r e s u l t i n g Schottky b a r r i e r i s p l o t t e d i n Figure 4.4. 

The experimental p o i n t s are found t o be much lower than the c a l c u l a t e d 

curve f o r an i d e a l Schottky b a r r i e r ( i n d i c a t e d by N^ = 0) having the 
-4 2 

expected parameters of an area o f 6.89 x 10 cm , a doping concentration 
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o f 2.3 X 10^^ cm ^ and a metal-semiconductor b a r r i e r height of 0.65 eV 

(Sze .( 5 ) ) . Assuming t h a t the lack i n agreement i s due t o c o n t r i b u t i o n s 

from deep-impurity t r a p p i n g l e v e l s i n the s i l i c o n , t h e o r e t i c a l curves 

based on the Sah-Reddi Theory (see Section 3.3), were c a l c u l a t e d f o r both 

donor and acceptor-type traps w i t h varying uniform concentrations. The 

donor-type t r a p p i n g curves ( i n d i c a t e d by } are ca l c u l a t e d f o r a s i n g l e 

manganese l e v e l a t 0.53 eV above the valence band o f the s i l i c o n using 

equation (A3.8) (from Appendix I I I ) , while the acceptor-type t r a p p i n g curves 

( i n d i c a t e d by N^ ) are f o r z i n c a t 0.55 eV from the conduction band using 

equation (3.5). I t i s seen from the experimental r e s u l t s t h a t there i s 

evidence o f some considerable concentration of donor-type deep-impurities 

i n the s i l i c o n since an acceptor-type l e v e l w i l l y i e l d curves above the 

i d e a l case. At low reverse voltages there i s no d e v i a t i o n between the high 
2 

and low frequency values o f 1/C but at higher voltages the value f o r 1 kHz 

i s higher than f o r 100 kHz. 

4.5 Analysis of' Residual F i l m Results 

As mentioned i n Section 4.2, the existence o f the r e s i d u a l f i l m 

a f t e r e t c h i n g o f f the w i l l e m i t e has been confirmed by e l l i p s o m e t r i c measure­

ments, y i e l d i n g thicknesses l a r g e r than 300 X. I t i s necessary t o deduce 

as much as p o s s i b l e about the p r o p e r t i e s of the s t r u c t u r e from the e l e c t r i c a l 

measurements described i n Section 4.4. The c h a r a c t e r i s t i c s are somewhat 

s i m i l a r t o those of a Schottky b a r r i e r w i t h the p o s s i b i l i t y of the f i l m 

being s u f f i c i e n t l y conducting t o f o m a Schottky b a r r i e r i n the s i l i c o n . 

I f t h i s i s so, the measured capacitance should then agree w i t h t h a t from 

Schottky b a r r i e r theory as given i n Section 3.2. From the C-V r e s u l t s o f . 

Figure 4.1, the capacitance a t zero voltage i s w e l l i n excess o f 100 pF, 

whi l e the t h e o r e t i c a l l y c a l c u l a t e d value f o r a Schottky b a r r i e r i n the same 
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s i l i c o n over the same area (1.03 x 10 cmi ) gives a capacitance of only 

about 10 pF which makes a simple Schottky b a r r i e r model u n l i k e l y . 

Another p o s s i b i l i t y i s t h a t the f i l m i s i n s u l a t i n g but w i t h p i n ­

holes or oth e r defects which enable Schottky b a r r i e r s t o form over small 

areas where the m e t a l l i z a t i o n and s i l i c o n e f f e c t i v e l y touch. I f t h i s 

were so the r e s u l t s would s u r e l y not be so reproducible over a large 

number o f s i m i l a r s t r u c t u r e s . Also the measured capacitance would be 

expected t o be less than the t h e o r e t i c a l value of 10 pF f o r the e n t i r e 

c a p a c i t o r area, whereas i t i s much greater. With these discrepancies, 

i t i s q u i t e c l e a r t h a t a Schottky b a r r i e r model f o r the r e s i d u a l f i l m 

s t r u c t u r e has t o be discarded. 

A t h i r d p o s s i b i l i t y i s t h a t the r e s i d u a l f i l m i s an i n s u l a t o r 

w i t h o u t gross defects so t h a t we then have an MIS s t r u c t u r e model where 

the maximum capacitance C^, as i n Figure 4.1, can be taken t o be the high 

frequency capacitance o f the f i l m . This r e s u l t s i n an e f f e c t i v e d i e l e c t r i c 
constant K o f 4.16 f o r a f i l m 341 X t h i c k . For such a s t r u c t u r e , the f l a t -o 
band capacitance can be c a l c u l a t e d from Sze (5) t o be 

-1 

c' = K e A FB o o 
kT K £ 

(4.1) 

where d i s the f i l m t h i c k n e s s , o 
K the d i e l e c t r i c constant of s i l i c o n , s 
A the capacitor area, and 

the donor concentration, known from the r e s i s t i v i t y o f the s i l i c o n . 

1 5 - 3 Using a value o f 2.3 x 10 cm f o r N , K =11.7 and the r e s t of D s 
the parameters as quoted e a r l i e r , the c a l c u l a t e d value of C using 

FB 
equation ( 4 . 1 ) , i s 59.30 pF; corresponding t o a f l a t - b a n d voltage 

V = -0.52 V. The t o t a l charge Q present i n the r e s i d u a l f i l m can FB o 
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then be c a l c u l a t e d from the r e l a t i o n s h i p 

% = *ms - V^o' ^^-2) 

For aluminium and n-type s i l i c o n , ^ - -0.70 v o l t s ( 5 ) , which 
ms 

- 9 - 2 
r e s u l t s i n Q = 2 . 7 x 1 0 Ccm corresponding t o an area density of 

11 -2 

p o s i t i v e charge o f 1.7 x 10 cm . This i n d i c a t e s a high concentration 

o f p o s i t i v e trapped charge so t h a t any speculation about the band diagram 

o f the r e s i d u a l f i l m has t o allow f o r band bending. Another consequence 

of the l a r g e p o s i t i v e charge i s t o draw ele c t r o n s towards the semi­

conductor surface so accumulating i t even i n thermal e q u i l i b r i u m . 

I n accumulation the s i l i c o n can j u s t be regarded as another electrode 

f o r the r e s i d u a l f i l m where the c a r r i e r s are r e a d i l y supplied by the 

s i l i c o n (see Figure 4.5). Thus i n such a s i t u a t i o n the forward bias 

c h a r a c t e r i s t i c s are p r i m a r i l y those of the r e s i d u a l f i l m . I n normal 

circumstances, the i n s u l a t o r i n an MIS s t r u c t u r e i s regarded t o be non­

conducting and t r a p - f r e e , but because of the high t r a p p i n g centres i n 

the r e s i d u a l f i l m , appreciable conduction i s assxmed t o take place v i a 

these centres. Further c o n f i r m a t i o n from ac c o n d u c t i v i t y measurements 

a h a l l be discussed l a t e r i n t h i s s e c tion. From the forward bias dc con­

d u c t i o n curves o f Figure 4.2 measured at room temperature, the threshold 

voltage at which the l i n e a r p a r t o f the curve begins i s about 90 mV, 

c o i n c i d i n g w i t h the voltage a t which f a i l u r e in' capacitance measurement 

occurs. Such a power-law r e l a t i o n s h i p , l o g I v", has been reported by 

Jonscher (6) f o r amorphous m a t e r i a l s d i s p l a y i n g a hopping conduction 

mechanism where the value o f n can be anything between 6 and 14. The 

value o f n from the l i n e a r p a r t o f the experimental curve a t 290"K i s 

6.8. Below room temperature the power law i s obeyed over a much wider 

range o f c u r r e n t , about four orders of magnitude f o r the curve at 196 K. 
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Figure 4.5: Proposed band diagrams for the residual film structure 
(a) i n accxnnulation, and (b) i n deep-depletion. 
Arrows within the film indicate the process of tunnel-
hopping. E_ and are the Fermi-level and the deep 

F T 
trapping l e v e l s i n the s i l i c o n respectively. E i s 

FM 
the metal Fermi Level with respect to that when in 
.thermal equilibrium. 
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Figure 4.6: Mechanisms for hoppingconduction after Jonscher 
and H i l l (7). 

(a) High-field emission from a donor-type centre for 
(i) thermal emission over a barrier, ( i i ) thermally 
assisted tunnelling and ( i i i ) pure tunnelling. 

(b) Direct i n j e c t i o n of electrons from metal into 
l o c a l i z e d states instead of surmounting the 
ba r r i e r ((i . 



KnA) 

Vfvolts) 

Figure 4.7; Plot of I vs V for voltages between V and 
. FB 

V„ of Figure 4.2. T 



Furthermore, the activation energy of hopping conduction i s reported to 
-2 

be very low ( ̂ 10 eV) (6) since conduction takes place between localized 

energy l e v e l s close to the Fermi l e v e l rather than the fre e - c a r r i e r bands 

(7). The onset of high f i e l d hopping conduction i s found by Jonscher (8) 
4 4 to be about 2,5 x 10 V/cm and t h i s i s comparable to the f i e l d of 2.6x10 v/cm 

at the threshold voltage of 90 mV for the power-law c h a r a c t e r i s t i c of the 

residua l film. High f i e l d conduction can occur either by Poole-Frenkel 

excitation of c a r r i e r s over potential barriers from localized states, or 

by thermally assisted txjnnelling through the top of the field-lowered 

b a r r i e r s (see Figure 4.6(a)). 

Another feature reminiscent of hopping conduction i s the dependence 
s 

of ac conductivity on frequency, taking the form o a where 0.8 <s < 1.1 (6). 

For a voltage of -0.2 V, the ac conductivities measured at 1 kHz and 100 kHz 

give a value of s = 1.04. Because of the high density of localized states, 

d i r e c t conduction from the electrode into these states i s l i k e l y (Exg 4.-6(b) ) 

and further work by Jonscher (7) has established that the conduction i s 

electrode independent. Work on s i l i c o n monoxide by Servini and Jonscher (9) 

and Klein and Lisak (10) has shown that conduction at high f i e l d s i s a 

Poole-Frenkel hopping process between loc a l i z e d centres. Bearing in mind 

that the residual film i s probably some combination of oxides of s i l i c o n , 

i t i s therefore very l i k e l y that the mechanism for conduction i s by a 

hopping process. 

In reverse bias, the ohmic region of the dc conduction i s followed 
I 

by a strong si;iblinear c h a r a c t e r i s t i c up to the flat-band voltage V . 
FB 

PresiMdably t h i s i s due to electrons being prevented from getting into the 

semiconductor from the l o c a l i z e d l e v e l s of the residual film by repulsion 

from the negative charge already present i n the accumulated surface of 

the s i l i c o n . The repulsive behaviour gives r i s e to an increase in r e s i s ­

t i v i t y , hence explaining the drop i n the slope of the log I vs log V plot. 
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Here, capacitance i s mainly being contributed by the residual film (see 
f 

Figure 4.1), but the drop i n capacitance with further increase in reverse 

voltage i s possibly attributed to the film becoming more conducting as 

f i e l d - a s s i s t e d trapping conduction becomes dominant. For reverse voltages 

between V^^ and V^, the sub-linear c h a r a c t e r i s t i c s t i l l p revails but t h i s 

time with an increase i n current. When a plot of current against the 

square root of the applied voltage i s made, the experimental points are 

found to follow a l i n e a r relationship (Figure 4.7), Here the f i e l d that 

i s required to allow a large number of electrons to pass through the 

residual f i l m has been surpassed so that most of the applied voltage i s 

dropped across the s i l i c o n . With the s i l i c o n surface i n depletion, holes 

generated i n the bulk are swept towards the surface, recombining with 

electrons from the residual film i n the v i c i n i t y of the surface. This 

leads to a 'recombination front' being formed i n the semiconductor surface. 

In h i s t h e o r e tical model for such a phenomenon, Qi:^sser (11) has indicated 

that i t can give r i s e to a current of I '\' provided the d i e l e c t r i c 

relaxation time exceeds the minority-carrier lifetime. Such an effect i s 

contrary to the conventional semiconductor physics case where the d i e l e c t r i c 

relaxation time i s usually smaller. Similarly the generation process of 

holes i n the bulk of the semiconductor can also be a current limiting 

factor. Since the width of the depletion region ( i . e . the generation 

region) increases approximately as v'̂  the current would be expected to 

vary with the square root of voltage (12). 
2 

The shape of the 1/C - V plot of the residual film and i t s f r e ­

quency dependence (see Figure 4.3) suggests that there i s not l i k e l y to 

be a simple relationship. Possible contributions towards the frequency 

dependence are from the residual film, the deep donor-type levels i n the 

s i l i c o n and the electron-hole generation process i n the bulk. At low 
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frequency l e s s conduction i s expected to occur v i a the hopping process 

in the residual film, which means that fewer electrons are availcible at 

the interface. On the other hand the low frequency allows more holes 

to be swept towards the surface. Similarly more of the deep donor-type 

traps can become ionized increasing the density of positive centres. The 

net r e s u l t i s an increase of the positive charge within the space-charge 

region which tends to increase the capacitance and explaining the lower 

values at 1 kHz compared with 100 kHz in the 1/C against V plot. Pre-

sxomably the trapping centres play the more dominant role because i f the 

electron and hole concentrations were d r a s t i c a l l y different ( i . e . more 

holes than electrons) then accumulation of holes would occur and an 

inversion plateau should be observed i n the capacitance c h a r a c t e r i s t i c . 

Since no inversion i s observed the recombination rate must be too fast 

to be affected by the range of measurement frequencies used. 

The 'knee' c h a r a c t e r i s t i c ( i . e . the change i n slope) i n the 
2 

1/C - V curves can again be explained i n terms of the role played by the 

donor-type traps. At flat-band voltage a l l the traps are f i l l e d and 

imcharged, but as the voltage becomes more negative a point i s reached 

where the trapping l e v e l crosses the Fermi-level, beyond which the centres 

become ionised, leaving fixed, positive centres. From t h i s cross-over 

voltage onwards the charge of the trapping centres w i l l add to that of 

the donors i n the semiconductor, e f f e c t i v e l y changing from a low to a 

higher net doping concentration. . This i s consistent with the change 
2 

from a steep to a more gradual slope i n the 1/C vs V plot. 

- I f deep-levels are neglected then the theoretical value for the 

inver.sion capacitance, Sze (5), i s given by 
K e q Nd 

C: = A \ -^—^ I (4.3) 
i n v V 
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where Xg = l^f ~ "̂'̂  the other symbols are the usual parameters. 

With = 0.357 eV, = 2.3 x 10^^ cm"^, A = 1.05 x lO""^ cm^, the 

calculated inversion capacitance i s found to be 19.82 pF, which would 

be reached at a voltage of -1.54 V. This voltage would be less negative 

i f deep donor-levels are taken into account. By coincidence the theo­

r e t i c a l inversion voltage of -1.54 V i s comparable to the voltage of 

-1.55 where the 1 kHz 1/C - V plot changes. By assuming the surface 

potential ()> of the s i l i c o n to be approximately equal to the difference 

between t h i s voltage and the flat-band voltage (<|) =|v - V | ) , the 
s C FB 

value of (|) can be predicted. As in previous cases, i t i s assumed here s 
that the applied voltage i s dropped entirely across the s i l i c o n . From 

V = -1.55 V and V „ = -0.52 V, we find that ^ - 1.03 V. This i s much c FB ^s 
larger than expected because ^ should be equivalent to the difference 

s 

between the s i l i c o n Fermi-level and the trapping l e v e l . Assuming that 

the t r a p - l e v e l s are at the i n t r i n s i c l e v e l , ^ = |E - E . | = 0.257 V. 

As can be seen, the voltage for the change in slope i s very much greater 

than t h i s , which can possibly be explained as follows. When the trapping 

l e v e l crosses the Fermi l e v e l , at (|) = 0.257 V, electrons are expected to 

be released from the traps into the s i l i c o n conduction band such that the 

donor-type traps become positive. This situation may not ari s e because 

the released electrons are immediately replaced by electrons coming from 

the residual film. Such t r a p - f i l l i n g and emptying processes are usually 

observed to depend on the time constant of the traps and measuring 

frequency. 

The unexpected r i s e i n dc current for voltages more than = -4.40 V 

can be explained by the following. At these voltages, the semiconductor 

i s forced into the deep-depletion mode with a l o t of band bending near 

the interface. The high f i e l d at the interface can then lower the barrier 
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(possibly by image force lowering) as well as making the distance between 

the bands at the edge thin enough for tunnelling. Electrons from the 

l o c a l i z e d l e v e l s i n the residual film w i l l then be able to pass di r e c t l y 

into the s i l i c o n conduction band contributing to an increased current 

density. The ac conduction measurements at 1 kHz also show a sudden 

increase i n conductivity from -4.40 V onwards, thus supporting the dc 

resTolts. 

From the discussion above i t can be concluded that the e l e c t r i c a l 

properties of the residual film can be s a t i s f a c t o r i l y explained by a 

modified MIS model. Since nothing i s known about the energy bands of the 

residual film, a wide band-gap,comparable to that of s i l i c o n dioxide, 

with l o c a l i z e d energy states at mid-gap i a s been assumed. As discussed 

in Section 4.2, the residual film i s some form of an oxide of s i l i c o n , 

and i t s d i e l e c t r i c constant of 4.17 l i e s between the value of 3.9 for 

s i l i c o n dioxide and 5.0 for s i l i c o n monoxide which i s conatant with the 

r e f r a c t i v e index values. The discussion has led to a model of tunnel-

hopping conduction through the residual film, rather: than direct tunnel­

l i n g . A s i m i l a r model has been successfully used by Dubey et a l (12) for 

explaining the properties of anodic oxide MOS structxires. In the accumu­

l a t i o n mode. Figure 4.5(a), the voltage drop i s e n t i r e l y across the 

residual film which v i r t u a l l y l i m i t s the current; the role of the s i l i c o n 

here i s only that of an electrode. However i n reverse bias. Figure 4.5(b), 

the s i l i c o n plays a more dominant role, being the current limiting factor 

over a wide range of voltage. Electrons from the metal, which can move 

e a s i l y by tunnel-hopping within the residual film, then face a recombina­

tion front in the semiconductor at the v i c i n i t y of the interface region. 

I t appears that t h i s model can provide a reasonable explanation for a l l 

the experimental r e s u l t s . 
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4.6 E l e c t r i c a l r e s u l t s for the Composite Films 

Compared with the residual films the composite willemite films are 

far more insulating and the majority of the measurements are of the C-V 

c h a r a c t e r i s t i c s . 

The composite willemite MIS structures have very good MIS-type 

C-V c h a r a c t e r i s t i c s , with strong inversion and accumulation and a 

reasonably steep slope i n the depletion regime. Figure 4.8 shows a 

t y p i c a l example of such a c h a r a c t e r i s t i c from s l i c e SL6 where the f i r s t 

h a l f - c y c l e of the sweep i s from positive to negative voltage starting at 

+ 3.0 V. The accumulation capacitance i n the i n i t i a l curve i s C =87.7 pF, 
max 

which can be assumed to be the effective capacitance of the composite film 

i t s e l f . Strong inversion occurs at a capacitance of 20.0 pF, which i s in 

agreement with a calculated value of 19.8 pF using equation (3.8) with a 

donor concentration of 2.3 x 10^^ cm ^. The flat-band capacitance, as 

. calculated from equation ( 3 . 1 0 ) , gives C = 59.9 pF, corresponding to an 
FB 

i n i t i a l flat-band voltage of V _ =- 1.23 V. The depletion c h a r a c t e r i s t i c 
FBQ 

i s as one would expect to find i n t y p i c a l p r a c t i c a l MOS structures, but 

in t h i s case the slope i s l e s s steep than the ideal curve. The displace-' 

ment of the C-V curve along the voltage-axis, resulting i n a negative f l a t -

band voltage, indicates the existence of positive charges within the film 

even i n i t i a l l y . 

An outstanding feature of the C-V ch a r a c t e r i s t i c s of the composite 

film i s the hysteresis observed when a complete cycle i s measured. After 

going into strong inversion up to -3.0 V i n the forward sweep, the return 

sweep always has i t s onset voltage for inversion.pulled towards a les s 

negative value. The gradient of the C-V curve i s also reduced, stretching 

out the curve i n the depletion region. Therefore, with a maximum positive 

measuring voltage of +3.0 V, i t i s sometimes hard to t e l l whether accumula­

tion w i l l d e f i n i t e l y occur, although there i s always a tendency towards 
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accumulation in the return sweep. The most conclusive point that can be 

made here i s that there i s always a s h i f t i n the flat-band voltage towards 

a l e s s negative quantity following a negative bias sweep. In th i s case 

the s h i f t a r i s i n g from the hysteresis i s about 1.12 V. 

To help identify the cause of the s h i f t , measurements for both 

directions of sweep voltage ( i . e . positive to negative and vice versa) 

s t a r t i n g at different values of voltage bias were carried out on fresh 

structures. I t was found out that positive sweep voltages do not give any 

s h i f t s of the C-V curve, while those i n the negative region have a large 

ef f e c t . The deduction that can be made from these observations i s that a 

negative voltage has the effect of neutralizing positive charges and/or 

creating negative space-charge regions within the film. 

The effect of the magnitude of the negative voltage on the C-V 

s h i f t i s more d i f f i c u l t to measure because of the ever-changing voltage 

during the sweep, making i t complicated. For example, in Figure 4.8, the 

forward sweep c-V curve i n the second cycle indicated by double arrows, 

i s s h i f t e d s l i g h t l y towards the l e f t of the previous return sweep, showing 

that there i s a small amount of recovery. Although the effect i s small 

compared with the f i r s t hysteresis, the pattern of the C-V curves i s 

sim i l a r to those a r i s i n g from positive ion;^ movements within the film as 

has been pe^posed by Grove et a l (21) for MOS structures. 

Figure 4.9 i l l u s t r a t e s the change i n the C-V curves when the sample 

was stressed with a voltage of -4.0 V for different durations of time. 

Measurements were carr i e d out in the f i r s t cycle of the foirward sweep from 

+3.0 V to -3.0 V. I t should be noted that the p o s s i b i l i t y of even small 

negative measuring voltages contributing to the flat-band s h i f t s cannot 

be t o t a l l y omitted. For t h i s reason the maximum negative measuring voltage 

was limited to -3.0 V which i s l e s s than the st r e s s voltage of -4.0 V. 
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I t can be seen that the largest change i n the flat-band voltage occurs 

during the f i r s t second of the applied s t r e s s . This large, change i s 

followed by smaller s h i f t s which gradually tend towards a saturation con­

d i t i o n a f t e r a very long period of stresses. Simultaneously with the 

s h i f t i n the C-V curve i s the reduction i n the depletion region slope, 

implying some correlation between the three parameters. 
4 

A prolonged s t r e s s of -4.0 V for about 10 sec eventually led to 

what i s c a l l e d the 'breakdown' in the MIS-type c h a r a c t e r i s t i c ; as 

i l l u s t r a t e d i n Figure 4.10. The term 'breakdown' used here i s not i n the 

actual sense of a t o t a l d i e l e c t r i c breakdown, but rather the incapability 

of the structure from sustaining charge equilibriimi. This phenomenon i s 

i d e n t i f i e d by losses i n strong inversion c h a r a c t e r i s t i c i n the negative 

regime of measuring voltages and accumulation c h a r a c t e r i s t i c s i n the pooitiVc 

positive regime. (See curve (b) of Figure 4.10). At the onset of t h i s 

phenomenon,there i s s t i l l a tendency to inversion as i l l u s t r a t e d by the 

existence of a plateau i n curve (b). I f further stressing i s carried out 

the C-V c h a r a c t e r i s t i c w i l l ultimately become that of the residual film, 

implying a loss i n the insulating property of the overlying willemite film. 

In order to study the variation of flat-band voltage with str e s s 

amplitude and st r e s s time, a more careful procedure has to be followed. 

This i s done by f i r s t finding the average flat-band capacitance, C for 
FB 

several composite structures. The C-V curve of a fresh structure was 

then measured for a small voltage range around the expected flat-band 

value. A constant dc negative voltage ^Q, i . e . the stress voltage, was 

applied to the structures for a given time and the above measuring pro­

cedure repeated. For s t r e s s durations of l e s s than 1 sec an Advance 

Instrxmients PG 58 Pulse Generator was used to apply the s t r e s s . By pro­

gressively increasing the time of the s t r e s s , the change in flat-band 
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Figure 4.11; Flat-band voltage vs. negative str e s s voltage. 
Stress time, 1 sec. I n i t i a l flat-band voltage 
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Figure 4.12: Flat-band voltage vs. stress time for two 

different s t r e s s voltages. 



voltage with s t r e s s time was thus observed. In an alternative experiment 

the s t r e s s time was held constant while the stress voltage was varied. 

Although t h i s method i s not very accurate, i t was also able to measure 

changes in flat-band voltage without much interference due to the C-V 

measuring voltage. Furthermore, i t i s s u f f i c i e n t l y accurate as long as 

the s t r e s s voltage magnitude was kept higher than the i n i t i a l flat-band 

voltage V . Greater inaccuracy occurs for low str e s s voltages, i . e . FB 
O 

values close to the i n i t i a l flat-band voltage of about -1.27 V. 

Results for the variation of flat-band voltage with stress voltage 

are given in Figure 4.11. Increasing negative dc voltages were applied 

consecutively to the composite structure for one sec with interruptions 
in between to carry out measurement of V„„. The i n i t i a l flat-band 

FB 
voltage V i s at -1.27 V, implying the existence of positive charge FB̂ ^ 
already i n the film. This i s followed by a very small change in V for 

FB 

values of V^ up to -1.70 V. Within t h i s region of V^ the change in f l a t -

band voltage i s s l i g h t l y over 0.1 V, v i r t u a l l y a constant. From 
V = -1.70 V to about -3.80 V, there i s a rapid change of flat-band s 

voltage towards l e s s negative values. Up to t h i s point the value of V ^ 

i s s t i l l negative, indicating that the effective stress so far has not 

been able to a l t e r the p o l a r i t y of the net charge in the composite film, 

i . e . the fi l m s t i l l contains net positive charge. The change in f l a t -

band voltage over t h i s region i s about 0.85 V, giving an average slope of 

0.4 for the gradient. Values of V greater than -3.80 V y i e l d progres-

s i v e l y smaller changes in flat-band voltage, with an approximately l i n e a r 

relationship between the s h i f t and the str e s s voltages. The change in 

flat-band voltage over 6.20 V of str e s s voltage i s about 0.55 V, equiva­

lent to a slope of 0.09 for the gradient. A polarity change from negative 

to positive in V occurs at V = -7.0 V, implying that str e s s voltage FB s 
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above t h i s value are capable of c r e a t i n g net negative charges w i t h i n 

the f i l m . The maximum amplitude o f V t h a t can be applied before the 

C-V c h a r a c t e r i s t i c goes i n t o 'breakdown' i s -14.0 V. 

Another important t e s t t h a t was c a r r i e d out a f t e r a large negative 

s t r e s s had s h i f t e d the curve t o a p o s i t i v e f l a t - b a n d voltage value was t o 

t r y t o recover i t s i n i t i a l negative f l a t - b a n d voltage. The attempted 

recovery process was c a r r i e d out by applying p o s i t i v e stress voltages. 

Although d i f f e r e n t magnitudes and durations o f p o s i t i v e s t r e s s i n g were 

t r i e d , t h e r e was on l y very s l i g h t recovery towards less p o s i t i v e f l a t -

band voltages and the f l a t - b a n d v oltage could never be made negative 

a f t e r once being f o r c e d p o s i t i v e . Again the 'breakdown' phenomenon 

occurred i f very high p o s i t i v e voltages, were applied i n the attempted 

recovery process. I f the stressed sample was l e f t f o r 24 hours an open-

c i r c u i t recovery o f about 0.2 V was observed which was again i n s u f f i c i e n t 

t o make V r e t u r n t o a negative value. FB 

As has been mentioned e a r l i e r , the s h i f t i n f l a t - b a n d voltage i s 

also a f u n c t i o n o f time as shown approximately i n Figure 4.9. More 

accurate measurements were made using a technique s i m i l a r t o t h a t f o r 

f i n d i n g the e f f e c t o f voltage s t r e s s . The value o f was f i x e d while the 

s t r u c t u r e was pulsed e i t h e r manually or e l e c t r o n i c a l l y f o r d i f f e r e n t 

d u r a t i o n s o f time. Flat-band voltage measurements were made a f t e r each 

pulse. Figure 4.12 shows the s h i f t i n V w i t h time f o r two d i f f e r e n t 
FB 

Stress magnitudes. The h o r i z o n t a l a xis here i s the true t o t a l stress 

time, i . e . the sum o f the nominal s t r e s s times applied. I t can be seen 

t h a t f o r V = - 5.0 V, a shor t e r time i s r e q u i r e d t o achieve a given f l a t -

band s h i f t compared t o V = -3.0 V, the d i f f e r e n c e being more remarkable 

f o r s t r e s s times i n excess o f 1 sec. I t looks as i f there i s a tendency 

f o r the -5.0 V stress curve t o saturate w i t h time, and i n f a c t f o r a stress 
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4 time o f 10 sec, the C-V curve goes i n t o the t y p i c a l 'breakdown' 
c h a r a c t e r i s t i c . Presumably t h i s i n d i c a t e s t h a t the net charge w i t h i n 
the f i l m has reached a maximum value, and t h a t any f u r t h e r a c t i o n i n 
t r y i n g t o add f u r t h e r charges i s prevented by repulsion due t o the 
i n t e r n a l b u i l t - i n f i e l d a r i s i n g from the space-charge already i n existence. 
At the lower end o f the l o g a r i t h m i c t i m e - a x i s , though not shown i n Figure 
4.12, the f l a t - b a n d s h i f t f o r -5.0 V stress was also observed f o r times as 
shor t as a few microseconds, but f o r -3.0 V s t r e s s , the s h i f t only s t a r t e d 
f o r times g r e a t e r than 60 M-s. Another p o i n t o f i n t e r e s t i s the time 
r e q u i r e d t o achieve a value o f zero f o r the f l a t - b a n d voltage. For a 
-5.0 V s t r e s s , t h i s time i s about 1.5 sec. but f o r a -3.0 V stress i t i s 
about 150 sec. This i s a d i f f e r e n c e o f two orders o f magnitude i n the 
st r e s s time f o r a d i f f e r e n c e o f only 2.0 V i n the stress voltage. I n 
other words, i t takes about a hundred times longer t o n e u t r a l i z e the 
p o s i t i v e space-charge w i t h i n the composite f i l m w i t h a -3.0 V stress 
voltage than w i t h -5.0 V. 

Since r e s u l t s from C-V measurements have shown t h a t the measurement 

i t s e l f may a l t e r the e l e c t r i c a l p r o p e r t i e s o f the composite f i l m , i t was 

to be expected t h a t the same problems would be encountered i n dc con­

d u c t i o n measurements. Nevertheless c u r r e n t measurements were c a r r i e d 

out c a r e f u l l y w i t h small i n c r e a s i n g steps of voltage (a few m i l l i v o l t s ) 

each a p p l i e d f o r about h a l f a minute. The purpose o f the long measure­

ment time was t o observe i f there i s any f l u c t u a t i o n or decay i n the 

current. The cu r r e n t c h a r a c t e r i s t i c f o r negative applied voltages i s 

shown i n Figure 4.13 from which i t i s seen t h a t the current s t a r t s t o be 

appreciable a t around -1.10 V. This t h r e s h o l d voltage happens t o coincide 

w i t h t h e f l a t - b a n d v o l t a g e from C-V measurements, although i t i s 

s l i g h t l y smaller. The c u r r e n t s t a r t s t o saturate a t aroxand -1.70 V and 
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3 v[volt] 

Figure 4.13: Current-voltage c h a r a c t e r i s t i c o f Type-A w i l l e m i t e 
composite f i l n wii-.h nefrative b i a s . Arrows i n d i c a t e 
d i r e c t i o n of curr e n t measurement, (a) Increasing 
and. (b) decreasing. Curve (c) resembles 
c h a r a c t e r i s t i c o f r e s i d u a l f i l m . . 



Experimental S l i c e SLl 
j 

SL6 

Composite, d^ (8) 920 
• • 

693 

Residual Films, d {£) o 376 341 

W i l l e m i t e , d (8) 
w 

544 352 

C (pF) max 68.0 87.7 

C . (pF) min 21.2 20.0 

^FB P̂̂ ^ 52.9 59.1 

( v o l t s ) 
o 

-1.24 -1.23 ( v o l t s ) 
o 

Table 4.3; T y p i c a l r e s u l t s o f f i l m thicknesses 

from two s l i c e s o f Type^A w i l l e m i t e 

processed separately. 



-9 the s a t u r a t i o n c u r r e n t i s about 10 A. The voltage range over which 
the c u r r e n t saturates corresponds t o the range o f stress voltages which 
cause the dramatic changes i n f l a t - b a n d voltage i n Figure 4.11. 

Another f e a t u r e t o take n o t i c e o f i s the d i r e c t i o n o f changing 

v o l t a g e during the c u r r e n t measurement. I n Figure 4.13, curve (a) i s 

f o r measurements made w i t h i n c r e a s i n g negative voltages while curve (b) 

i s f o r the r e t u r n measurements w i t h decreasing negative voltages. I t can 

be seen t h a t curve (b) i s s h i f t e d towards the r i g h t of curve ( a ) , implying 

t h a t a higher voltage i s r e q u i r e d i n the second case i n order t o achieve 

the same c u r r e n t ( i . e . the c u r r e n t decays). I f very high voltage stresses 

or prolonged measurements are c a r r i e d out, the whole current-voltage 

c h a r a c t e r i s t i c s of curve (b) are, however, s h i f t e d very much towards 

lower values i n the voltage axis (curve (c) i n Figure 4.11), w i t h a 

s l i g h t increase i n the s a t u r a t i o n c u r r e n t also. This i m p l i e s t h a t the 

composite f i l m i s now more conducting, and i n f a c t i f measurements were 

c a r r i e d out over a long time (a few hours), the conduction c h a r a c t e r i s t i c 

u l t i m a t e l y approaches t h a t o f the r e s i d u a l f i l m . However, the d i r e c t i o n 

o f s h i f t s along the v o l t a g e - a x i s leading t o the 'breakdown' phenomenon 

i n the C-V curve i s opposite t o the dc conduction case c i t e d here. I n 

the C-V case, the s h i f t due t o the e f f e c t of negative voltages i s f i r s t 

p o s i t i v e going and then negative, followed by the 'breakdown' phenomenon 

(see Figure 4.10). Presumably the process leading t o the 'breakdown' 

phenomenon found i n the C-V c h a r a c t e r i s t i c s corresponds t o t h a t o f the 

I-V measuring process. 

Conduction measurements w i t h p o s i t i v e voltages are i n c o n s i s t e n t 

but again there i s a t h r e s h o l d voltage f o r appreciable c u r r e n t flow. 

However i n t h i s case the t h r e s h o l d voltage i s found t o be v a r i a b l e from 

0.2 V onwards. Above the t h r e s h o l d the c u r r e n t r i s e s very, very r a p i d l y 

f i n a l l y approaching the forward c u r r e n t c h a r a c t e r i s t i c of the r e s i d u a l 
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film. I t i s possible that the consecutive application of positive 

voltages for some time can cause the composite film to approach 

'breakdown.' 

4.7 Analysis of Composite Film Results 

Table 4.3 presents film thicknesses and some of the capacitance 

r e s u l t s for Type-A willemite composite film structures fabricated on d i f ­

ferent s i l i c o n s l i c e s . The residual film thicknesses from both s l i c e s 

are comparable but there i s a difference of cibout 200 A i n the willemite 

film thickness. Values of .the accxMiulation capacitance are given in 

the column headed C , and from these values and the thicknesses, the 
max 

e f f e c t i v e d i e l e c t r i c constant of the composite .film is calculated 

as 6.68 and 6.64 for s l i c e s SLl and SL6 respectively. Using a d i e l e c t r i c 

constant value of 4.16 for the residual films, the respective d i e l e c t r i c 
constant K of the willemite fi l m for s l i c e s SLl and SL6 i s found to be w 
12.19 and 15.52. These values are rather higher than might be expected. 

The capacitance in strong inversion given by C . are comparable 
mm 

for both s l i c e s and so are t h e i r i n i t i a l flat-band voltages. Such results 

demonstrate the consistency in the properties of Type-A composite willemite 

films prepared i n the same manner at different times with the present 

technique. As has been mentioned previously, the negative value of the 

i n i t i a l flat-band voltage V^^ indicates the existence of positive charges 
o 

within the composite film. Calculations carried out using equation (4.2) 
11 -2 • 

give a bulk charge density of 2.8 x 10 cm which surprisingly agrees 
11 -2 

well with the bulk charge density of 1.7 x 10 cm for the residual 
film, p a r t i c u l a r l y as there i s a scatter of about 0.2 V in the value of 

V . This agreement shows that the positive charges i n the composite 
o 

film reside mainly in the residual film. In other words, i t appears 
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t h a t the f r e s h f i l m of w i l l e m i t e i t s e l f a f t e r p r o c e s s i n g and p r i o r to any 

measurement i s e l e c t r i c a l l y n e u t r a l . 

H y s t e r e s i s e f f e c t s found i n C-V measurements, as i n F i g u r e 4.8, 

and the f l a t - b a n d voltage s h i f t s with s t r e s s time, as i n F i g u r e 4.9, 

show t h a t only negative v o l t a g e s a p p l i e d to the metal are r e s p o n s i b l e . 

There are two p o s s i b l e causes of the f l a t - b a n d s h i f t s i n t h i s d i r e c t i o n 

e i t h e r (a) negative charges are being introduced i n t o the f i l m s , or (b) 

t h e r e i s movement of mobile p o s i t i v e charge i n the f i l m s away from the 

s i l i c o n and towards the metal. P o s s i b l e mechanisms f o r the s h i f t can 

be c a t e g o r i z e d i n t o two, namely e l e c t r o n i c and i o n i c , and each p o s s i b l y 

w i l l be t r e a t e d i n d i v i d u a l l y . 

When a negative voltage i s a p p l i e d to the metal, the two e l e c t r o n i c 

p r o c e s s e s t h a t can give r i s e to a negative space-charge are ( i ) the 

e x t r a c t i o n of h o l e s from the w i l l e m i t e i n t o the metal, and ( i i ) the 

i n j e c t i o n of e l e c t r o n s from the metal i n t o the w i l l e m i t e . The d i s c u s s i o n 

of the charge movement i s here being confined to the metal and w i l l e m i t e 

only because a strong i n v e r s i o n c h a r a c t e r i s t i c i n the C-V curve i s always 

observed, thus r u l i n g out any a p p r e c i a b l e charge exchange between the 

s i l i c o n and the composite f i l m . Considering t h a t w i l l e m i t e i s a wide 

band-gap m a t e r i a l (Eg 'x, 5.5 eV) , the concept of hole conduction and trapping' 

w i t h i n the forbidden gap i s very di±>ious and Jonscher and H i l l (7) have 

p o i n t e d out t h a t hole p r o c e s s e s can be r u l e d out f o r l a r g e gap m a t e r i a l s . 

Hence the mechanism of hole e x t r a c t i o n from the w i l l e m i t e i n t o the wil-lo-

mitc i s not d i s c u s s e d . . The p l a u s i b l e e l e c t r o n i c mechanism t h a t w i l l 

be d i s c u s s e d here i s , t h e r e f o r e , t h a t of e l e c t r o n i n j e c t i o n from the metal 

i n t o the w i l l e m i t e . 

The t h r e s h o l d voltage a t which f l a t - b a n d s h i f t s become appreciable 

i s -1.70 V and t a k i n g i n t o account the v o l t a g e drop a c r o s s the s i l i c o n 
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as w e l l , the corresponding f i e l d across the composite f i l m i s approximately 

1.7 X 10^ V/cm. I f the mechanism o f e l e c t r o n t r a n s f e r i n the w i l l e m i t e . 

i s by Poble-Frenkel conduction the f i e l d t h a t would normally be required 

i s about an order o f magnitude higher than t h i s . Electron i n j e c t i o n has • 

been observed a t a t h r e s h o l d f i e l d of 1.5 x 10^ V/cm f o r a MAOS s t r u c t u r e 

by Balk and Stephany (13) and a t 10^ V/cm f o r a MNOS s t r u c t u r e by Tsujide 

et a l ( 1 4 ) . For the sake of argument, assume t h a t the t r a p p i n g centres 

are donor-type w i t h Fermi-level of the d i e l e c t r i c at mid-gap and t h a t the 

b a r r i e r h e i g h t o f the t r a p s w i t h respect t o the metal Fermi-level i s 

0.5 eV. I f the t u n n e l l i n g distance through the forbidden gap i s about 

50 A, then f o r Poole-Frenkel conduction t o take place the f i e l d has t o be 

about 10^ v/cm. Presumably such a mechanism i s u n l i k e l y i n view o f the 

f a c t t h a t the measuring f i e l d i n our case i s much lower. An a l t e r n a t i v e 

mechanism f o r e l e c t r o n i n j e c t i o n i n t o the w i l l e m i t e i s by hopping conduc­

t i o n , i n v o l v i n g the d i r e c t t u n n e l l i n g o f e l e c t r o n s between l o c a l i z e d 

s t a t e s w i t h energy l e v e l s s i t u a t e d around mid-gap. Although the f i e l d 
4 5 

r e q u i r e d f o r t h i s t o occur i s only moderate, about 10 - 10 v/cm, the 
18 - 3 

d e n s i t y of l o c a l i z e d s t a t e s has t o be r a t h e r h i g h , of the order of 10 cm 

or more. Zinc s i l i c a t e , being a glassy m a t e r i a l , seems t o be a good can­

d i d a t e f o r hopping conduction since a number of other glass materials have 

been found t o e x h i b i t such a mechanism (15). Unfortunately, f o r moderate 

f i e l d s t r e n g t h s , conduction by t h i s mechanism i s normally observed a t low 

temperatures (see Jonscher ( 7 ) ) . Therefore there i s considerable doubt 

as t o whether the t r a p p i n g of e l e c t r o n s i n the w i l l e m i t e could account 

f o r the f l a t - b a n d s h i f t s observed. 
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The second category f o r negative space-charge formation near the 

s i l i c o n i s from i o n s . P o s i t i v e and negative i o n concentrations may be 

changed l o c a l l y by the movement o f mobile i m p u r i t y species w i t h i n the 

w i l l e m i t e , as occurs f o r sodium ions i n aluminium oxide, see Abbott and 

Kamins (16), o r by the p o l a r i z a t i o n o f the d i e l e c t r i c i t s e l f , as f o r 

p h o s p h o s i l i c a t e glass (Snow and Deal (17) ) . I n most d i e l e c t r i c s , the 

mobile i m p u r i t y species are p o s i t i v e ions o f t e n sodium, potassium o r 

hydrogen. However, p o s i t i v e i o n movement from i m p u r i t y species can def­

i n i t e l y be e l i m i n a t e d as t h e dominant f e a t u r e here because, as has been 

discovered, the value o f V can i n f a c t be made p o s i t i v e w i t h s u f f i c i e n t 

negative s t r e s s . I f the e f f e c t o f t h i s s t ress was t o draw p o s i t i v e i m p u r i t y 

ions away from the s i l i c o n and towards the negative electrode of the metal, 

V_ would c e r t a i n l y become less and less negative, b u t i t could never be 

made p o s i t i v e even i f a l l t h e i m p u r i t y ions are t r a n s f e r r e d t o the metal-

f i l m i n t e r f a c e i n t h i s way. On the other hand, i f the i m p u r i t y species 

are assumed t o be negative then, w i t h negative b i a s , they would be expected 

t o be d r i v e n c l o s e r towards the s i l i c o n and r e s u l t i n g i n a nxire p o s i t i v e 

V value as found. However, negative i m p u r i t y ions would mean t h a t the FB 

i n i t i a l f l a t - b a n d voltage value V__ would be p o s i t i v e which does, not 
O 

apply t o t h i s type o f s t r u c t u r e . 

Abbott cuid Kamins (16) have found symmetry i n C-V curves about 

the i n i t i a l f l a t - b a n d v oltage when stresses o f both p o l a r i t i e s were a p p l i e d 

t o t h e i r f^2'^3 composite f i l m s c o n t a i n i n g sodium i m p u r i t i e s . For the 

w i l l e m i t e composite s t r u c t u r e , the f l a t - b a n d s h i f t s are non-siTmnetrical 

about V „ , and i n f a c t t h e re i s no s h i f t a t a l l w i t h p o s i t i v e stress FB 
o 

vo l t a g e . Hence f o r a l l these reasons, movement o f i m p u r i t y ions cannot 

e x p l a i n the experimental r e s u l t s , although small e f f e c t s o f p o s i t i v e 

i o n movement can be detected from the s l i g h t h y s t e r e s i s a t the second 

cy c l e o f t h e C-V curve as i l l u s t r a t e d i n Figure 4.8^ 

66 



The second a l t e r n a t i v e , which seems more l i k e l y , i s t h a t the s h i f t 

i n the C-V curve i s due t o the p o l a r i z a t i o n of the w i l l e m i t e i t s e l f . Such 

p o l a r i z a t i o n can lead t o the formation of a space-charge w i t h i n the com­

p o s i t e f i l m which i n t u r n induces charges o f opposite p o l a r i t y i n the 

semiconductor so s h i f t i n g the f l a t - b a n d voltage. The two types o f p o l a r -

. i z a t i o n which may be p o s s i b l e here are due t o molecular p o l a r i z a b i l i t y 

and/or i n t e r f a c i a l p o l a r i z a b i l i t y . The former i s due t o the displacement 

o f p o s i t i v e and negative charge centres or the o r i e n t a t i o n o f dipole 

moments when a f i e l d i s a p p l i e d , while the l a t t e r i s due t o charge 

accumulation a t t r a p p i n g centres or defects so as t o induce an image charge 

i n the nearby electrode. For the composite s t r u c t u r e , i f the p o l a r i z a t i o n 

phenomenon occurs i n the w i l l e m i t e , i t i s d i f f i c u l t t o choose between the 

two mechanisms but by using the d o u b l e - d i e l e c t r i c MIS-type s t r u c t u r e model 

suggested by Snow and Diamesnil (18),on whose analysis the f o l l o w i n g 

d i s c u s s i o n i s based, a good understanding o f the p o l a r i z a t i o n phenomena 

i s p o s s i b l e . 

The w i l l e m i t e f i l m has been shown t o be e l e c t r i c a l l y n e u t r a l i n i t i a l l y 

but i t i s assumed to have a uniform concentration o f N mobile cations each 

w i t h charge q compensated by an equal concentration o f f i x e d anions w i t h 

charge - q . Upon a p p l i c a t i o n o f a negative voltage, the mobile cations 

w i l l d r f i t towards the metal where they discharge or p i l e - u p , leaving 

behind a negative space charge o f density - qN, near the w i l l e m i t e - r e s i d u a l 

f i l m i n t e r f a c e . The negative space-charge i n the w i l l e m i t e w i l l at f i r s t 

compensate the p o s i t i v e centres present i n the r e s i d u a l f i l m but w i t h 

lengthened s t r e s s time and as the space-charge grows, a l l the p o s i t i v e 

centres w i l l become compensated f o r and e x t r a p o s i t i v e charge w i l l then 

be induced i n the semiconductor (holes and dopant ions i n t h i s case). 

The e f f e c t can be seen i n Figure 4.9 where the f l a t - b a n d voltage reaches 
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a s a t u r a t i o n w i t h a p o s i t i v e value o f V ^ a f t e r a long duration of s t r e s s , 

i n d i c a t i n g the existence o f a net negative charge i n the composite f i l m . 

On the other hand, the p o s i t i v e space-charge l a y e r being narrow and near 

the o u t e r e l e c t r o d e , induces a l l i t s image charge i n the metal. 

Figure 4.14 depicts the s i t u a t i o n f o r the charge d i s t r i b u t i o n , e l e c t r i c 

f i e l d and p o t e n t i a l a f t e r achieving s a t u r a t i o n i n with, the stress 

v o l t a g e . By n e g l e c t i n g the charge and using Poisson's equation. 

Snow and Dumesnil (18) d e r i v e d the s a t u r a t i o n voltage AV i n terms of 

V :-
s 

'^SAT = - ' ^ " ^ 

19 -3 

where the value o f N has been assumed t o be very large ( > 10 cm ) 

With some algebra, equation (4.4) can be transformed t o give AV i n 

terms o f the e f f e c t i v e d i e l e c t r i c constant o f the composite f i l m and 

i t s t hickness d , i . e . 
c 

AV 
SAT 

K dc 
- 2 _ 1 
K do 

C 

V (4.5) 
s 

Figure 4.15 shows the experimental p o i n t s f o r f l a t - b a n d s a t u r a t i o n 

v o l t a g e p l o t t e d against the stress voltage. The s t r a i g h t l i n e drawn has 

a slope o f 0.412. With = 4.17 derived from Section 4.4 and equating 

the slope f a c t o r t o the square bracket term of equation (4.5), the value 

o f ic i s found t o be 6.0, which i s comparable t o K = 6.64 as derived from c c 
the accumulation capacitance c a l c u l a t i o n . The discrepancy may be due t o 

n e g l e c t i n g Q i n the d e r i v a t i o n of equation (4.5). Another p o s s i b i l i t y i s o 

t h a t whereas the l i n e drawn i n Figure 4,15 passes through the o r i g i n , the 

experimental measurements show a t h r e s h o l d voltage a t -1.70 V below which 

there i s l i t t l e change o f V^. Another f a c t o r i s t h a t the voltage drop 

across the s i l i c o n i t s e l f has also been neglected. 
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Figure 4.14; The proposed c h a r g e ^ e l e c t r i c f i e l d and p o t e n t i a l 
d i s t r i b u t i o n s w i t h a p p l i c a t i o n of a stress voltage 
Vg < 0 s u f f i c i e n t t o achieve a s a t u r a t i o n i n 
p o l a r i z a t i o n . 



AV,.,(volts) 

-V.lvolts) 

Figure 4.15; P l o t o f f l a t - b a n d voltage s h i f t a t s a t u r a t i o n . 

AV , against the stress voltage V . 



Figure 4.16: P l o t o f (1 - V^/ V ) against time from equation (4.6} FB SAT 
f o r three d i f f e r e n t stress voltages. Points are derived 
from Figure 4.12 and T i s defined corresponding t o the 
value o f 1/e. 



From the k i n e t i c s o f space-charge formation. Snow and Dumesnil 

also a r r i v e a t a r e l a t i o n s h i p f o r the f l a t - b a n d voltage s h i f t w i t h time:-

AV FB 
K d o w 
K do w 

V 1 - exp f - (4.6) 

where t i s the t o t a l time of st r e s s . 

Here T i s the time constant of the space-charge defined by 

T = e kT I < + K o I w o d o 
(Nq^D) (4.7) 

where D i s the d i f f u s i o n c o e f f i c i e n t f o r the mobile ions. 

Knowing the value o f ̂ V^^^ f o r a given V^, a p l o t o f 

l o g ( l - AV /AV ) against time o f stress should t h e r e f o r e give a s t r a i g h t FB SAT 
l i n e . From Figure 4.12, the values o f '̂ V̂ ^ w i t h stress time can be extracted 

and Av i s taken t o be 1.13 V f o r V = -3.0 V, 1.73 V f o r V .= 5.0 V and SAT s s 
2.65 V f o r V = -6.0 V. The r e s u l t i n g p l o t i s presented i n Figure 4.16 s 

but the l i n e a r r e l a t i o n s h i p i s not found. This d e v i a t i o n from l i n e a r i t y 

has also been found by Snow and Dumesnil f o r t h e i r b o r o s i l i c a t e glass f i l m s , 

and they e x p l a i n i t by t h a t f a c t t h a t as the p o l a r i z a t i o n b u i l d s up the 

f i e l d i n the bulk of the d i e l e c t r i c drops from about 10^ V/cm t o near zero 

Since t h e m o b i l i t y depends on the f i e l d , a curvature i n the p l o t w i l l occur 

because o f the f i e l d changes w i t h time. For the case of the w i l l e m i t e f i l m , 

the f o r m a t i o n o f negative space-charge i s i n f a c t very much enhanced by 

the presence of the p o s i t i v e charges i n the r e s i d u a l f i l m s , so expl a i n i n g 

the s t r o n g curvature observed. Furthermore there i s a change i n the 

d i r e c t i o n o f the i n t e r n a l f i e l d at the d i e l e c t r i c - d i e l e c t r i c i n t e r f a c e 

between the i n i t i a l and the f i n a l s i t u a t i o n s . Neglecting the curvature 

o f the l i n e s p l o t t e d i n Figure 4.16, the time constant f o r the formation 

o f t h i s space-charge may be foxind approximately from the corresponding value 
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o f 1/e f o r (1 - V / V ) . Thus T i s found t o be 1.15 sec, 1.65 sec 
FB SAT 

and 1.80 sec. f o r values o f V o f -3.0 V, -5.0 V and -6.0 V re s p e c t i v e l y . 
s 

Using equation (4.7) and an average value o f 1.53 sec f o r ^ , the d i f f u s i o n 

c o e f f i c i e n t o f the mobile ions can be estimated by assuming appropriate 

values f o r the other parameters. At room temperature and using K.^ = 15.50, 

K. = 4.16, the r e l a t i v e thicknesses o f w i l l e m i t e and r e s i d u a l f i l m f o r 
o . 

19 -3 

s l i c e SL6 from Table 4.3 and N = 10 cm , the value of D i s approximately 

lO"^'* cm"/sec. This value i s higher than the value o f 10 cm'/sec a t 

200°C f o r Na ions i n b o r o s i l i c a t e glass estimated by Snow and Dumesnil . 

This may be reasonable f o r the w i l l e m i t e i n view o f the comparative ease 

w i t h which the C-V curves can be s h i f t e d a t room temperature. 
The t h r e s h o l d value o f V = -1.70 V a t which appreciable s h i f t s i n 

s 
f l a t - b a n d f i r s t occur corresponds t o the voltage a t which the dc cu r r e n t 

-9 

i s found t o r i s e suddenly t o the s a t u r a t i o n value o f 10 A. This c u r r e n t 

may be p r i n c i p a l l y due t o the movement o f ions plus some c o n t r i b u t i o n from 

e l e c t r o n s moving i n t o the w i l l e m i t e from the metal. Since strong 

i n v e r s i o n i s s t i l l p o s s i b l e , even when V ^ has gone i n t o s a t u r a t i o n , i t i s 

c e r t a i n t h a t holes acciomulating a t the surface are not being replenished 

This would imply t h a t only a n e g l i g i b l e number o f electrons can be 

t r a v e r s i n g the whole l e n g t h o f the composite f i l m from the metal t o the 

s i l i c o n . 

The d r a s t i c lowering i n the gr a d i e n t o f the C-V curves which occurs 

w i t h the V_ s h i f t can be explained by the p o l a r i z a t i o n o f the w i l l e m i t e 

being inhomogeneous. I f the p o l a r i z a t i o n occurs p r e f e r e n t i a l l y a t c e r t a i n 

p a r t s o f the w i l l e m i t e f i l m area, then the observed V w i l l be a s u i t a b l e 
FB 

average o f values corresponding t o the p o l a r i z e d and non-polarized areas. 

I f the inhomogeneity occurs over very small areas, the average f o r each 

ca p a c i t o r w i l l be the same, as observed. Such inhomogeneity i n the f l a t -

band d i s t r i b u t i o n w i l l cause a s t r e t c h i n g out o f C-V curves on the voltage 
70 



a x i s as has been d e s c r i b e d by Brews ( 1 9 ) ^ I t i s not s u r p r i s i n g t h a t such 

inhomogeneity a r i s e s i n the w i l l e m i t e because f i l m examination, as de s c r i b e d 

i n S e c t i o n 4.3, has shown the greaoy and coarse t e x t u r e of w i l l e m i t e 

c r y s t a l l i t e s . A s i m i l a r e f f e c t was a l s o found i n the work on w i l l e m i t e by 

Davies ( 1 ) . 

The above d i s c u s s i o n has concentrated on the e f f e c t s of negative 

a p p l i e d v o l t a g e s on the p o s i t i o n and shape of the C-V curve. With p o s i t i v e 

a p p l i e d v o l t a g e s t h e r e i s h a r d l y any s h i f t i n the f l a t - b a n d voltage u n t i l 

'breakdown' o c c u r s , as re p o r t e d i n the l a s t s e c t i o n . Such a phenomenon can 

be viewed on the f o l l o w i n g l i n e s . The movement of negative ions towards 

the metal e l e c t r o d e i s t o t a l l y d i s m i s s e d s i n c e they are alr e a d y assumed to 

be immobile. Other a l t e r n a t i v e s a r e e l e c t r o n accumulation a t the s i l i c o n 

s u r f a c e and the movement of mobile p o s i t i v e charges towards the r e s i d u a l 

f i l m i n t e r f a c e . The l a t t e r cannot e a s i l y happen f o r two reasons. F i r s t l y , 

s i n c e p o l a r i z a t i o n i s expected to take p l a c e near the v i c i n i t y of the 

d i e l e c t r i c - d i e l e c t r i c i n t e r f a c e , any movement of p o s i t i v e i o n s , towards 

t h i s i n t e r f a c e can only r e s u l t i n a very s l i g h t displacement. I t may be 

t h a t such a s m a l l displacement i s not s u f f i c i e n t to r e v e a l any E f f e c t i v e 

space-charge i n the c o n d i t i o n t h a t the r e s i d u a l f i l m i s non-penetrable by 

the mobile p o s i t i v e i o n s . The second f a c t o r , probably the more dominant, 

i s the r o l e p l a y e d by the f i x e d p o s i t i v e charge c e n t r e s i n the r e s i d u a l 

f i l m . Any tendency t r y i n g to c r e a t e a p o s i t i v e space-charge near the 

i n t e r f a c e w i l l be suppressed by these f i x e d c e n t r e s , r e p e l l i n g any mobile 

p o s i t i v e charges. I n f a c t i t i s the same f i x e d p o s i t i v e c e n t r e s t h a t are 

a l s o r e s p o n s i b l e f o r enhancing the formation of the negative space-charge 

w i t h the n e g a t i v e b i a s . Higher p o s i t i v e voltage only c r e a t e s an i n t e n s e 

r e p u l s i v e f i e l d a t the i n t e r f a c e which can c r e a t e l a t t i c e s t r a i n s and 

u l t i m a t e l y the 'breakdown' phenomena i n the w i l l e m i t e . 
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4,g General D i s c u s s i o n of Type-A Willemite F i l m s . 

The formation of Type-A w i l l e m i t e by baking f o r 20 min. a t 1000°C 

r e s u l t s i n a t h r e e - l a y e r s t r u c t u r e , namely the underlying s i l i c o n , the 

r e s i d u a l f i l m and the w i l l e m i t e i t s e l f . B a s i c a l l y the s i l i c o n s t i l l has 

most of i t s i n i t i a l p r o p e r t i e s , a p a r t from the a d d i t i o n of deep l e v e l s 

w i t h i n the band-gap. From the s t a r t i n g m a t e r i a l s , ZnF :Mn and SiO , the 

two most l i k e l y candidates to form these deep l e v e l s are manganese and 

z i n c i o n s , but t h i s r a i s e s the quest i o n of which of the two i s most l i k e l y 

to get i n t o the s i l i c o n f i r s t during the reaction-bake. I t a l s o r a i s e s 

the q u e s t i o n of the d i f f u s i o n of these ions through SiO^ which w i l l a l s o 

depend on t h e i r r e s p e c t i v e segregation c o e f f i c i e n t s . Zinc has a maximum 

s o l i d s o l u b i l i t y of 6 x 1 0 ^ ^ cm ^ i n s i l i c o n and i t forms two acceptor-type 

level's a t 0 . 5 5 and 0 . 3 1 eV from the valence band, while manganese, with a 

s o l i d s o l u b i l i t y of 2 x 1 0 ^ ^ cm ^, has a s i n g l e donor-type l e v e l a t 0 . 5 3 eV. 
2 

I n F i g u r e 4 . 4 , the Schottky b a r r i e r 1/C - V p l o t shows the e f f e c t of 

v a r y i n g c o n c e n t r a t i o n s o f z i n c and manganese using the Sah—Reddi Theory 

d e s c r i b e d i n Chapter 3 . I t i s found t h a t the experimental p o i n t s f i t the 
2 

theory i n the d i r e c t i o n of donor-type l e v e l s , i . e . the a c t u a l 1/C values 

are lower than the i d e a l c ase. T h i s i n d i c a t e s t h a t the deep-levels are 

due t o manganese r a t h e r than z i n c and f i t t i n g the experimental p o i n t s to 

the t h e o r e t i c a l curve y i e l d s an approximate donor-type t r a p d e n s i t y of 

7 . 1 x 1 0 ^ ^ cm ^, which i s s t i l l l e s s than the maximum s o l i d s o l u b i l i t y 

v alue of 2 x 1 0 ^ ^ cm Sin c e t h e r e i s no data a v a i l a b l e f o r e i t h e r the 

d i f f u s i o n o r segr e g a t i o n c o e f f i c i e n t of manganese i n s i l i c o n or SiO^, 

i t i s d i f f i c u l t to know how manganese would compete with z i n c d i f f u s i n g 

i n t o the s i l i c o n . I n s p i t e of the 1% manganese i n the i n i t i a l z i n c 

f l u o r i d e , as compared to the l a r g e r proportion of z i n c , i t appears t h a t 

more manganese than z i n c gets i n t o the s i l i c o n during the short r e a c t i o n 

time o f 2 0 minutes. T h i s could only be p o s s i b l e i f at 1000°C, manganese 
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d i f f u s e s through SiO^ a t a very much f a s t e r r o l o than z i n c . There appears 

to be no reason why t h i s should not be so. 

The t h e o r e t i c a l curves of F i g u r e 4 . 4 assume uniform donor concentra­

t i o n s throughout the s i l i c o n . The d e v i a t i o n s of the experimental p o i n t s 

from the N^^ = 7 . 1 x 1 0 ^ ^ cm curve a t low r e v e r s e b i a s could, t h e r e f o r e , 

be due t o non-uniformity. 

The i n t r o d u c t i o n of manganese i n the s i l i c o n does not markedly a f f e c t 

the g e n e r a l p r o p e r t i e s o f the composite s t r u c t u r e , where the i n v e r s i o n 

c a p a c i t a n c e c a l c u l a t e d without deep l e v e l s i s comparable to the e x p e r i ­

mental v a l u e . On the othe r hand, the deep l e v e l s p l a y an important r o l e 

as recombination c e n t r e s near the i n t e r f a c e w i t h the r e s i d u a l f i l m and 

o f course the semiconductor's m i n o r i t y c a r r i e r l i f e t i m e i s expected to be 

changed because of t h i s . 

P r e v i o u s work on the reaction-bake f o r forming.willemite speculated 

t h a t the r e a c t i o n might take the form of 

2 Z n F 2 : Mn + SSiO^ -»• Zn^SiO^ + S i F ^ + 

A l s o , E r r i n g t o n ( 2 ) has proved t h a t the presence of oxygen i n the 

atmosphere can continue o x i d i z i n g the s i l i c o n during the reaction-bake 

p r o c e s s . T h i s shows t h a t oxygen can pass through both w i l l e m i t e and s i l i c o n 

oxide during the r e a c t i o n . 

R e a c t i o n s f o r the formation of s i l i c a t e g l a s s e s are g e n e r a l l y not 

as simple as the above because the rate-determining f a c t o r i s dependent 

on so many parameters l i k e the d i f f u s i o n of v a r i o u s anions and c a t i o n s 

w i t h i n the l a t t i c e of the s i l i c a t e , the bonding nature of the ions or 
4 + 2 -

i n f l u e n c e o f i o n i c f l u x e s . The i o n s S i and 0 can d i f f u s e very 
2+ 

r a p i d l y through a s i l i c a t e s t r u c t u r e , but unboianded c a t i o n s l i k e Zn or 
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2+ Mn would be the rate-determining f a c t o r because the d i f f u s i o n r a t e of 
4+ 2-

these c a t i o n s f a r exceed those of S i or 0 (20) . For these reasons 

i t seems more l i k e l y t h a t the w i l l e m i t e forming r e a c t i o n i s i n two stages 

r a t h e r than one, t a k i n g the form:-

2ZriF2 : Mn + SiO^ ^ 2ZnO : Mn + S i F ^ + 

2ZnO : Mn + SiO^ ^ Zn^SiO^ : Mn 

I n such a ca s e , the z i n c oxide presumably d i s s o c i a t e s i n t o z i n c and 
2+ 2-

oxygen (ZnO ^ Zn + 0 ) which d i f f u s e through the s i l i c a t e to r e a c t 

w ith the underlying SiO^ and f i n a l l y forms w i l l e m i t e . For t h i s reason i t 

can be expected t h a t the r e s i d u a l f i l m , l a r g e l y made up of a network of 

s i l i c o n and oxygen, c o n t a i n s embedded Zn^^ and/or Mn^^ io n s . The pre s e n t 

e l e c t r i c a l r e s u l t s show t h a t t h e r e i s a high d e n s i t y of p o s i t i v e c e n t r e s 

i n the r e s i d u a l f i l m which supports t h i s proposal. These c e n t r e s may a l s o 

be r e s p o n s i b l e f o r p r o v i d i n g l o c a l i z e d s t a t e s i n the r e s i d u a l f i l m by 

becoming coulombic e l e c t r o n trapping s i t e s or by causing trapping s i t e s 

out o f s t r u c t u r a l d e f e c t s . V i s u a l o b s e r v a t i o n s o f the r e s i d u a l f i l m under 

the microscope showed t h a t the r e s i d u a l f i l m has a very f i n e g r a n u l a r 

s t r u c t u r e , presumably p o l y c r y s t a l l i n e , and t h a t there are no flaws or 

d e f e c t s t o be found. Under the SEM secondary emission mode with an 

e l e c t r o n energy o f 25 keV or l e s s , again, t h e r e were no s p e c i a l f e a t u r e s 

of the image, although s u f f i c i e n t c o n t r a s t was obtained. The g r a i n s i z e 

i s v ery f i n e , which would imply t h a t the r e s i d u a l f i l m i s p o l y c r y s t a l l i n e . 

To deduce the p r o p e r t i e s of Type-A w i l l e m i t e from the e l e c t r i c a l 

measurements made on the composite s t r u c t u r e i s h i g h l y complicated, but 

from knowledge of the r e s i d u a l f i l m , a reasonable model can be post u l a t e d . 

As mentioned i n the pre v i o u s s e c t i o n , there i s no d e f i n i t e means f o r 

d i s t i n g u i s h i n g between e l e c t r o n i c t r a p p i n g and p o l a r i z a t i o n e f f e c t s a t 
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moderate f i e l d s t r e n g t h s . However, a t high f i e l d s , say g r e a t e r than 

1 0 ^ V/cm, a c e r t a i n amount of e l e c t r o n i c conduction would be expected. 

U n f o r t u n a t e l y t h i s high f i e l d e l e c t r o n i c conduction cannot be observed 

because o f the s o - c a l l e d 'breakdown'-phenomenon t a k i n g p l a c e f i r s t . T h i s 

phenomenon w i l l be mentioned i n a l a t e r p a r t of t h i s s e c t i o n . I n a l l con­

d u c t i o n measurements i n v o l v i n g high f i e l d s , the composite s t r u c t u r e met 

w i t h the same f a t e , i . e . the c u r r e n t c h a r a c t e r i s t i c tended towards t h a t of 

the r e s i d u a l f i l m s t r u c t u r e and never recovered. Another phenomenon r e l a t e d 

to the c u r r e n t measurements i s the c r i t i c a l voltage a t which the r a p i d r i s e 

i n c u r r e n t o c c u r s . Davies ( 1 ) a t t r i b u t e d t h i s to the voltage a t which the 

number of e l e c t r o n s i n j e c t e d from the metal i n t o the w i l l e m i t e become 

a p p r e c i a b l e . From the p o l a r i z a t i o n model proposed f o r moderate f i e l d 

s t r e n g t h s , the c r i t i c a l v o l t a g e of about - 1 . 2 7 V may correspond to the 

f i e l d r e q u i r e d to d i s p l a c e the mobile c a t i o n s from the immobile anions. 

The c r i t i c a l voltage used here i s analogous to the concept of a c t i v a t i o n 

energy f o r i o n s i n d i e l e c t r i c s as a p p l i e d by Abbots and Kamins ( 1 6 ) and 

Snow and Dumesnil ( 1 7 ) to sodium ions i n Al^O^ and lead ions i n b o r o s i l i c a t e 

g l a s s r e s p e c t i v e l y . I n the former case, the a c t i v a t i o n energy i s approxi­

mately 0 . 6 0 - 1 . 0 0 eV w h i l e the l a t t e r has a value of 1 .05 eV. 

An e x t e n s i v e survey of the s t r u c t u r a l p r o p e r t i e s of w i l l e m i t e f i l m s 

has been c a r r i e d out by Edwards. The b a s i c s t r u c t u r e i s formed by i n t e r -
4 -

l i n k i n g of SiO^ t e t r a h e d r a t o ZnO^, the (SiO^) forming a r a d i c a l anion 
2 + 

w h i l e the Zn a c t s as i t s c a t i o n . The Si-O atoms are c o v a l e n t l y bonded 

wh i l e c a t i o n s and anions are i o n i c a l l y bonded. Sutton ( 2 0 ) i n h i s review 

on space-charge p o l a r i s a t i o n i n s i l i c a t e s , i n d i c a t e d a r i g i d g l a s s y network 

of the s i l i c o n - o x y g e n t e t r a h e d r a w h i l e m e t a l l i c ions are more l o o s e l y 

bound and r e s i d e i n r e l a t i v e l y l a r g e c a v i t i e s i n the network. Consequently, 

the energy b a r r i e r f o r the motion of these c a t i o n s from c a v i t y to c a v i t y 
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i s r e l a t i v e l y low so t h a t c u r r e n t flow occurs under an e l e c t r i c f i e l d by 

a s t a t i s t i c a l d r i f t o f t h e s e i o n s through the network c a v i t i e s . I t can be 
2+ 2+ 

assumed Zn and Mn are the m e t a l l i c c a t i o u s moving w i t h i n the 

c a v i t i e s i n the case of w i l l e m i t e , and the very low c r i t i c a l f i e l d r e q u i r e d 

may i n d i c a t e t h a t they are l o o s e l y bonded to the s i l i c a t e t e t r a h e d r a network. 
2+ 2+ 

Presumably, with a n e g a tive v o l t a g e , Zn and/or Mn ions are f r e e d from 
4-

the (SiO^) r a d i c a l s thus l e a v i n g a negative space-charge i n the w i l l e m i t e 

as observed. Under the i n f l u e n c e of the a p p l i e d fielc^, mobile c a t i o n s w i l l 

f i n d t h e i r way to the metal by d r i f t i n g from c a v i t y to c a v i t y by the most 

probable paths. S i n c e a random d i s t r i b u t i o n of w i l l e m i t e c r y s t a l l i t e s 

e x i s t s throughout the e n t i r e f i l m then i t can be expected t h a t there w i l l 

be a l a t e r a l non-unformity i n the p o l a r i z a t i o n and t h i s i s shown by the 

reduced s l o p e of the C-V curves w i t h i n c r e a s i n g f l a t - b a n d s h i f t . I t i s 

riot known whether the c a t i o n s p i l e - u p or are discharged by the metal on 

r e a c h i n g the e l e c t r o d e . Non-stoichiometry of the w i l l e m i t e i s expected to 

occur most markedly i n the v i c i n i t y of the w i l l e m i t e - r e s i d u a l f i l m i n t e r f a c e , 

and the c a t i o n s here may be l o o s l y bonded. For t h i s reason, p o l a r i z a t i o n 

a t the i n t e r f a c e i s thought to be dominant i n the w i l l e m i t e f i l m . U s u a l l y 

such a type of p o l a r i z a t i o n i s known as i n t e r f a c i a l p o l a r i z a t i o n and i n f a c t 

i n t h i s case i t s occurrence i s very much i n f l u e n c e d by the presence of 

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

As the negative space-charge i s formed by p o l a r i z a t i o n of the w i l l e m i t e 

the i n t e r a c t i o n between t h i s negative space-charge and the p o s i t i v e c e n t r e s 
2+ 2+ 

i n the r e s i d u a l f i l m , p o s s i b l y Zn and/or Mn c a t i o n s , w i l l c r e a t e a b u i l t -

i n f i e l d . T h i s i n t e r n a l f i e l d , shown i n F i g u r e 4.17(b), w i l l cause very 

l a r g e mechanical s t r a i n i n the l a t t i c e of the s i l i c a t e network which 

u l t i m a t e l y can g i v e way to l o c a l i z e d conduction e f f e c t s i n the w i l l e m i t e . 

Perhaps t h i s i s how the 'breakdown' phenomena occur^ although the a c t u a l 

mechanism, as i n most ca s e s of d i e l e c t r i c s , i s not well-understood. 76 
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F i g u r e 4.17; Proposed band diagrams and charge d i s t r i b u t i o n s f o r a 
composite w i l l e m i t e s t r u c t u r e (a) i n i t i a l l y , and (b) 
a f t e r a c h i e v i n g f l a t - b a n d s a t u r a t i o n . 



F i g u r e 4.1^(a) i l l u s t r a t e s a proposed i n i t i a l s i t u a t i o n i n the composite 

s t r u c t u r e band diagrams. The s i l i c o n s u r f a c e i s accumulated due to the 

r e s i d u a l f i l m p o s i t i v e c e n t r e s while the w i l l e m i t e , w h i c h i s assumed to be 

i n i t i a l l y n e u t r a l , has no band bendingi. A f t e r a s a t u r a t i o n i n p o l a r i z a ­

t i o n has been achieved^ the bands are d epicted by F i g u r e 4.16 (b), where 

the s i l i c o n s u r f a c e i s now i n d e p l e t i o n and the i n t e r n a l f i e l d causes a 

h i gh degree of band bending i n the w i l l e m i t e a t the r e s i d u a l f i l m i n t e r f a c e . 

4.9 C o n c l u s i o n 

The technique f o r the reaction-bake formation of Type-rA w i l l e m i t e 

has been d e s c r i b e d i n the e a r l y p a r t of t h i s chapter, followed by the r e s u l t s 

of a v i s u a l and SEM examination of the f i l m s . The composite w i l l e m i t e f i l m s 

are fovmd to be cathodoluminescent w h i l e the r e s i d u a l f i l m s are not. 

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

f i l m have been d e s c r i b e d . The s i l i c o n i s found to c o n t a i n deep donor-type 

l e v e l s making i t more n-type w h i l e the r e s i d u a l f i l m i s an i n s u l a t o r with 

a h igh d e n s i t y of p o s i t i v e c e n t r e s which c o n t r i b u t e to the f i e l d - a s s i s t e d 

tunnel-hopping h i g h - f i e l d conduction mechanism. 

The e l e c t r i c a l p r o p e r t i e s of the b a s i c a l l y i n s u l a t i n g composite 

w i l l e m i t e f i l m s are d e ^ i b e d i n the l a t e r p a r t of the chapter. P o l a r i z a t i o n 

was found to be a dominant f e a t u r e i n Type-A w i l l e m i t e although e l e c t r o n i c 

conduction cannot be t o t a l l y d i s m i s s e d . The p o l a r i z a t i o n may be due to the 

d i s s o s e c i a t i o n of Zn^"^ and/or Mn^^ c a t i o n s from the ( S i O ^ ) ^ r a d i c a l s . 

A breakdown phenomenon i n the composite f i l m has been a t t r i b u t e d to the 

i n t e r n a l f i e l d caused by p o s i t i v e c e n t r e s i n the r e s i d u a l f i l m and negative 

space-charge a r i s i n g from p o l a r i z a t i o n . 

The e l e c t r i c a l p r o p e r t i e s of Type-A w i l l e m i t e w i l l be compared with 

those o f Types-B and C i n the g e n e r a l d i s c u s s i o n . Chapter 7. 
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CHAPTER 5 

INVESTIGATION AND DISCUSSION OF TYPE-B WILLEMITE 
(Long Reaction Time - N^/O^) 

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

I n the l a s t c hapter the r e s u l t s were d e s c r i b e d f o r Type-A 

w i l l e m i t e produced w i t h a s h o r t reaction-bake time, approximately 2o min., 

i n an ambient o f dry n i t r o g e n . The r e s u l t s have shown the i n f l u e n c e of 

the r e s i d u a l f i l m , as f i r s t d i s c o v e r e d by Davies (1) , between the s i l i c o n 

and the w i l l e m i t e . T h i s f i l m i s presumably a consequence of an incomplete 

r e a c t i o n although t h e r e i s no d e f i n i t e experimental evidence f o r t h i s . 

However, i n ^ s e p a r a t e work Kurd and Johnston (2) have discovered t h a t f o r 

a complete r e a c t i o n to take p l a c e , the reaction-bake time has to be 

extended t o approximately 20 h r s . I n t h i s chapter, and the next, the 

p r o p e r t i e s of w i l l e m i t e formed by a reaction-bake time i n excess of 20 h r s 

w i l l be d e s c r i b e d . I n accordance w i t h a suggestion by Dr. Hurd i t was 

decided to i n c o r p o r a t e a 10% oxygen i n n i t r o g e n atmosphere with t h i s long 

r e a c t i o n time. The w i l l e m i t e prepared i n t h i s way w i l l be termed 

'Type-B w i l l e m i t e ' . 

I n t h i s chapter, a l l the i n v e s t i g a t i o n s on Type-B w i l l e m i t e 

w i l l be p r e s e n t e d . The e a r l y p a r t of the chapter d e s c r i b e s the parameters 

and p r o c e s s i n g i n v o l v e d i n the p r e p a r a t i o n of composite s t r u c t u r e s from 

t h i s type o f w i l l e m i t e . D e t a i l s o f the p r e p a r a t i o n technique otherwise 

r e q u i r e d w i l l not be repeated s i n c e they are very s i m i l a r to those f o r 

Type-A w i l l e m i t e . S e c t i o n 5.2 a l s o d e s c r i b e s the examination of the f i l m s 

by e l l i p s o m e t r y , o p t i c a l microscopy and the SEM. E l e c t r i c a l r e s u l t s , 

mainly C-V measurements, are presented i n the following, s e c t i o n . The 

l a t e r s e c t i o n s o f t h i s chapter a r e used f o r the emalysis and d i s c u s s i o n 

o f the e l e c t r i c a l r e s u l t s . 
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5.2 P r e p a r a t i o n and Examination of Type-B W i l l e m i t e 

The o b j e c t of i n c o r p o r a t i n g 10% oxygen i n the r e a c t i o n 

atmosphere f o r t h i s type of w i l l e m i t e i s to o b t a i n the i n s i t u formation 

of SiO^, which can then r e a c t w i t h the ZnF^. The flow of oxygen i n t o 

the furnace was measured on a separate flowmeter and adjusted to 10% of 

the t o t a l gas flow. As mentioned i n the l a s t chapter, the r e a c t i o n 

furnace was s e t a t 1000°C and p r o f i l e d to achieve a f l a t - z o n e about 

6 cm long. 

Some p r e l i m i n a r y f i l m s were produced f o r t h i c k n e s s measure­

ments. These had v a r i o u s t h i c k n e s s e s of i n i t i a l oxide and i t was foiand 

t h a t even w i t h n e g l i g i b l e i n i t i a l oxide, the r e s u l t i n g r e s i d u a l f i l m 

was about 200 S t h i c k . I t was decided t h a t the i n i t i a l oxide t h i c k ­

ness f o r the e l e c t r i c a l t e s t s l i c e s should be about 200 8 , so as to 

have a reasonably good f i l m - t o - s i l i c o n i n t e r f a c e . 

As d e s c r i b e d i n Chapter 2, the o x i d a t i o n of s i l i c o n s l i c e s and 

evaporation of ZnF^ are standard procedures. A f t e r the: w i l l e m i t e furnace 

had been prepared, the s l i c e s were g r a d u a l l y introduced i n t o the furnace 

so t h a t from room temperature to the peak temperature of 1000°C i t took 

a time o f about 10 min. T h i s procedure i s to avoid any p o s s i b l e s t r e s s 

i n the f i l m s t h a t may be caused by a sudden exposure to a high tempera­

t u r e . The r e a c t i o n bake was c a r r i e d out f o r about 20 h r s , but i t cannot 

be denied t h a t small f l u c t u a t i o n s i n the oxygen flow and the temperature 

may have o c c u r r e d d u r i n g t h i s time. E x t r a c t i n g the s l i c e s from the 

furnace was simply the r e v e r s e of the i n t r o d u c t i o n procedure. The post 

r e a c t i o n c l e a n i n g of the w i l l e m i t e s u r f a c e was by d i l u t e NaOH s o l u t i o n 

and t h e w i l l e m i t e e t c h i n g was done by a weak s o l u t i o n of e i t h e r a c e t i c or 

h y d r o c h l o r i c a c i d . I n p r o c e s s i n g , the experimental s l i c e s were 

accompanied by t e s t c h i p s used f o r f i l m t h i c k n e s s measurements, and 

o p t i c a l and SEM examinations. 

The f i l m t h i c k n e s s e s of t h r e e experimental s l i c e s a r e presented 

i n T a b l e 5.1. I t can be seen t h a t the i n i t i a l oxide t h i c k n e s s e s were 
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E x p e r i m e n t a l s l i c e SL4 SL7 SLIO 

I n i t i a l Oxide 233 203 216 

Z i n c F l u o r i d e . 197 571 770 

Composite, d 
T 

861 854 935 

R e s i d u a l F i l m , d 
o 

636 257 226 

W i l l e m i t e 
d = d - d^ 
w T ° 

225 597 709 

TABLE 5.1 F i l m t h i c k n e s s e s i n X on th r e e experimental 

s l i c e s , a s measured w i t h the e l l i p s o m e t e r . 



P l a t e 5.1 A 560x photomicrograph of Type-B 
w i l l e m i t e . Lower p a r t i s towards 
edge o f f i l m . 

P l a t e 5.2 A 560x photomicrograph of the 

r e s i d u c i l f i l m from Type-B w i l l e m i t e . 



s l i g h t l y over 200 8 w h i l e the t h i c k n e s s e s of z i n c f l u o r i d e i s seen to 

v a r y from 197 8 f o r SL4 t o 770 8 f o r SLlO. N e v e r t h e l e s s , i r r e s p e c t i v e 

of the z i n c f l u o r i d e t h i c k n e s s , the t o t a l t h i c k n e s s of the composite 

f i l m on a l l t h r e e s l i c e s was found to be 850-950 8 . Because o f the 

very t h i n z i n c f l u o r i d e f i l m , s l i c e SL4 i s found to have a r e s i d u a l f i l m 

o f about 636 8 w h i l e the o t h e r two have r e s i d u a l f i l m t h i c k n e s s e s of 

s l i g h t l y over 200 8. S l i c e SL4 t h e r e f o r e has the t h i n n e s t w i l l e m i t e 

f i l m and a t h i c k r e s i d u a l f i l m which may be due to the f a c t t h a t with 

very l i t t l e z i n c f l u o r i d e , o x i d a t i o n of the s i l i c o n i s enhanced during 

the r eaction-bake p r o c e s s . I t must be r e c a l l e d here t h a t the oxygen 

p r e s e n t i n the ambient le a d s to the f u r t h e r o x i d a t i o n of the s i l i c o n 

during th e r e a c t i o n w h i l e i t i s being attacked a t a r a t e which depends 

on the t h i c k n e s s of the z i n c f l u o r i d e . I n other words, the t h i c k e r 

the z i n c f l u o r i d e t h e t h i c k e r w i l l be the w i l l e m i t e f i l m and the 

t h i n n e r t h e r e s i d u a l f i l m . Average r e f r a c t i v e i n d i c e s o f the composite 

f i l m s ramge from 1.56 f o r SL4 to 1.85 f o r SLlO w i t h the r e s i d u a l f i l m s 

having v a l u e s of 1.61 and 2.14 r e s p e c t i v e l y . 

U n l i k e Type-A w i l l e m i t e , the w i l l e m i t e f i l m s prepared i n t h i s 

case have a much f i n e r g r a i n s t r u c t u r e as seen under the o p t i c a l micro­

scope. F i n e , b l u i s h d e n d r i t i c f e a t u r e s were observed and i t was confirmed 

by the SEM t h a t t h i s f e a t u r e was not topographical (e.g. dips or bumps) 

but due t o d i f f e r e n c e s i n r e f r a c t i v e index. These d e n d r i t i c f e a t u r e s 

e x i s t e d i n t h e form o f c e l l u l a r s t r u c t u r e s as shown i n P l a t e 5.1. The 

edges o f t h e w i l l e m i t e f i l m s had c o a r s e r c r y s t a l l i t e s which were more 

d i s p e r s e d and c l o s e l y resembled the f e a t u r e s of Type-A w i l l e m i t e i n t h e i r 

g r a i n s i z e and c o l o u r . T h i s edge e f f e c t may have been caused by a more 

inhomogeneous flow o f the c o n s t i t u e n t m a t e r i a l s i n molten form towards 

the edges d u r i n g the r eaction-bake p r o c e s s . 

. Cathodoluminescent t e s t s on Type-B w i l l e m i t e using the T e s l a 

d i s c h a r g e gave very good b r i g h t green l i g h t emission thus confirming 
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the luminescent p r o p e r t i e s o f t h i s type o f w i l l e m i t e f i l m s . On the 

other hand, use of the cathodoluminescent mode i n the SEM r e s u l t e d i n a 

r a p i d darkening o f the image implying a charge r e t e n t i o n c a p a b i l i t y o f 

the w i l l e m i t e . I n othe r words, f i l m s of Type-B w i l l e m i t e a r e good 

i n s u l a t o r s . I n the SEM secondary emission mode, the Type-B w i l l e m l t e 

f i l m s gave higher images c o n t r a s t than Type-A w i l l e m i t e . T h i s was 

observed by p l a c i n g the two types o f w i l l e m i t e s i d e by s i d e dvuring the 

i n v e s t i g a t i o n . T h i s shows t h a t the secondary emission c o e f f i c i e n t must 

be g r e a t e r i n Type-B than i n Type-A- f i l m s . 

A f t e r e t c h i n g o f f the w i l l e m i t e , t h e r e s i d u a l f i l m s were not 

cathodoluminescent. D e n d r i t i c f e a t u r e s , l i k e those i n the w i l l e m i t e , 

were a l s o observed i n the r e s i d u a l f i l m s but w i t h brown c o l o u r a t i o n 

i n s t e a d o f b l u e . These d e n d r i t e s appeared i n a backgroimd of very f i n e 

g r a i n e d y e l l o w m a t e r i a l . On e t c h i n g o f f the r e s i d u a l f i l m w i t h concentrated 

HF, the d e n d r i t i c f e a t u r e s were s t i l l found i n the underlying s i l i c o n , as 

shown i n P l a t e 5.2. Suspecting t h a t the c r y s t a l l i n e s t r u c t u r e o f the 

s i l i c o n s u r f a c e may have been d i s r u p t e d by the p r o c e s s i n g , e l e c t r o n 

c h a n n e l l i n g p a t t e r n (ECP) t e s t s were c a r r i e d out i n the SEM on the 

r e s i d u a l s i l i c o n ^ together w i t h a f r e s h p i e c e o f s i l i c o n a c t i n g as a 

c o n t r o l . T h i s t e s t can determine f e a t u r e s o f the semiconductor c r y s t a l l i n i t y 

up to 50 S beneath t h e s u r f a c e . The c o n t r o l s i l i c o n gave a very strong 

ECP image wi-th w e l l - d e f i n e d l i n e s w h i l e the r e s i d u a l s i l i c o n under t e s t 

r e v e a l e d s l i g h t l y d i f f u s e d l i n e s although i t s ECP image was s t i l l 

r e c o g n i z a b l e . I t must t h e r e f o r e be concluded t h a t the s i l i c o n s u r f a c e i s 

s t i l l c r y s t a l l i n e a f t e r the formation o f Type-B w i l l e m i t e w i t h the s l i g h t l y 

o f f - s e t image being due to -the i n c o r p o r a t i o n o f a d d i t i o n a l elements i n the 

s i l i c o n s u r f a c e . 
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5.3 E l e c t r i c a l R e s u l t s 

The e l e c t r i c a l p r o p e r t i e s of Type B w i l l e m i t e were s t u d i e d by 

s i m i l a r methods to Type-A, w i t h measurements on both composite and r e s i d u a l 

f i l m s . I n a d d i t i o n the change i n the s i l i c o n due to the long r e a c t i o n , 

as shown by the e x i s t e n c e of d e n d r i t i c f e a t u r e s i n the s u r f a c e , aroused 

i n t e r e s t i n knowing more about the r e s u l t i n g e l e c t r i c a l p r o p e r t i e s . For 

t h i s reason a se p a r a t e i n v e s t i g a t i o n o f deep l e v e l s i n the s i l i c o n was 

made by means of the metal-semiconductor r e c t i f y i n g c h a r a c t e r i s t i c u s i n g 

the mercury probe technique. A f t e r e t c h i n g o f f the composite w i l l e m i t e 

f i l m , gold c o n t a c t s were evaporated on to the unpolished s i d e o f the 

s i l i c o n and s i n t e r e d a t 450°C i n n i t r o g e n f o r about 10 min. A t h i n oxide, 

f o r r e c t i f y i n g purpose, was grown by r e a c t i n g the s i l i c o n i n a mixture o f 

10% u l t r a r H^O^. The t e s t p i e c e was then p l a c e d w i t h i t s s u r f a c e o f 

i n t e r e s t downwards on to a Perspex block w i t h a c a p i l l a i r y column c o n t a i n ­

i n g 99.999% pure mercury forming a r e c t i f y i n g top con t a c t . The sample 

was h e l d f i r m l y i n p l a c e by two s t e e l probes p r e s s i n g downwards on to the 

gold. R e v e r s e - b i a s c a p a c i t a n c e measurements were made wi t h a Wayne-Kerr 

RF-bridge a t a frequency of 5MHz f o l l o w i n g the procedures l a i d down i n 

Chapter 2. The r e s u l t s were compared w i t h those f o r a c o n t r o l sample 

of s i l i c o n t h a t had not been used as a w i l l e m i t e sxabstrate. 

AVC -V^ p l o t o f the cap a c i t a n c e measurements i s presented 

i n F i g 5.1 and compared with theory u s i n g = 2.3 x 10^^ cm and 

Vj^ =0.253v f o r the mercvury-silicon Schottky b a r r i e r . The experimental 

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

hence showing the r e l i a b i l i t y of the measuring technique. I t can be 

seen t h a t t h e experimental p o i n t s f o r the t e s t s i l i c o n are co n s i d e r a b l y 

above those f o r the i d e a l c ase, i n d i c a t i n g the e x i s t e n c e of deep acceptor-

type t r a p s i n the s i l i c o n . T h i s r e s u l t i s the opposite to t h a t f o r 
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—....^^^Experimental S l i c e 
SL7 SLIO SL4 

S t r u c t u r e 

854 935 861 

68.9 55.1 36.1 

C . (pF) mm 18.5 17.2 13.0 
Composite 
F i l m ^FB P̂̂ ^ 49.6 40.3 28.8 

V ( v o l t s ) FBO -0.884 . -1.077 -0.900 

6.42 5.62 3.39 

d^ (A) 257 226 636 

Residual. C (pF) max 104.0 . 119,7 73.8 

F i l m 
^min (P^) 20.9 19.6 18.6 

66.3 69.1 51.9 

( v o l t s ) 
FBO 

-0.515 -0.802 -0.980 

IC 
o 

2.91 2.95 5.12 

TABLE 5.2 T y p i c a l r e s u l t s from 3 d i f f e r e n t s l i c e s o f the 

composite and r e s i d u a l f i l m s t r u c t u r e s . 



Type-A w i l l e m i t e where the traps are d o n o r - l i k e . There t h e r e f o r e seems • 

to be some c o r r e l a t i o n between the presence o f the d e n d r i t i c features i n 

the s i l i c o n surface and the deep acceptor-type traps observed i n these 

measurements. A d e t a i l e d analysis o f these r e s u l t s w i l l be taken up i n 

the next s e c t i o n . 

Most o f the e l e c t r i c a l measurements r e f e r t o the Type-B w i l l e m i t e 

f i l m s which w i l l be c l a s s i f i e d i n t o two types depending on the respective 

thicknesses o f the w i l l e m i t e and r e s i d u a l f i l m s . The f i r s t category has 

the w i l l e m i t e t h i c k e r than the r e s i d u a l f i l m w h i l e the second was t h e 

reverse s i t u a t i o n . I n both cases the r e s i d u a l f i l m s were f a r more 

i n s u l a t i n g than f o r Type-A w i l l e m i t e and the d.c. conduction was too low. 

to measure accura t e l y . The e l e c t r i c a l r e s u l t s are therefore e n t i r e l y 

based on C-V measurements and the e f f e c t s o f e l e c t r i c a l stress on changing 

these c h a r a c t e r i s t i c s . 

A. Composite Structures w i t h dw> do 

Results presented i n t h i s category r e f e r t o measurements made 

from s l i c e s SL7 and SLlO processed i n d i f f e r e n t batches. From Table 5.1, 

both the (dw/do) r a t i o s o f s l i c e s SL7 and SLlO were , found t o be greater 

than u n i t y as described i n Section 5.2. I n general, the C-V curves o f 

both the composite and r e s i d u a l f i l m s t r u c t u r e s from both s l i c e s have 

t y p i c a l MIS-type c h a r a c t e r i s t i c s . A summary o f t h e i r MIS parameters i s 

presented i n Table 5.2 where C and C . represent the accumulation ^ max min 
and s t r o n g i n v e r s i o n capacitances r e s p e c t i v e l y , and C i s the f l a t - b a n d 

FB 
capacitance c a l c u l a t e d from equation (3.10) • From the t o t a l thickness d^ 

and the value o f C , t h e e f f e c t i v e d i e l e c t r i c constant o f t h e composite max 
f i l m i s about 6.4 f o r SL7 and 5.6 f o r SLlO. The i n i t i a l f l a t - b a n d voltages 

V are -0.884v and -1.077v f o r SL7 and SLlO r e s p e c t i v e l y , the more FBO 
negative value being f o r the t h i c k e r f i l m . 
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Generally speaking, the C-V curves f o r the present composite 

w i l l e m i t e f i l m s i n t h i s category behave s i m i l a r l y t o those o f Type-A 

w i l l e m i t e . The h y s t e r i s i s f o r a f u l l cycle C-V measurement i s found t o 

depend on sweep speed, time and the maximum measuring voltage. S h i f t s i n 

f l a t - b a n d voltages also tend towards more poDoiblo values when negative 

voltages are a p p l i e d t o the metal electrodes. This feature i s i l l u s t r a t e d 

i n F i g . 5.2(a) where, w i t h consecutive increase i n a 2 min d u r a t i o n 

negative s t r e s s voltage t o the metal e l e c t r o d e , the C-V curves are seen 

to s h i f t toward the r i g h t along the v o l t a g e - a x i s . As f o r Type-A w i l l e m i t e , 

the C-V s h i f t s are accompanied by lowering o f the slope r e s u l t i n g i n a 

s t r e t c h i n g - o u t e f f e c t i n the d e p l e t i o n regime. 

A d i f f e r e n c e i n the c h a r a c t e r i s t i c s i s fovmd, however, i n the 

r e s i d u a l f i l m s f o r Type-A and Type-B w i l l e m i t e . For Type-B the r e s i d u a l 

f i l m i s f a r more i n s u l a t i n g and s i m i l a r stress-induced s h i f t s i n the C-V 

curves are observed, although the magnitude of the change i n the f l a t -

band v o l t a g e , Av , i s much smaller than f o r the composite f i l m . The 

FB 

r e s i d u a l f i l m C-V s h i f t i s i l l u s t r a t e d i n F i g . 5.2 (b) . Since both curves 

i n F i g . 5.2 (a) and 5.2 (b) are f o r a 2 min stress time, a d i r e c t compari­

son i n t h e i r magnitudes can be made. For the composite f i l m w i t h 
Vs = -4.0v, A V „ i s found t o be about 1.32v w h i l e under thesame -stress voltage, FB 

the r e s i d u a l f i l m has a s h i f t o f only 0.27v. Correspondingly, the lower­

in g o f the slope o f the C-V curves i n F i g 5.2(b) i s less than i n Fig 5.2(a). 

As w i l l be discussed i n Section 5.4 the i m p l i c a t i o n i s t h a t the c r e a t i o n 

o f negative space-charge i n the composite f i l m i s predominantly i n the 

w i l l e m i t e r a t h e r than the r e s i d u a l f i l m . Neither the composite nor 

the r e s i d u a l f i l m s have any noticeable s h i f t i n t h e i r f l a t - b a n d voltages 

when p o s i t i v e s t r e s s voltages are applied. 

A p r e l i m i n a r y i l l u s t r a t i o n o f the change occuring i n the 

composite f i l m C-V curves w i t h stress d u r a t i o n i s given i n Fig 5.3. 
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Fig 5.2 (a) A t y p i c a l C-V p l o t f o r a Type-B w i l l e m i t e composite s t r u c t u r e 
w i t h i n c r e a s i n g negative stress voltage. Stress time, 2 min. 
Case o f dw > do. 

100 

80 

60 

n 

40 

20 

C = 104.0 pF max 

C^= 66.3 PF 

-3 -1 
V ( v o l t s ) 

F i g 5.2 (b) A t y p i c a l C-V p l o t f o r a Type-B r e s i d u a l f i l m s t r u c t u r e 
w i t h i n c r e a s i n g negative s t r e s s v o l t a g e . Stress voltage, 
2 min. Case o f dw > do. 
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The s t r e s s voltage i n t h i s case i s -4.0v and the p a t t e r n o f the s h i f t 

i s very s i m i l a r t o t h a t f o r Type-A w i l l e m i t e except t h a t i t i s slower, 

e s p e c i a l l y f o r s h o r t d u r a t i o n o f s t r e s s . A f t e r the f i r s t second o f 

s t r e s s , the value of AV_ i s 0.45v but which i s i n s u f f i c i e n t t o convert 
FB 

the p o l a r i t y o f the f l a t - b a n d voltage t o a p o s i t i v e q u a n t i t y . For the 

r e s i d u a l f i l m , the time taken t o a t t a i n a given s h i f t i s much longer 

s t i l l . For example, a f t e r a s t r e s s d u r a t i o n o f 10"̂  sec w i t h V^= -4.0v, 

the s h i f t i n the f l a t - b a n d voltage o f the r e s i d u a l f i l m i s 0.37v w h i l e 

the composite f i l m has A v ^ = 1.42v. Again, i t can be deduced from t h i s 
FB 

t h a t the process c r e a t i n g negative space-charge i n the composite f i l m 

seems t o be clominantly i n the w i l l e m i t e r a t h e r than the r e s i d u a l f i l m . 

So f a r , the discussion o f Type-B w i l l e m i t e s t r u c t u r e s has been 

confined t o moderate f i e l d s t r e n g t h s , i . e . l e s s than 10^ v/cm. However, 

some work, extending i n t o higher f i e l d s has also been c a r r i e d out. F i g 5.4 

shows the e f f e c t o f h i g h s t r e s s voltages on s h i f t i n g the C-V curve. 

This shows moderate and h i g h f i e l d e f f e c t s denoted by Regions I and I I 

r e s p e c t i v e l y . I t should be noted here t h a t w i t h a negative bias a p p l i e d 

t o the metal e l e c t r o d e , p a r t o f t h i s voltage i s dropped across the 

s i l i c o n . I n the s t r o n g i n v e r s i o n case the drop i s approximately 0.5v 

and t h e r e f o r e n e g l i g i b l e compared t o the l a r g e r stress voltages. For 

negative values o f Vs, Region I o f Fig 5.4 shows AV r i s i n g g r a d u a l l y , 

w i t h a tendency t o s a t u r a t e a f t e r 7.0v. The maximum change i n f l a t - b a n d 
vo I t a g e i s less than l.Ov. Region I I i s defined f o r stress voltages 

g r e a t e r than 10.Ov,which corresponds t o a f i e l d o f approximately 10^ v/cm. 

I n negative b i a s , AV__ i s seen t o r i s e r a p i d l y f o r Vs > 10.Ov, followed 
FB 

by a s l i g h t s a t u r a t i o n f o r voltages between -17.0 and -18.0 v. S u r p r i s i n g l y , 

f o r any f u r t h e r increase i n stress v o l t a g e , AV^ i s seen t o decrease. 

Such r e s u l t s can be i n t e r p r e t e d i n terms o f the space-charge d i s t r i b u t i o n 

i n the f i l m . For Region I I , t he b uild-up o f negative space-charge i n 

t h e composite f i l m i s very r a p i d c o n t i n u i n g u n t i l a maximum i n the build-up 
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F i g 5_._̂  Change i n f l a t - b a n d voltage w i t h stress voltages o f both 
p o l a r i t i e s . Stress time, 1 sec ; i n i t i a l f l a t - b a n d 
v o l t a g e , -1.08v. Regions I and I I represent moderate 
and high f i e l d regions r e s p e c t i v e l y . 
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F i g 5.5 Change i n f l a t - b a n d voltage o f the composite s t r u c t u r e w i t h 
s t r e i i s d u r a t i o n f o r two d i f f e r e n t stress v o l t a y e f i . 
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f o r composite and r e s i d u a l f i l m s t r u c t u r e s o f Type-B w i l l e m i t e . 
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r e s i d u a l f i l m -0.88v. 
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5.7 High f i e l d C-V c h a r a c t e r i s t i c s o f Type-B composite s t r u c t u r e . 
= -12.0V a p p l i e d p r i o r t o measurement. Arrows i n d i c a t e 

d i r e c t i o n o f sweep, s t a r t i n g a t +15.0v. 



i s reached. The h i g h e s t app l i e d voltages must r e s u l t i n a loss o f some 

o f the negative space-charge t h a t has been b u i l t - u p previse«ly. The 

f a c t t h a t p o s i t i v e s tress voltages do not produce any appreciable f l a t -

band s h i f t s i s confirmed by the r e s u l t shown i n F i g . 5.4. 

The f l a t - b a n d s a t u r a t i o n v o l t a g e , i . e . the value o f maximum 

Av f o r a given stress magnitude, against the stress voltage p l o t o f 
rB 

Fig 5.6 shows a good l i n e a r r e l a t i o n s h i p f o r both composite and r e s i d u a l 

f i l m s t r u c t u r e s above about 3 v o l t s . The slope o f the l i n e f o r the 

composite s t r u c t u r e i s 0.517 while t h a t f o r the r e s i d u a l f i l m i s 0.150. 

F i g 5.5 presents measurements o f the change i n f l a t - b a n d voltage 

f o r the composite s t r u c t u r e w i t h d u r a t i o n o f s t r e s s . For both stress 

voltages, -4.0v and -8.0v., Av increases only s l i g h t l y u n t i l a t about 
FB 

1 sec. where the increase appears t o be more r a p i d on a l o g scale. 

U l t i m a t e l y , A V ^ reaches a s a t u r a t i o n value. With -4.0v stress t h i s 

occurs a t 160 sec. and w i t h -8.0v a t 10^ sec. I t should be noted t h a t 

the r e s u l t s presented i n F i g . 5.5 are f o r the case o f moderate f i e l d s . 

Region I , o n ly. 

A f u r t h e r featxire was observed i n the C-V curves o f the 

composite s t r u c t u r e w i t h high a p p l i ed f i e l d s . This e f f e c t happens 

a f t e r the s t r u c t u r e i s subjected t o a high s t r e s s , e i t h e r p o s i t i v e or 

negative, f o r some considerable time. For example Fig 5.7 shows a 

t y p i c a l C-V curve f o r a composite f i l m t h a t has p r e v i o u s l y been 

subjected t o a s t r e s s voltage o f -12.Ov f o r 1 sec. so as t o achieve a 

p o s i t i v e value o f V The C-V measurement covers a range o f ±15.Ov, 
FB. 

s t a r t i n g from +15.Ov. I n the forward sweep, instead o f going from 

d e p l e t i o n i n t o i n v e r s i o n , the capacitance o f the s t r u c t u r e keeps on 

decreasing w i t h i n c r e a s i n g negative voltage u n t i l at. about -10.5v when 

i t suddenly increases again. This increase i s accompanied by some 
-1 

considerable conductance o f a few r i s i n g w i t h the sweep voltage 
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between -10.Ov and -15.0V and back again. I n the r e t u r n sweep the 

capacitance i s q u i t e s i m i l a r u n t i l -10.5 v, a f t e r which, i t s value 

remains constant a t 17.2pF r i g h t up t o +1.8v. This i s a strong i n v e r s i o n 

c h a r a c t e r i s t i c s as opposed t o the deep-depletion c h a r a c t e r i s t i c i n the 

forward sweep. I n terms o f the semiconductor, i t can be deduced t h a t 

i n the forward sweep the s i l i c o n surface i s unable t o accumulate holes 

u n t i l a f t e r the high negative voltage has been ap p l i e d . This change 

i s probably r e l a t e d t o the appreciable conductance observed between 

-15.0V and -10.Ov. L a t e r , the r e t u r n sweep also produces a more 

p o s i t i v e f l a t - b a n d v o l t a g e , a value o f 9.4v as compared t o 2.7v f o r the 

forward sweep. This must be due t o a net increase i n the negative space 

charge w i t h i n the composite f i l m a f t e r the s t r u c t u r e has been exposed t o 

the high negative measuring v o l t a g e . 

The v a r i a t i o n o f the capacitance o f the r e s i d u a l f i l m w i t h 

frequency over the range 1-300 kHz was also measured. Fig 5.8 presents 

the r e s u l t p l o t t e d f o r the two dc bias voltages o f 0.5 and 4.0v i . e . i n 

accumulation mode. The d i e l e c t r i c constant c a l c u l a t e d f o r a f i l m t h i c k -

ness o f 226 S and an area o f 1.03 x 10 cm i s about 3.53 a t 1 kHz 

dropping t o about 3.33 a t 30 kHz and above. 

One f e a t u r e absent i n Type-B compared t o Type-A w i l l e m i t e i s 

the "breakdown" phenomenon which was never observed w i t h the former even 

though extremely high f i e l d s o f up t o about 2 x 10^ v/cm were subjected 

t o the s t r u c t u r e . I n the absence o f t h i s phenomenon i t was possible t o 

measure the recovejry o f the f l a t - b a n d voltage a f t e r s h i f t i n g i t w i t h a 

negative, a p p l i e d s t r e s s . The recovery was f a r more r a p i d i f a p o s i t i v e 

v o ltage was a p p l i e d . A l t e r n a t i v e l y the sample could be heated t o r e t u r n 

the f l a t - b a n d voltage i n a negative d i r e c t i o n . Results o f experiments 

o f both types w i l l be presented. 
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The f o l l o w i n g i s an example o f an experiment on f l a t - b a n d 

v o ltage recovery by means o f a p o s i t i v e s t r e s s . The composite s t r u c t u r e 

was n e g a t i v e l y stressed t o achieve a +3.0v change i n f l a t - b a n d voltage, 

a f t e r which i n c r e a s i n g p o s i t i v e s t r e s s voltage steps were applied con­

s e c u t i v e l y t o the s t r u c t u r e f o r 1 sec. The r e s u l t i s shown i n Fig.5.9 

where the recovery i n f l a t - b a n d voltage i s almost p r o p o r t i o n a l t o the 

ap p l i e d v o l t a g e . However, t h i s recovery does not happen as r e a d i l y as 

the s h i f t s i n the opposite d i r e c t i o n since the slope o f F i g . 5.9 i s only 
6 

0.088 as compared t o 0.517 f o r F i g . 5./. These r e s u l t s i n d i c a t e t h a t 

Type-B w i l l e m i t e i s capable o f l o s i n g some o f the negative space-charge 

t h a t i t had p r e v i o u s l y acquired u n l i k e Type-A w i l l e m i t e , 

A more pronounced e f f e c t can be observed from F i g 5,10 where 

C-V measurements were taken a t elevated temperatures. P r i o r t o the 

measurements, the composite s t r u c t u r e was stressed w i t h a negative 

voltage i n order t o give a p o s i t i v e f l a t - b a n d voltage value, as depicted 

by t h e T = 25°C curve. At h i g h temperatures, the curves are seen t o be 

p u l l e d back towards the zero voltage axis and there seems t o be a corres­

ponding increase i n the d e p l e t i o n region slopes. As described i n 

Section 3,4 o f Chapter 3, the increase i n C^^^ a t high temperatures i s 

due t o the increase o f t h e c a r r i e r generation r a t e i n the s i l i c o n . At 

240°C the negative bias capacitance approaches C as i t would f o r a 
max 

low frequency C-V curve a t room temperatxire. The recovery o f the f l a t -

band v o l t a g e w i t h temperature i s shown i n F i g . 5.11 where the i n i t i a l 

value was about 2.65v. The change i s more r a p i d above about 100°C. 

These r e s u l t s show t h a t temperature has the e f f e c t o f a s s i s t i n g the 

r e d u c t i o n o f negative space-charge t h a t has been separated w i t h i n the 

composite f i l m by negative voltage s t r e s s i n g . 

B. Composite Str u c t u r e s w i t h dw < do 

Results i n t h i s category are from s l i c e SL4. From Table 5.1 

i t can be seen t h a t the thicknesses o f the composite and r e s i d u a l f i l m s 
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were 861 and 636 X r e s p e c t i v e l y r e s u l t i n g i n a r a t i o of (dw/do) < 1. 

This i m p l i e s t h a t the composite f i l m i s mainly made up of the r e s i d u a l 

f i l m m a t e r i a l r a t h e r than w i l l e m i t e . From the C values and f i l m 
max 

thicknesses, the average d i e l e c t r i c constants f o r the composite and 

r e s i d u a l f i l m s are found t o be 3.40 and 5.13 r e s p e c t i v e l y . The value 

o f the w i l l e m i t e f i l m d i e l e c t r i c constant K work out t o be 1.94, which 
w . 

i s r a t h e r small. Inaccuracy may r e s u l t from such c a l c u l a t i o n because 

of the extremely t h i n w i l l e m i t e f i l m . These values are q u i t e the reverse 

o f the p r e v i o u s l y discussed r e s u l t s . Another d i f f e r e n c e i s i n the 

r e l a t i v e l y small value o f C^^^> about 13.1 pF, measured f o r the composite 

s t r u c t u r e . 

F i g . 5.12 shows t y p i c a l C-V p l o t s f o r the composite s t r u c t u r e 

which are r e a l l y very d i f f e r e n t from the cases discussed p r e v i o u s l y . 

F i r s t l y , the C-V curves are capable o f being s h i f t e d by p o s i t i v e as w e l l 

as negative s t r e s s voltages i n t h i s case. Also, the negative stress 

produces a comparatively small s h i f t compared w i t h the e a r l i e r samples 

o f both Type-A and Type-B w i l l e m i t e . A -10.OV stress voltage applied 

f o r 3 minutes now r e s u l t s i n a f l a t - b a n d change o f only + 0.20 V. On 

the other hand, p o s i t i v e s t r e s s voltages produce considerable C-V s h i f t s 

towards more negative f l a t - b a n d voltages i n t h i s type o f sample. A 

f u r t h e r d i f f e r e n c e i s t h a t the negative stress does not r e s u l t i n any 

appreciable decrease i n the slope o f the C-V curves although p o s i t i v e 

stresses g i v e a considerable lowering. 

The changes o f f l a t - b a n d voltage due t o p o s i t i v e s t r e s s , 

obtained from such C-V curves, are p l o t t e d f o r both the composite and 

r e s i d u a l f i l m s i n F i g 5.13. S u r p r i s i n g l y , the change f o r the r e s i d u a l 

f i l m does not d i f f e r much from t h a t f o r the composite, which i n d i c a t e s 

t h a t the composite s t r u c t u r e c h a r a c t e r i s t i c i s l a r g e l y determined by 

the r e s i d u a l f i l m . This would be expected because o f the much t h i c k e r 

r e s i d u a l f i l m as compared t o the o v e r l y i n g w i l l e m i t e l a y e r . With 
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p o s i t i v e values o f Vs up t o about 7.0v, the f l a t - b a n d change i s veiry 

small but t h i s r i s e s r a p i d l y from 8.0v up t o about 12.Ov although 

higher voltages were not t r i e d . Compared t o the previous composite 

s t r u c t u r e s , the change i n f l a t - b a n d voltage occurs at considerably 

higher voltages so t h a t t h e measuring voltage i n the range + 4.0v makes 

an i n s i g n i f i c a n t c o n t r i b u t i o n towards the s h i f t s . Furthermore, the stress 

voltages r e q u i r e t o be applied f o r longer time t o have an appreciable 

e f f e c t j 3 mins i n t h i s case compared t o 1 sec. i n the previous. 

Instead o f separating negative space-charge w i t h i n the composite f i l m s , 

i t seems.here t h a t p o s i t i v e space-charge i s more important. From 

Fig 5.13, one can also i n f e r t h a t the p o s i t i v e space-charge occurs 

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

than i n the w i l l e m i t e i t s e l f . 

Another f e a t u r e o f t h i s type o f composite s t r u c t u r e i s the 

comparatively r a p i d recovery o f i t s f l a t - b a n d v o l t a g e . For example, 

i f the composite s t r u c t u r e i s stressed so as t o achieve a large negative 

f l a t - b a n d voltage then a f a s t recovery i s observed on applying a nega­

t i v e v o l t a g e . I n Fig 5.14, a p o s i t i v e s tress has r e s u l t e d i n a f l a t -

band v o l t a g e o f -2.66v and then consecutive a p p l i c a t i o n s of -10.Ov f o r 

i n c r e a s i n g times are seen t o s h i f t the f l a t - b a n d voltage towards less 

negative q u a n t i t i e s again. Simultaneously there i s also a recovery i n 

the slope o f t h e C-V curves towards t h a t o f the i n i t i a l curve. The 

e f f e c t o f voltage on recovery i s shown i n Fig-5.15. The i n i t i a l s h i f t 

i n f l a t - b a n d voltage was acquired by applying +12.Ov f o r 3 min. The 

recovery o f f l a t - b a n d voltage i s most r a p i d i n the f i r s t 20 sec, f o l l o w ­

i n g which there i s only a gradual recovery depending on the magnitude 

of the a p p l i e d voltage V . I t can be seen t h a t w i t h -10.Ov across the 

s t r u c t u r e t h e recovery i s l a r g e s t , about l.Ov i n 100 s e c , while w i t h 

+5.0V some recovery also o c c u r j i n the f i r s t 100 sec a f t e r which i t almost 
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s a t u r a t e s . Comparison o f the curves f o r +5 and -5y shows t h a t the 

l a t t e r has only a small e f f e c t compared w i t h the s h o r t - c i r c u i t case. 

The r e s u l t s presented i n d i c a t e t h a t f o r t h i s type o f sample the recover^' 

i n flat-^band voltage i s very dependent on the magnitude and p o l a r i t y o f 

the recovery voltage V , w i t h very r a p i d recovery occuring i n the f i r s t 
• R 

t e n seconds. 

5.4 Analysis o f Results 

The r e s u l t s described i n Section 5.3 w i l l now be discussed, 

s t a r t i n g w i t h those on the s i l i c o n and proceeding t o the composite and 

r e s i d u a l f i l m s o f the two types. 
• 2 

The Schottky b a r r i e r 1/C -V^ p l o t has shown the existence 

o f acceptor-type t r a p s i n the s i l i c o n (see F i g . 5.1) a f t e r etching o f f 

the w i l l e m i t e . This deduction i s made on the basis , t h a t the e x p e r i ­

mental p o i n t s a l l l i e above the i d e a l curve, contrary t o the donor-type 

case described i n the l a s t chapter. Since the two possible m e t a l l i c 

atoms t h a t can get i n t o the s i l i c o n from the i n i t i a l 'inF^iHSn are zinc 

and manganese, i t i s reasonable t o expect t h a t they can be responsible 

f o r the deep t r a p p i n g l e v e l s . Zinc i s an acceptor and manganese a donor 

i n s i l i c o n . Although manganese makes up a very small p r o p o r t i o n o f the 

t o t a l m e t a l l i c atoms, f o r the sho r t reaction-bake time i t appears t h a t 

manganese predominates i n the s i l i c o n . But f o r the long baking-time of 

the present w i l l e m i t e , zinc dominates the e l e c t r i c a l c h a r a c t e r i s t i c s o f 

the s i l i c o n r a t h e r than the manganese. Zinc has tvo acceptor-type l e v e l s 

i n s i l i c o n (3) a t 0.31 eV and 0.55 eV from the valence band. The 

t h e o r e t i c a l curve presented i n Fig.5.1 assumes t h a t only the upper l e v e l 

i s a c t i v e f o r c a l c u l a t i o n s made using the Sah-Reddi theory f o r deep-

l e v e l s as i n equation (3. 5 ) . The t r a p p i n g concentration i s also 

asstnned t o be uniform and the t h e o r e t i c a l case i s the high frequency on? 

only ; reasonable enough considering t h a t the measuring frequency was 

5 MHz. 
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The best t h e o r e t i c a l f i t f o r the experimental points gives a 
14 -3 

t r a p p i n g concentration o f 9.6 x 10 cm f o r zinc and t h i s value i s the 

net t r a p c o n c e n t r a t i o n . I t may include a c o n t r i b u t i o n from manganese 

l e v e l s b u t t h e i r e f f e c t , . being o f opposite s i g n , i s n e u t r a l i z e d by the 

l a r g e r z i n c concentration. Chang and Tsao (4) have reported work on 

z i n c - d i f f u s e d MOS s t r u c t u r e s and they i n d i c a t e d t h a t the value o f C . 
mm 

i n n-type s i l i c o n w i l l be reduced because o f the existence o f zinc atoms 

i n the s i l i c o n . This i s indeed fovind t o be the case f o r the composite 

s t r u c t u r e s , where C . f o r SL7 and SLlO are found t o be 18.5 pF and 
mm ^ 

17.3 pF r e s p e c t i v e l y as compared t o the c a l c u l a t e d value of 19.8 pF 

n e g l e c t i n g the t r a p s . 

As mentioned i n Section 5.2, the d e n d r i t i c features i n the 

s i l i c o n are due t o m a t e r i a l r a t h e r than topographical d i f f e r e n c e s . 

Pohl (5) has reported t h a t z i n c d i f f u s i o n i n t o c r y s t a l s occurs i r r e g u l a r l y 

depending on p r e f e r r e d o r i e n t a t i o n s w i t h d i f f e r e n t r a t e s . The p r e f e r r e d 

p e n e t r a t i o n channels f o r zinc i n s i l i c o n may provide a possible explana­

t i o n f o r these d e n d r i t i c f e a t u r e s . This would support the Schottky 

b a r r i e r r e s u l t s which are explained by zinc atoms p r o v i d i n g the deep 

acceptor-type t r a p s . However, from the ECP observation, the c r y s t a l l -

i n i t y o f the s i l i c o n surface s t i l l e x i s t s and t h i s i s important when 

considering f o r l a t e r discussion of the e l e c t r i c a l r e s u l t s which w i l l 

assxjme t h a t the s i l i c o n i s non-degenerate. 

The discussion o f the composite and r e s i d u a l f i l m r e s u l t s 

w i l l consider the two cases as i n Section 5.3. 

A. Case o f dw > do 

I n general, composite s t r u c t u r e s o f Type-B w i l l e m i t e i n t h i s 

category behave s i m i l a r l y t o Type-A, e s p e c i a l l y f o r the moderate f i e l d 

case o f Region I . I n Section 5.4 the f l a t - b a n d capacitance C was 
FB 

c a l c u l a t e d using C , C . and equation (3.10) so t h a t the corresponding max mm 92 



i n i t i a l f l a t - b a n d v oltage V could be e x t r a c t e d from the C-V p l o t . 

The i n i t i a l c o ncentration o f charges w i t h i n the f i l m s concerned can then 

be estimated using equation (4.2) by i n s e r t i n g the values o f V . 
FBO 

Taking (|i = -0.7 v (3) and r e s u l t s f o r SLIO from Table 5.2, the i n i t i a l 

charges w i t h i n both the composite and r e s i d u a l f i l m s are found t o be 

p o s i t i v e , w i t h concentrations o f 1.25 x 10^^ cm~^ and 1.37 x 10^° cm~^ 
r e s p e c t i v e l y . The d i f f e r e n c e between these two q u a n t i t i e s , i . e . 

lO - i 

5.13 x 10 cm , i s t h e r e f o r e the p o s i t i v e charge concentration i n the 

w i l l e m i t e f i l m i t s e l f and/or a t i t s i n t e r f a c e w i t h the r e s i d u a l f i l m . 

I t i s appropriate a t t h i s p o i n t t o attempt an analysis o f 

the r e s i d u a l f i l m before discussing the more complicated composite 

s t r u c t u r e . Since the reaction-bake process was c a r r i e d out f o r a long 

time i t i s reasonable t o expect t h a t the 200 X - t h i c k i n i t i a l s i l i c o n 

oxide must have been completely used up during the r e a c t i o n . Hence the 

n o n - w i l l e m i t e component o f the composite f i l m , which i s defined as being 

r e s i s t a n t t o a c e t i c a c i d and non-cathodoluminescent, must be the r e s u l t , 

o f f u r t h e r o x i d a t i o n o f t h e s i l i c o n p l us other c o n s t i t u e n t s probably from 

the z i n c f l u o r i d e . Further o x i d a t i o n i s very l i k e l y since oxygen should 

d i f f u s e through the voids i n the s i l i c a t e s t r u c t u r e o f w i l l e m i t e and 

f i n d i t s way t o the s i l i c o n . I t i s a w e l l established f a c t t h a t the 

thermal o x i d a t i o n o f s i l i c o n proceeds by the passage o f oxygen through 

the growing oxide so t h a t movement through v / i l l e m i t e , being made up o f a 

loose s t r u c t u r e , should be even easier. The existence of l a t t i c e 

defects and i m p u r i t i e s i n the r e s i d u a l f i l m may also have c o n t r i b u t e d t o 

the t r a p d e n s i t y c a l c u l a t e d e a r l i e r . 

Although the d i r e c t i o n s o f the f l a t - b a n d s h i f t s w i t h negative 

stresses are the same f o r both composite and r e s i d u a l f i l m s t r u c t u r e s , the 

magnitude f o r the r e s i d u a l f i l m i s much smaller than f o r the composite 

s t r u c t u r e (see Fig 5.5). This may be i n t e r p r e t e d i n terms o f two 
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d i f f e r e n t types o f p o l a r i z a t i o n phenomena oc c u r r i n g i n the r e s i d u a l f i l m 

and the w i l l e m i t e , w i t h the composite s t r u c t u r e c h a r a c t e r i s t i c being 

predominantly from the w i l l e m i t e . One type o f p o l a r i z a t i o n phenomenon 

has been discussed i n Section 4.7. I t was due t o the movement o f m e t a l l i c 

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

from the anions • Another type of p o l a r i z a t i o n phenomenon which was 

proposed by Snow and Deal ( 6 ) , causes a smaller degree o f s h i f t i n the 

C-V curves. Instead o f there being r e l a t i v e l y u n l i m i t e d m i g r a t i o n o f 

ions w i t h i n the f i l m , corresponding t o an i n f i n i t e p o l a r i z a b i l i t y , the 

p o l a r i z a t i o n i s l i m i t e d t o a f i n i t e value. Snow and Deal suggested t h a t 

t h i s p o l a r i z a t i o n could be due e i t h e r t o the o r i e n t a t i o n of permanent 

di p o l e s u n i f o r m l y d i s t r i b u t e d i n the b u l k , or t o i n t e r f a c i a l p o l a r i z a t i o n 

between conducting i n c l u s i o n s and the bulk m a t e r i a l ; as shown i n Fig 5.16. 

They c a l l e d both e f f e c t s ' d i p o l a r p o l a r i z a t i o n ' compared w i t h the i n t e r ­

f a c i a l space-charge p o l a r i z a t i o n discussed i n Chapter 4. 

The slope o f the AV against V p l o t ( F i g . 5.6) f o r the 

r e s i d u a l f i l m i s 0.15. According t o Snow and Deal (6) , i f the p o l a r i z a -

t i o n i s d i p o l a r t h ^ n a t h e o r e t i c a l l i m i t on the slope can be c a l c u l a t e d . 

For p h o s p h o s i l i c a t e glass, t h e i r t h e o r e t i c a l value was 0.18. This i s 

con t r a r y t o the p r e d i c t i o n f o r space-charge p o l a r i z a t i o n due t o i o n i c 

movement where the slope i s u s u a l l y found t o be in.excess of 0.50. I t 

th e r e f o r e seems l i k e l y t h a t the r e s i d u a l f i l m has the smaller d i p o l a r 

p o l a r i z a t i o n p r o p e r t y . 

From the r e s i d u a l f i l m C-V curves of F i g . 5.2 (b) a lowering 

o f the slope i s observed and i t i s very l i k e l y t h a t t h i s i s due t o the 

inhomogeneous d i s t r i b u t i o n o f the p o l a r i z i n g e f f e c t (7) , Of the two 

types o f d i p o l a r p o l a r i z a t i o n , the one most l i k e l y t o be inhomogenous i s 

the mechanism due t o conducting i n c l u s i o n s e x i s t i n g w i t h i n the r e s i d u a l 

f i l m , p a r t i c u l a r l y i f those i n c l u s i o n s are non-uniformly d i s t r i b u t e d . 
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F i g 5.16 Schematic i l l u s t r a t i o n o f the possible d i p o l a r 
p o l a r i z a t i o n processes g i v i n g f i n i t e p o l a r i z a b i l i t y . 
(a) the o r i e n t a t i o n o f permanent di p o l e s , 
(b) i n t e r f a c i a l p o l a r i z a t i o n o f conducting 

i n c l u s i o n s . 
( a f t e r Snow and Deal (5) ) 
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F i g 5.17 The r a t e a t which the f l a t - b a n d s h i f t approaches 
I t s s a t u r a t i o n value f o r two d i f f e r e n t stress voltages. 
Data are derived from F i g 5.6. 
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Fig 5.18 A p l o t o f (1-AV__/AV_._) V t f o r b o r o s i l i c a t e g l a s s / 
s i l i c o n d i o x i d e / s i l i c o n s t r u c t u r e ( a f t e r Snow 6 Dumesuil). 
Note n o n - l i n e a r i t y o f curve. 

F i g 5.19 Comparison between experiment and theory f o r AV versus 
V f o r Type-B w i l l e m i t e s t r u c t u r e . Dashed l i n e i s f o r theory 
using ic^ and K;^ . 

F i g 5.20 C-V curves o f b o r o s i l i c a t e glass on n-type s i l i c o n showing 
p o s i t i v e going s h i f t s w i t h negative stress voltages 
( a f t e r Snow and Dumesuil). 



Such conducting i n c l u s i o n s can a r i s e from the d e n d r i t i c features 

c l u s t e r i n g i n p r e f e r r e d d i r e c t i o n s as observed. I t i s possible t h a t 

these i n c l t i s i o n s are o f zinc and/or manganese. 

However, the p o l a r i z a t i o n phenomenon i n the r e s i d u a l f i l m only 

accounts f o r a small s h i f t o f f l a t - b a n d v o l t a g e , and t h e r e f o r e any t r e a t ­

ment o f the composite s t r u c t u r e as a whole can neglect t h i s e f f e c t , 

e s p e c i a l l y i n Region I f i e l d s . I n other words, analysis o f the composite 

s t r u c t u r e a t moderate f i e l d s w i l l , apart from the i n i t i a l concentration 

o f p o s i t i v e charges, assume t h a t the r e s i d u a l f i l m plays a passive r o l e , 

i . e . the p o l a r i z a t i o n i s due t o the w i l l e m i t e only. The slope o f the l i n e 

i n F i g 5.6 f o r the composite s t r u c t u r e i s 0.517 which i s too l a r g e t o be 

i n t e r p r e t e d as due t o d i p o l a r p o l a r i z a t i o n . Because the present composite 

s t r u c t u r e r e s u l t s are s i m i l a r t o those f o r Type-A willemf&te, the analysis 

t h a t i s t o f o l l o w w i l l be the same. Here again, the model w i l l neglect 

the i n i t i a l p o s i t i v e charges i n the composite f i l m and assume t h a t the 

w i l l e m i t e f i l m c onsists o f a concentration o f N immobile negative ions 

compensated by an equal number o f mobile p o s i t i v e ions. The equations i n 
•n 

Section 4.7 as derived by Snow and Dumesiiil (8) w i l l be used w i t h the 

experimental values f o r the change i n f l a t - b a n d voltage against stress 

time. 

From F i g 5.5,a p l o t o f (1 - AV /AV _) against stress time 
FB SAT 

can be made. The values o f AV f o r - 4.0 v and -8.0 v, stress voltages 

are taken as 2.37 v and 6.00 v r e s p e c t i v e l y . The r e s u l t , p l o t t e d i n 

F i g 5.17, i s found t o be comparable t o t h a t f o r b o r o s i l i c a t e glass on 

s i l i c o n oxide by Snow and Diomesyiil (see F i g 5.18) . As i n t h e i r case, 

the graph i s curved r a t h e r than the l i n e a r p r e d i c t i o n o f equation ( 4 . 6 ) , 

and a s i m i l a r explanation t o t h e i r s seems t o be p o s s i b l e . The non-

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

t o field-dependent m o b i l i t y . As the x j o l a r i z a t i o n b u i l d s up the f i e l d 
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i n the b u l k o f the w i l l e m i t e decreases from about 10^ v/cm t o zero. 

Thus, i f the m o b i l i t y decreases w i t h the decreasing f i e l d the graph w i l l 

be curved i n the d i r e c t i o n found. 

The r a t e o f change o f V here i s slower than f o r Type-A 
FB 

w i l l e m i t e o For V = -4.0 v, the time constant from Fig 5.17 i s 22.5 s e c , s 

wh i l e f o r the previous w i l l e m i t e i t was approximately 1.15 sec a t -3.0v. 

This i n d i c a t e s t h a t the present w i l l e m i t e has a more stable s t r u c t u r e . 

This i s separately supported by C-V measurements made t o i n v e s t i g a t e ageing 

e f f e c t s . Formerly, a l l Type-A w i l l e m i t e composite s t r u c t u r e s l o s t t h e i r 

MIS-type c h a r a c t e r i s t i c s a f t e r storage f o r a few weeks i n a desBicator 

but i n the present s t r u c t u r e s the c h a r a c t e r i s t i c s are s t i l l r e t a i n e d 

a f t e r more than f o u r months. 

A t h e o r e t i c a l p l o t o f the f l a t - b a n d s a t u r a t i o n voltage against 

the s t r e s s v o l t a g e ( F i g 19) can be made using equation (4.5). With values of 

K =3.22 and k =5.62 c a l c u l a t e d from the C value f o r SLIO, the o T max 

t h e o r e t i c a l slope should be 1.369. From theory, the l i n e should pass 

through the o r i g i n but t h i s does not occur i f the best s t r a i g h t l i n e i s 

drawn through the experimental p o i n t s . Also, the experimental slope i s 

1.690. The s h i f t i n the experimental l i n e along the voltage-axis may be 

accounted f o r by some voltage drop across the s i l i c o n and/or the inhomo-

geneous p o l a r i z a t i o n o f the f i l m s . E s p e c i a l l y a t low negative b i a s , some 

of t h e s t r e s s voltage i s taken up by the d e p l e t i o n region i n the s i l i c o n 

w h i l e t h i s i s neglected i n the theory. The e f f e c t of inhomogeneous 

p o l a r i z a t i o n can be seen by the lowering o f the C-V slopes o f F i g 5.3. 

Snow and Dumesyil also proposed t h i s explanation f o r s i m i l a r e f f e c t s 

i n t h e i r composite b o r o s i l i c a t e glass-oxide f i l m s on s i l i c o n , although 

t o a l e s s e r degree (see F i g 5.20). 

The analysis so f a r has neglected field-enhanced e l e c t r o n i c 

conduction because the f i e l d s concerned are not s u f f i c i e n t l y h igh. At 

high negative v o l t a g e s , i . e . corresponding t o Region I I , where the f i e l d s 
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are i n excess of., 10^ v/ci^' ..9oP5?uction- i n the foim of; .electrons tunnelling 

from the metal into...traps in,,thjEf willemite i s possible .(9). . , 5 - This .may. 

happen because, .traps are^^yersf^likely in, the bandrigap since, willemite i s 

a very disordere(3. mat^ri^l (glassy).. The, two..known-,, charge exchangerssib r 

mechanisms between the.>metal.,jelec;trode and .,traps; ant theKinsulator;' band-

gap are the Eloole-Frenk^lpand. hoppm^ 

. .well i n ex.ce^s,,o| ,19^.iv/cm • arej^rjequiredvatv:,rGG^^ with inoderate 

^ .Po^i^entrations |Of,,tr4^^ states^.(^lG), ,• whiie},.the la^feter'fhaa.^to have a 
18 -3 

high^density o:̂  &ta1:es „(:$ ,.ip,. ̂.cm ); although; th^ej]fieldaaj;-r^^ rtempera-

ture can be, as lpw .:as 5y. x ̂lÔ ,-̂ pV̂ ĉm. ( l l ) - . ̂-.Â^ a^,.consequence.iof .-electronic 

trapping j_in., addit,ipn,,^to, the,j,iralarization, eSf iect, thg.rne,ti njegative c space-

charge in., the ,will,eini;te,.,is,,expe^^^ to b.e..,y,er̂  mujsh^iincreased.-.. • -In- f acti 

t h i s i s fpiind to.^be J,thê _̂case,i->as ^pan. be seen;j5rpm.c5ig>e5:J.4̂ var. Thej change 

,in flat-band, voltage_,.in,fRegi^^^ I I .i-S:,_mpre, drastie/rthan •iinnvRegio bcWith 

increasing ^negative,,,bic!S.,, ,̂  cqnti-nues,,\',(Occur-i:ng-.simultan-

epusly y/ith^iPplarizatipn .iintil.^saturation ^in AVii^^occurs.in Thi saturation 

may. be duej_if>j ,ei,tJier ^thej.jfiU^^^ t-rapj.;and'/ornca imaxiinimi 

in.tJie, EOlariz,abili^ the^.will^mite (for j^i.evjgiyen isjteessj.cand time. 

.However,̂  wi4li-^ any further increase of the st r e s s voltage above 18.Ov, 

there i s a -r^ductipnj.of ^AV^aJi'M-pht can̂ ••be-)iex̂ ^̂ ^ to 

the .crjeation of • negatiyej[;S the j^i^llemiiteVs fcheibuitt=\inl 

fieiji>jbe,c9mes,, very; J.n I n the .wi-llemi-tei and the 

re,sidual f;ilm at._Tthej^ interfacg.-mus,^^^ 

elee^,rp,ns;^pp,uld. be^-.relga 

electrpns,.i.in-,tji;rn££:ould>^^ire^ 

residual-.film. -vHencerj^ere i s a net loss i n negative space-charge due to 

the detrapping^fj,ofj_^lectrpns f.rompi^hey..gi;M^mite£. Siucfeaa-phenomenon-'cannot 

be3,exglainedj.in,,5§r^^^ aThisiisobegau.Bg,.5thetely 

negativg^spacg^chargepCpmes^aboyJ: from^ipaobiieenegatij/esionsiand there 
l e a s t up ••c ;..,:,is f i a l d s t r e n g t h , i t may be the s m a l l e r d i p o l a r p o l a r i z a -
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i s no means o f l o s i n g some o f these anions at very high f i e l d s . 

S i m i l a r e f f e c t s may account f o r the recovery c h a r a c t e r i s t i c s . 

A p p l i c a t i o n o f p o s i t i v e voltages i n order t o speed up the loss of the 

negative space-charge acquired w i t h negative s t r e s s i n g seems t o be possible 

(see F i g 5.9). Here, detrapping of electrons from.the w i l l e m i t e i n t o 

the metal seems t o be the probable mechanism r a t h e r than the movement 

o f p o s i t i v e ions back i n t o the bulk o f the w i l l e m i t e , a l t h o u g h the l a t t e r 

cannot be t o t a l l y excluded. E s p e c i a l l y w i t h h i g h p o s i t v e recovery 

v o l t a g e s , t h e emptying o f ele c t r o n s from the t r a p p i n g states i n t o the 

conduction band o f the w i l l e m i t e would be much easier th&n t r y i n g t o 

move the l a r g e r and more massive p o s i t i v e ions. This i s supported by 

the f a c t t h a t the a c t i v a t i o n energy f o r ions i s u s u a l l y much l a r g e r than 

f o r e l e c t r o n s (12), although the l i n e o f d i s t i n c t i o n between the two 

has never been es t a b l i s h e d (14). However, a t elevated.temperatures both 

mechanisms may be comparable and recovery o f the f l a t - b a n d voltage i s 

enhanced. There i s also a c e r t a i n amount o f r e s t o r a t i o n i n the inhcmo-

geneous p o l a r i z a t i o n o f the w i l l e m i t e as can be seen from the p a r t i a l 

r e g a i n i n g o f the o r i g i n a l slope o f the C-V curves i n Fig 5.10. 

B. Case o f dw< do 

As described i n the l a s t s e c t i o n , the prominent d i f f e r e n c e 

between composite f i l m s i n t h i s category and the previous i s the r e s i d u a l 

f i l m being much t h i c k e r than the w i l l e m i t e . I t was also shown i n 

Fi g 5.13 t h a t the s h i f t o f f l a t - b a n d voltage i n the composite f i l m i s 

predominantly due t o . t h e r e s i d u a l f i l m . For these reasons, a d i f f e r e n t 

l i n e o f approach from the p r e v i o u s l y discussed case may have t o be taken 

when analyzing t h e r e s u l t s . 

From F i g 5.12, a s t r o n g symmetry was observed i n the C-V 

curves f o r stresses up t o +̂  8.0v corresponding t o a f i e l d o f approximately 

9.3 X 10^ v/cm. I f p o l a r i z a t i o n i s responsible f o r these s h i f t s , a t 

l e a s t up t o t h i s f i e l d s t r e n g t h , i t may be the smaller d i p o l a r p o l a r i z a -
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t i o n mechanism because o f the very small s h i f t magnitudes. Such a 

p o l a r i z a t i o n mechanism has already been c i t e d f o r the r e s i d u a l f i l m s i n 

the previous category. I n the present case, however, the symmetry i n 

the C-V curves could probably be due t o the e l e c t r i c a l c h a r a c t e r i s t i c s o f 

the composite f i l m being dominated by the t h i c k e r r e s i d u a l f i l m r a t h e r 

than by the w i l l e m i t e . 

Further s t r e s s voltages above jf 8.0 v, however, produce non­

symmetrical s h i f t s i n the C-V curves. The negative going f l a t - b a n d 

s h i f t s w i t h p o s i t i v e s t r e s s i n g are considerably l a r g e r than the correspond­

i n g p o s i t i v e going s h i f t s , and, e s p e c i a l l y i n the former, p a r t i a l recovery 

o f the i n i t i a l f l a t - b a n d voltage i s q u i t e r a p i d (see Fig 5.14). The 

recovery could be made very f a s t (Fig 5.15) depending on the magnitude 

o f the recovery voltage; e.g. about + 1.0 v i n 20 sec. when V = -10.Ov. 

Such a f a s t recovery a t room temperature i s unusual i f the mechanism i s 

d i e l e c t r i c p o l a r i z a t i o n o f the type described and/or i o n i c movement, since 

both mechanisms are only appreciable a t elevated temperatures (14) . 

An a l t e r n a t i v e t o p o l a r i z a t i o n could probably be an explanation 

i n terms o f e l e c t r o n i n j e c t i o n . I t should be remembered t h a t the stress 

voltages o f i n t e r e s t are +_ 8.0v or greater, implying f i e l d strengths o f 

gre a t e r than 10^ v/cm. Field-enhanced e l e c t r o n i c t r a p p i n g or detrapping 

i s p o s s i b l e i n such f i e l d s . The space-charge, as observed from the 

f l a t - b a n d s h i f t s , i s p o s i t i v e i n d i c a t i n g one o f two possible e l e c t r o n i c 

e f f e c t s , ( i ) the emptying o f e l e c t r o n s from the composite f i l m i n t o the 

metal or ( i i ) the t u n n e l l i n g o f holes i n t o t r a p s . a t the silicon-composite 

f i l m i n t e r f a c e . Since no appreciable d.c. conduction current was 

observed, then the former, which i s a bulk e f f e c t , can probably be 

dismissed, l e a v i n g the second a l t e r n a t i v e , i . e . the t u n n e l l i n g o f holes 

from t h e s i l i c o n i n t o i n t e r f a c i a l t r a p s , although the source o f these 

t r a p s i s not f u l l y understood. The s t r e t c h i n g out o f the C-V curves w i t h 
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negative f l a t - b a n d s h i f t s probably gives some support t o the i n t e r f a c i a l 

' traps model. When p o s i t i v e i n t e r f a c i a l charges are present, i t i s much 

easier t o accumulate the s i l i c o n surface w i t h electrons than to i n v e r t 

i t w i t h holes. S i m i l a r observations on MNOS st r u c t u r e s were made by 

Jeppson and Svensson (13) .. 

With the l i m i t e d amount of experimental evidence i t does not 

seem t o be possible t o choose between p o l a r i z a t i o n and e l e c t r o n i c processes 

i n these f i l m s . 

5.5 Discussion 

Both f i l m examination and the e l e c t r i c a l r e s u l t s have shown 

the existence o f a d d i t i o n a l i m p u r i t i e s i n . t h e underlying s i l i c o n a f t e r 

making Type-B w i l l e m i t e - Since baking occurs a t such a high temperature 

f o r about 20 h r s , i t i s reasonable t o expect m e t a l l i c zinc and manganese 

t o be able t o d i f f u s e i n t o the s i l i c o n . The Schottky b a r r i e r p l o t o f 

F i g 5.1 has shown t h a t the deep-level i m p u r i t i e s are a c c e p t o r - l i k e i n the 

s i l i c o n , implying t h a t the net i m p u r i t y c o n t r i b u t i o n comes from zinc r a t h e r 

than manganese, since the l a t t e r i s do n o r - l i k e i n s i l i c o n . Both zinc and 

manganese must e v e n t u a l l y d i f f u s e i n t o s i l i c o n . Even i f the manganese 

d i f f u s e s f a s t e r i t must ev e n t u a l l y be overwhelmed by the la r g e r zinc 

c o n c e n t r a t i o n . This i s consistent w i t h the f i n d i n g of manganese i n the 

s i l i c o n f o l l o w i n g the Type-A w i l l e m i t e r e a c t i o n but of a considerable 

zinc c o n c e n t r a t i o n i n the s i l i c o n a f t e r the long reaction-bake process f o r 

Type-B. Due t o the lack o f i n f o r m a t i o n i n the l i t e r a t u r e , on the d i f f u s i o n 

o f e i t h e r z i n c or manganese i n s i l i c o n oxide or s i l i c o n , i t i s d i f f i c u l t 

t o be more precise on the mechanisms involved i n the d i f f u s i o n processes. 

Other forms of centre can be expected t o e x i s t i n the r e s i d u a l 

f i l m , p o s s i b l y from the presence o f zinc and manganese, c r y s t a l defects 

and vacancies. I t has already been pointed out i n the previous s e c t i o n 

t h a t the r e s i d u a l f i l m may be p r i m a r i l y made up o f s i l i c o n oxide because 
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o f the continuous exposure o f the s i l i c o n surface t o ox^'gen during the 

r e a c t i o n . However, such an oxide would be very impure, due t o products 

o f the various other chemical processes going on simultaneously. 

Presumably on completion o f the r e a c t i o n , a c e r t a i n p r o p o r t i o n o f zinc 

and manganese must remain i n the r e s i d u a l f i l m because they have also 

found t h e i r way i n t o the s i l i c o n . This might be r e l a t e d t o the observa­

t i o n o f d i p o l a r p o l a r i z a t i o n as w e l l as d e n d r i t i c p r e c i p i t a t e s i n the 

r e s i d u a l f i l m . I f zinc and manganese are able t o form c l u s t e r s o f a 

conducting phase (perhaps c r y s t a l l i n e p r e c i p i t a t e s ) i n the oxide, they 

would r e s u l t i n the type o f d i e l e c t r i c p o l a r i z a t i o n found (Fig 5.16b). 

Because o f the b u i l t - i n f i e l d a r i s i n g from such p o l a r i z a t i o n , the r e s i d u a l 

f i l m i s not expected t o be e l e c t r i c a l l y n e u t r a l a f t e r the a p p l i c a t i o n of 

a high f i e l d , e s p e c i a l l y a t 10^ v/cm or greater. Also, the non-uniform 

p o l a r i z a t i o n could be due t o the random d i s t r i b u t i o n o f the conducting 

i n c l u s i o n s throughout the r e s i d u a l f i l m . 

The analysis on the composite s t r u c t u r e i n the l a s t s ection 

has neglected the much smaller p o l a r i z a t i o n and charge o f the r e s i d u a l 

f i l m but i t i s l i m i t e d t o the moderate f i e l d s o f Region I , i . e . less 

than 10^ v/cm. However, the e l e c t r i c a l r e s u l t s f o r the composite 

s t r u c t u r e s give s u f f i c i e n t l y reasonable agreement when f i t t e d t o the 

Snow and Dvmies]Ail space-charge p o l a r i z a t i o n model (7) f o r t h i s range o f 

f i e l d s t r e n g t h s . This shows t h a t space-charge p o l a r i z a t i o n i n the 

w i l l e m i t e dominates. 

The space charge p o l a r i z a t i o n mechanism i n the Type-B w i l l e m i t e 

f i l m s can also be expected t o be the same as i n Type-A w i l l e m i t e . Again, 
4-

the immobile negative i o n i s considered t o be an (SiO^) r a d i c a l s which 

i s d e r i v e d from the s i l i c a t e t e t r a h e d r a w h i l e the mobile cations are 

m e t a l l i c z i n c o r manganese. With the a p p l i c a t i o n o f a negative bias on 

the metal e l e c t r o d e , the cations are drawn towards the w i l l e m i t e surface 
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l e a v i n g behind an uncompensated negative space-charge. The p o s i t i v e 

m e t a l l i c ions are e i t h e r p i l e d up iffi a narrow la y e r or discharged i n t o 

the modol bu t i n e i t h e r case, the p o t e n t i a l drop a t the m e t a l - w i l l e m i t e 

i n t e r f a c e i s n e g l i g i b l e . The d i s t r i b u t e d negative space-charge, however, 

w i l l induce p a r t o f i t s imag^ i n the metal and p a r t i n the s i l i c o n , 

f o r c i n g the s i l i c o n surface i n t o d e p l e t i o n . I n e q u i l i b r i u m the f i e l d i n 

the b u l k o f the w i l l e m i t e would f a l l from about 10^ v/cm t o near zero. 

F i g 5.21 i l l u s t r a t e s the s i t u a t i o n i n the energy' bands, charge 

d i s t r i b u t i o n , e l e c t r i c f i e l d and p o t e n t i a l i n the composite s t r u c t u r e 

a f t e r removal o f the s t r e s s voltage causing p o l a r i z a t i o n . The energy 

bands o f the r e s i d u a l f i l m are here assumed t o be those o f s i l i c o n 

d i o x i d e , f o r s i m p l i c i t y . I t should also be noted t h a t the r e s i d u a l 

f i l m i s assumed t o be n e u t r a l . I n Type-A w i l l e m i t e , the presence o f 

p o s i t i v e centres i n the r e s i d u a l f i l m r e s u l t e d i n a strong curvature o f 

the p l o t o f f l a t - b a n d voltage against time ; very much d e v i a t i n g from 

the l i n e a r r e l a t i o n s h i p p r e d i c t e d by theory. But i n the case o f the 

present w i l l e m i t e , the s l i g h t curvature o f Fig 5.17 could i n d i c a t e an 

almost n e u t r a l r e s i d u a l f i l m . 

Another important aspect a r i s i n g from the p o l a r i z a t i o n o f the 

w i l l e m i t e i s the formation o f an i n t e r n a l f i e l d a f t e r removal of the stress 

v o l t a g e . I o n i c b u i l d - u p a t both the i n t e r f a c e s , i ^ e . w i l l e m i t e - r e s i d u a l 

f i l m and m e t a l - w i l l e m i t e , i s very unsymmetrical because of the immobile 

negative ions and the mobile p o s i t i v e ions. As a r e s u l t there i s a non­

uniform i n t e r n a l f i e l d i n the w i l l e m i t e f i l m (see Fig 5.21). S i m i l a r 

r e s u l t s f o r fused s i l i c a have been reported by Cohen (15). With a l a r g e 

degree o f p o l a r i z a t i o n , considerable reverse p o t e n t i a l s can r e s u l t when 

the s t r e s s voltage i s removed (14). The e f f e c t o f t h i s p o t e n t i a l i s 

d e p i cted i n the present w i l l e m i t e by the o p e n - c i r c u i t voltage v^^, as 

shown i n the band diagram i n F i g 5.21. 
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5.6 Conclusions 

I n t h i s chapter the prepara t i o n and examination of Type-B 

w i l l e m i t e f i l m s have been described. The reaction-bake conditions 

imposed were 20 h r s . a t 1000°C i n an atmosphere o f 10% 0^ i n N^. 

Physical examination o f the composite s t r u c t u r e s revealed r e s i d u a l f i l m s , 

s l i g h t l y over 200 8 t h i c k which are both non-luminescent and r e s i s t a n t 

t o g l a c i a l a c e t i c a c i d . D e n d r i t i c features which are believed t o be due 

t o zinc d i f f u s i o n , were observed i n both the r e s i d u a l f i l m and the 

und e r l y i n g s i l i c o n . However, ECP t e s t s on the l a t t e r showed t h a t i t was 

s t i l l c r y s t a l l i n e . 

S c h o t t k y - b a r r i e r type C-V measurements on the underlying 

s i l i c o n showed the existence o f deep a c c e p t o r - l i k e t r a p s , believed t o be 

due t o z i n c . The r e s i d u a l f i l m s gave t y p i c a l MIS-type C-V curves which 

could be s h i f t e d towards more p o s i t i v e f l a t - b a n d voltages, w i t h high 

f i e l d negative stresses. These s h i f t s , although smaller than f o r the 

composite s t r u c t u r e s , were a t t r i b u t e d t o conducting i n c l u s i o n s i n the 

i n s u l a t i n g r e s i d u a l f i l m . 

The composite f i l m s showed s i m i l a r e l e c t r i c a l p r o p e r t i e s as 

f o r Type-A w i l l e m i t e . The s t a b i l i t y o f the present w i l l e m i t e f i l m s , 

however, seems t o be b e t t e r i . e . they r e q u i r e higher stress voltages f o r 

longer durations t o achieve a given s h i f t . The model o f Snow and 

Dumesyiil (8) has been used t o analyze the e l e c t r i c a l r e s u l t s i n terms of 

i n t e r f a c i a l space-charge p o l a r i z a t i o n o f the Type-B w i l l e m i t e . The 
2+ 

p o l a r i z a t i o n may be due t o the d i s s o c i a t i o n o f loosely bound Zn ions 

from the s i l i c a t e t e t r a h e d r a l network a t the w i l l e m i t e - r e s i d u a l f i l m 

i n t e r f a c e . 

Further discussion, r e l a t i n g Type-B w i l l e m i t e t o the other 

two types, w i l l be given i n Chapter 7. 
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CHAPTER 6 

INVESTIGATION AND DISCUSSIOJ OF TYPE-C WILLEMITE 
(Long Reaction Time - N^) 

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

The type o f w i l l e m i t e f i l m s t o be discussed i n t h i s chapter i s 

c a l l e d Type-C w i l l e m i t e f o l l o w i n g the growth technique as suggested by 

Hurdand Johnston ( 1 ) . Previous workers on w i l l e m i t e f i l m s on s i l i c o n 

have mostly i n v e s t i g a t e d f i l m s prepared w i t h a reaction-bake time ranging 

from a few minutes t o about an hour i n a furnace ambient which was not 

e n t i r e l y oxygen-free. Auger p r o f i l i n g work c a r r i e d out by Kurd and 

Johnston on such f i l m s revealed a non-uniform d i s t r i b u t i o n o f the 

Zn^SiO^: Mn c o n s t i t u e n t s , e s p e c i a l l y the presence o f excess zinc i n the 

surface o f the f i l m and i t s d e p l e t i o n towards the v i c i n i t y o f the f i l m -

s i l i c o n i n t e r f a c e . Following these f i n d i n g s Hurd and Johnston c a r r i e d 

out t e s t s i n v o l v i n g a long reaction-bake time (about 24 hrs) i n an u l t r a -

pure n i t r o g e n ambient i n the furnace. Films prepared i n t h i s way were 

found from Auger p r o f i l i n g t o have a more uniform d i s t r i b u t i o n o f t h e i r 

c o n s t i t u e n t s . Apart from a s l i g h t non-uniformity i n a narrow region a t 

the i n t e r f a c e , almost the e n t i r e thickness o f the f i l m had about the r i g h t 

p r o p o r t i o n s o f z i n c , oxygen and s i l i c o n . 

I t i s the purpose o f t h i s chapter t o describe some o f the 

pr e p a r a t i o n , examination and e l e c t r i c a l measurements t h a t were c a r r i e d 

out on t h i s type o f w i l l e m i t e f i l m . Section 6.2 describes the conditions 

r e q u i r e d i n t h e r e a c t i o n o f the c o n s t i t u e n t oxide and zinc f l u o r i d e t o 

produce t h i s Type-C w i l l e m i t e . Some o f the v i s u a l and SEM observations 

on these f i l m s are given i n Section 6.3. Section 6.4 presents the r e s u l t s 

o f v arious e l e c t r i c a l measurements t h a t were c a r r i e d out and t h i s i s 

fol l o w e d by a se c t i o n on the analysis and discussion o f the r e s u l t s . 
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6.2 Reaction-bake Process 

I n order t o achieve an u l t r a - p u r e n i t r o g e n ambient i n the 

v / i l l e m i t e furnace, an Oxisoz-b gas p u r i f i e r was added i n the gas l i n e 

between the n i t r o g e n c y l i n d e r and the g a s - i n l e t side o f the furnace. 

The Oxisorb p u r i f i e r i s capable o f p u r i f y i n g white-spot 

n i t r o g e n t o contain less than 0.1 vpm (volume per m i l l i o n ) of oxygen 

and 0.5 vpm o f water. One c a r t r i d g e has the capacity t o p u r i f y 

320 c u . f t . o f gas. To ensure a one-way flow o f the p u r i f i e d n i t r o g e n 

i n the furnace, a s l i g h t l y higher than normal f l o w - r a t e {'̂  500 cc/min) 

was set a t the furnace g a s - i n l e t side. At the same time the gas-outlet 

from the furnace was r e s t r i c t e d t o a small opening. As usual, the 

furnace temperature was set t o give a f l a t zone a t 1000°C and l e f t t o 

s t a b i l i z e f o r a t l e a s t a day. 

Sample p r e p a r a t i o n p r i o r t o the reaction-bake process was 

c a r r i e d out i n s i m i l a r ways as f o r Type-A and Type-B w i l l e m i t e . Before 

the s i l i c o n s l i c e , which had been o x i d i z e d and coated w i t h zinc f l u o r i d e , 

was i n t r o d u c e d i n t o the furnace, the tube was flushed w i t h a n i t r o g e n 

flow o f 1500 cc/min. The s l i c e was pushed i n t o the furnace over a p e r i o d 

of about 10 min. The reason f o r t h i s gradual i n t r o d u c t i o n was t o allow 

s u f f i c i e n t time f o r heat r e d i s t r i b u t i o n w i t h i n the f i l m s and the s i l i c o n . 

This p r e c a u t i o n i s important i n t r y i n g t o reduce cracking and uneven 

r e a c t i o n e f f e c t s . A p e r i o d o f 2 4 h r s was allowed f o r the reaction-bake 

process a f t e r which the s l i c e was slowly e x t r a c t e d from the hot zone. 

The s l i c e was allowed t o cool t o room temperature a t the furnace mouth 

before removal. S i m i l a r techniques f o r d e f i n i n g capacitor areas, m e t a l l i ­

z a t i o n and ohmic back contacts were c a r i r e d out as p r e v i o u s l y . 

' Since the r e s i d u a l oxygen content i s extremely c r i t i c a l i n the 

growth o f Type-C w i l l e m i t e f i l m s , two s l i c e s were processed, one using 

a nylon and the other a s t a i n l e s s s t e e l pipe between the Oxysorb p u r i f i e r 
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and the furnace. I t was thought t h a t nylon might contain more adsorbed 

water than the s t e e l and hence i t was expected t h a t there would be some 

di f f e r e n c e s i n the e l e c t r i c a l c h a r a c t e r i s t i c s o f the two s l i c e s . 

A separate t e s t was c a r r i e d out t o check the concentration o f 

oxygen i n the p u r i f i e d n i t r o g e n i n the furnace. A piece o f s i l i c o n , 

etched w i t h HF and cleaned w i t h IPA, had i t s n a t u r a l oxide thickness 

measured on the e l l i p s o m e t e r . I t was then l e f t i n the w i l l e m i t e r e a c t i o n 

furnace a t 1000°C f o r 24 hrs i n e x a c t l y the same conditions as f o r the 

w i l l e m i t e formed using the s t e e l gas pipe. The oxide thickness increased 

by 21 % d u r i n g t h i s treatment. This i n d i c a t e s a r e s i d u a l oxygen concen­

t r a t i o n o f 0.2 vpm i n the n i t r o g e n . 

6.3 F i l m Examination 

A l l the Type-C w i l l e m i t e f i l m s t h a t were prepared had the.same 

i n i t i a l thicknesses o f zinc f l u o r i d e and s i l i c o n d i o x i d e . The r e s u l t i n g 

composite f i l m had a thickness o f about 70% o f the t o t a l f o r the two 

c o n s t i t u e n t s . As usual, some o f the t e s t samples were assessed f o r 

cathodoluminescence and a l l showed green emission. The emission spectrum 

f o r t h i s type o f w i l l e m i t e f i l m s , measured a t Newcastle Polytechnic (2) , 

was found t o be comparable t o t h a t o f Type-A w i l l e m i t e having a peak o f 

5200 X. 

Under the o p t i c a l microscope, f i n e grains o f Type-C w i l l e m i t e 

could be observed b u t only a t a very high m a g n i f i c a t i o n o f approximately 

450x. The g r a i n size i s much smaller than f o r Type-A w i l l e m i t e and signs 

o f l o c a l i z e d c l u s t e r i n g occur t o a lesser extent. The main s i m i l a r i t i e s 

between Type-C and Type-B w i l l e m i t e are i n the d e n d r i t i c and c e l l u l a r 

f e a t u r e s which are d i s t r i b u t e d throughout the f i l m s (see Plate 6.1). 

This was also observed by Hurd and Johnston (1) who thought t h a t they 

might be due t o the p r e f e r e n t i a l d i f f u s i o n o f zinc i n . c e r t a i n d i r e c t i o n s 

w i t h i n the f i l m . 
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P l a t e 6.1 A 320x photo micrograph showing the 
g r a i n s t r u c t u r e i n Type-C w i l l e m i t e 
( a f t e r Hurd and Johnston (1) ) . 



Etchant 

Cathodolumi nescent 
Test a f t e r Etching 

Relative Proportion 
of Residual Powder 

Remaining 

HNÔ  acid No Small 

HCl acid No Small 

H_SO. acid 2 4 No Moderate 

Orthophosphoric acid No Large 

G l a c i a l Acetic acid Yes Large 

H2O (control) 

— , 1 

Yes Large 

TABLE 6.1 Etching t e s t s on commercial willemite powder. The strength 
of acid i s 25%. Hhe l a s t column indicates the r e l a t i v e 
quantities of the i n i t i a l amount of powder l e f t after 
etching. 

Experimental S l i c e SL12 
(Nylon gas pipe) 

SL13 
(Stainless s t e e l gas 

pipe) 

I n i t i a l Oxide 489 572 

Zinc Fluoride 482 492 

Composite film, d^ 734 765 

Acid-resistant thickness 629 638 
Left-over, d 

X 

Thickness reduction i n 105 127 
ace t i c acid etch 
d = d^ - d r T X 

TABLE 6.2 Film thickness i n X for the two experimental s l i c e s 
of Type-C willemite. 



I n v e s t i g a t i o n s using the SEM revealed s i m i l a r observations as 

above. Generally, the f i l m s are very uniform, w i t h no d i s t i n c t i v e topo­

gr a p h i c a l f e a t u r e s t o be seen even when t i l t i n g the s l i c e a t an angle. 

Contrast i n the secondary emission mode a t 15 keV i s poor, which may 

imply t h a t the f i l m i s very i n s u l a t i n g i . e . i t charges up w i t h the 

bombarding e l e c t r o n s . At 25 keV, a s l i g h t l y b e t t e r c o n t r a s t was achieved 

and under very high m a g n i f i c a t i o n , s i m i l a r f i n e g r a i n c r y s t a l l i t e s d i s t r i ­

buted i n the d e n d r i t i c network could be observed. When switched t o the 

cathodoluminescent mode, there was a r a p i d darkening o f the image. 

Probably the most unique f e a t u r e o f the Type-C w i l l e m i t e i s the 

i n a b i l i t y o f l o c a t i n g the r e s i d u a l f i l m , t h a t i s i f i t e x i s t s . Generally, 

the ' r e s i d u a l ' f i l m below the w i l l e m i t e i s defined as t h a t *e- l e f t behind 

when t h e composite s t r u c t u r e i s etched w i t h weak ac e t i c a c i d , l e a v i n g a 

non-cathodoliaminescent l a y e r . The type-C w i l l e m i t e , however, had ra t h e r 

d i f f e r e n t p r o p e r t i e s . A f t e r the a c e t i c a c i d etch, the underlying f i l m 

s t i l l contained randomly d i s t r i b u t e d spots o f green emission when tested 

f o r cathodoluminescence. Also there was only a redu c t i o n of about 100 8 

i n the t o t a l f i l m t h i c k n e s s , implying t h a t the normal d e f i n i t i o n o f the 

r e s i d u a l f i l m i s not a p p l i c a b l e i n t h i s case. Even prolonged etches f o r 

24 hrs i n very concentrated a c e t i c a c i d and i n 10% hydrochloric a c i d d i d 

not a l t e r the s i t u a t i o n , although d i l u t e h y d r o f l u o r i c a c i d t o t a l l y removed 

the f i l m . 

To compare t h e chemical r e a c t i v i t y o f commercial w i l l e m i t e 

powder w i t h t h a t o f the f i l m , some etching t e s t s were c a r r i e d out. Small 

amounts o f w i l l e m i t e powder i n glass tiibes had various acids o f 25% con­

c e n t r a t i o n added and l e f t f o r about an hour. Afterwards, the residue was 

d r i e d and t e s t e d f o r cathodolximinescence. The r e s u l t s , i n Table 6.1 show 

t h a t apart from g l a c i a l a c e t i c a c i d and water the other f o u r etchants 

v i r t u a l l y destroy the luminescent property o f the powder. 
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N i t r i c and h y d r o c h l o r i c acids d i s s o l v e most o f the w i l l e m i t e 

powder w h i l e the other three acids at t a c k only p a r t o f the powder. The 

HCl a c i d etch c o n t r a d i c t s the f i n d i n g s f o r the Type-C w i l l e m i t e f i l m s 

described above. This may be because the w i l l e m i t e c r y s t a l l i t e s i n the 

f i l m are embedded i n a s i l i c o n oxide mat r i x , preventing them from being 

attacked by the a c i d , although why t h i s should occur f o r Type-C but not 

f o r Type-B w i l l e m i t e i s not c l e a r . I t must be concluded t h a t there i s 

no c l e a r evidence f o r a non-luminescent r e s i d u a l f i l m under T̂ 'pe-C 

w i l l e m i t e . This made i t impossible t o do separate measurements and t o 

b u i l d up a model f o r the e l e c t r i c a l c h a r a c t e r i s t i c s o f t h i s type o f f i l m 

as had been done f o r Types-A and B w i l l e m i t e . 

Table 6.2 gives the f i l m thicknesses f o r the two e l e c t r i c a l t e s t 

samples o f Type-C as measured by the el l i p s o m e t e r . Instead o f the 

're s i d u a l f i l m " , there i s an a c i d - r e s i s t a n t f i l m remaining a f t e r the a c e t i c 

acid etch, the thickness being denoted by d . The reduction o f the 

composite f i l m due t o t h i s etch has i t s thickness denoted by d^. I t can 

be seen t h a t t h e f i l m thicknesses are very s i m i l a r so t h a t there seems 

t o be an improvement i n the c o n t r o l o f processing f o r the present w i l l e m i t e 

f i l m s . The r e f r a c t i v e i n d i c e s o f the composite f i l m s o f both s l i c e s are 

also 1.58 from e l l i p s o m e t e r measurements. The replacement o f the nylon 

by t h e s t a i n l e s s s t e e l gas pipe t h e r e f o r e seems t o have had l i t t l e e f f e c t 

on the n o n - e l e c t r i c a l p r o p e r t i e s . 

6.4 E l e c t r i c a l Results f o r Type-C W i l l e m i t e 

T y p i c a l C-V c h a r a c t e r i s t i c s of Type-C w i l l e m i t e composite 

s t r u c t u r e s are shown i n F i g 6.1 and F i g 6.2 f o r s l i c e s prepared using the 

nylon g a s - l i n e (SL12) and s t e e l g a s - l i n e (SL13) r e s p e c t i v e l y . A notable 

f e a t u r e i s t h a t the C-V c h a r a c t e r i s t i c s can be s h i f t e d towards more 

p o s i t i v e as w e l l as more negative f l a t - b a n d voltages. With negative stress 

v o l t a g e s , the f l a t - b a n d voltage becomes more p o s i t i v e w h i l e w i t h p o s i t i v e 
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voltages, i t becomes more negative. I n general t h i s could be due t o the 

negative voltage c r e a t i n g negative space-charge i n the f i l m s close t o 

the s i l i c o n , and p o s i t i v e voltage c r e a t i n g p o s i t i v e space-charge. The 

p o s s i b l e mechanism f o r such space-charge formation w i l l be discussed i n 

more d e t a i l i n the next s e c t i o n . 

The s t a b i l i t y o f the f l a t - b a n d voltage o f the present w i l l e m i t e 

i s b e t t e r than f o r e i t h e r Type-A or Type-B w i l l e m i t e . A l a r g e r negative 

s t r e s s voltage and a longer time i s t h e r e f o r e required t o achieve a given 

magnitude o f the f l a t - b a n d s h i f t . I t should be noted t h a t the stress 

time i n F i g 6.1 and F i g 6.2 i s 1 min. instead o f the 1 sec applied t o 

former types o f w i l l e m i t e f o r s i m i l a r measurements. Generally both s l i c e s 

show a lowering o f the slope o f the C-V curves w i t h the s h i f t o f the f l a t -

band voltage f o r both d i r e c t i o n s o f s h i f t but again the reduction o f the 

slope i s not as d r a s t i c as f o r the o t h e r two types o f w i l l e m i t e . I n 

s l i c e SL12, p o s i t i v e going flat-beind s h i f t s produce only a s l i g h t lowering 

of the C-V slope but negative going f l a t - b a n d s h i f t s have a large 

r e d u c t i o n o f slope due t o the i j ^ e r s i o n voltage s t r e t c h i n g out more than 

the corresponding change i n f l a t - b a n d voltage. For s l i c e SL13 the f l a t -

band s h i f t are s i m i l a r but l e s s (Fig 6.2), except t h a t the slope i s 

reduced more f o r curves w i t h p o s i t i v e going f l a t - b a n d s h i f t s u n l i k e SL12. 

A more convenient way o f l o o k i n g a t the s h i f t s o f the C-V curves 

i s by p l o t t i n g the change i n f l a t - b a n d voltage AV against the stress 
FB 

voltage V^. The r e s u l t s f o r both s l i c e s are presented i n Fig 6.3.' I t 

can be seen t h a t negative stresses have a l a r g e r e f f e c t than p o s i t i v e , 

or i n o t h e r words, i t i s easier t o form negative r a t h e r than p o s i t i v e 

space-charge. This i s also shown by the 'threshold' i n the stress 

voltage which f o r p o s i t i v e s tress has a value o f about 5.0v and, f o r 

negative, about -3.5v. F i g 6.3 also shows t h a t s l i c e SL13 (grown using 

the s t e e l gas pipe) i s more st a b l e than s l i c e SL12, since the f i l m t h i c k -
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nesses aire approximately the same. 

The e f f e c t o f stress d u r a t i o n has been important i n assessing 

previous w i l l e m i t e f i l m s b ut time only allowed a p r e l i m i n a r y i n v e s t i g a ­

t i o n f o r Type-C w i l l e m i t e w i t h negative stresses. The change o f f l a t -

band v o l t a g e w i t h time i s p l o t t e d i n Fig 6.4 f o r three stress voltages. 

I t i s obvious t h a t the formation o f negative space charge w i t h i n the 

composite f i l m depends upon the d u r a t i o n o f s t r e s s . At 100 s e c , the 

value o f Av due t o s t r e s s i n g w i t h -5.0v i s hardly appreciable but a 

voltage t w i ce t h i s y>^ields a value o f AV^^ close t o 2.0v. Wi t h i n the 

d u r a t i o n o f st r e s s t h a t was i n v e s t i g a t e d , i . e . a maximum o f about 1.5 h r . , 

there i s h a r d l y any s i g n o f AV^ s a t u r a t i n g a t room temperature. Again, 

these r e s u l t s i l l u s t r a t e the s t a b i l i t y o f the present w i l l e m i t e f i l m s 

when compared t o those grown p r e v i o u s l y . 

Since the C-V curves f o r Type-C w i l l e m i t e can be s h i f t e d i n 

both d i r e c t i o n s , i t was decided t o make some measurements o f the recovery 

process. Two t e s t s were c a r r i e d o u t , one f o r the recovery o f a s t r u c t u r e 

t h a t had been n e g a t i v e l y stressed (see Fig 6.5(a) ) and the other f o r one 

p o s i t i v e l y stressed (see Fig 6.5 (b) ) . For the s t r u c t u r e t h a t had been 

ne g a t i v e l y stressed t o give AV_ o f 6.84 v, the recovery, using a recovery 

voltage o f +5.0v applied f o r 1 min. a t room temperature,, i s very s l i g h t . . 

But when the same s t r e s s c o n d i t i o n s were applied a t a temperature o f 

109°C, the recovery o f the C-V curve was almost complete. This shows t h a t 

the p o s i t i v e l y a t t a i n e d f l a t - b a n d voltages are very s t a b l e , and recovery 

a t room temperature take hours or even days. This may be a u s e f u l memory 

e f f e c t . 

The recovery process f o r s t r u c t u r e s t h a t have been svibjected t o 

p o s i t i v e s t r e s s voltages i s e n t i r e l y d i f f e r e n t . At room temperature and 

f o r a recovery voltage o f -5.0v, the process i s very r a p i d , occurring i n 

times o f seconds (see Fig 6.5 (b) ) f o r a s t r u c t u r e p r e v i o u s l y p o s i t i v e l y 
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F i g 6.5(a) Recovery o f composite s t r u c t u r e C-V curve at elevated 
temperatures. I n i t i a l curve has been negatively stressed 
t o achieve AV^= 6.84v. Voltage f o r recovery i s +5.0v at 1 min. 
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F i g 6.5(b) Recovery o f composite s t r u c t u r e C-V curve w i t h time. 
P r i o r t o measurements sample has been p o s i t i v e l y stressed 
t o achieve Av^= -1.45v. Voltage f o r recovery, -5.0v. 
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(a) 

V ( v o l t s ) 
F i g 6.6 E f f e c t o f annealing the composite s t r u c t u r e at 400 C f o r 10 min,, 

and i n N2 a f t e r being (a) ne g a t i v e l y and (b) p o s i t i v e l y stressed. 
Curves ( 1 ) , (2) and (3) are f o r measurements done i n i t i a l l y , 
a f t e r s t r e s s i n g and a f t e r annealing r e s p e c t i v e l y . Stress voltages, 
-5.0v and +5.0v, stress time 1 min. 



stressed t o give AV^ = -1.45v. This i n d i c a t e s t h a t the p o s i t i v e space-

.charge formed w i t h i n the composite f i l m by p o s i t i v e stress voltages can 

be e a s i l y n e u t r a l i s e d by applying a negative voltage (or an opposite f i e l d ) 

a t room temperature. These two r e s u l t s show t h a t the n e u t r a l i s a t i o n of 

negative and p o s i t i v e space-charges may occur by d i f f e r e n t processes. 

I t was next decided t o i n v e s t i g a t e whether high temperature 

alone can l e a d t o the recovery o f C-V curves. Two composite s t r u c t u r e s 

were stressed w i t h voltages o f opposite p o l a r i t i e s so as t o give p o s i t i v e 

and negative Av^^ values. They were then annealed i n a atmosphere at 

a temperature o f 400°C f o r 10 min. The C-V measurements were made p r i o r 

t o the a p p l i c a t i o n o f s t r e s s , a f t e r s t r e s s i n g and a f t e r annealing. The 

r e s u l t s are shown i n F i g 6.6 (a) and 6.6(b) f o r the negative and p o s i t i v e 

stresses r e s p e c t i v e l y . I t can be seen t h a t the o r i g i n a l C-V character­

i s t i c s are p a r t l y r e s t o r e d showing t h a t most o f the space-charge formed by 

voltage s t r e s s i n g can be e l i m i n a t e d by a short p e r i o d a t high temperatures. 

6.5 A n a l y s i s and Discussion 

The e l e c t r i c a l r e s u l t s f o r Type-C w i l l e m i t e are somewhat 

d i f f e r e n t from those f o r the other two types o f w i l l e m i t e discussed i n 

previous chapters. The present w i l l e m i t e seems t o be more st a b l e as 

i l l u s t r a t e d i n F i g 6.4 where i t can be seen t h a t appreciable f l a t - b a n d 

s h i f t s are o n l y produced by voltages higher than +̂  5.0v. I f the f i e l d 

r e q u i r e d f o r the onset o f e l e c t r o n i c i n j e c t i o n i s taken t o be 10^ v/cm, 

the corresponding voltage f o r the composite s t r u c t u r e s would be around 

7.5v. The o t h e r n o t i c e a b l e f e a t u r e o f the present composite s t r u c t u r e i s 

t h a t i t s C-V curves can be s h i f t e d i n both d i r e c t i o n s . This has never 

occurred i n previous w i l l e m i t e s t r u c t u r e s ^ «t«i*^ J*"" ^ f ^ - ^ v ^ ^ ^ ^ -

Since the stress voltages causing appreciable changes i n V 
FB 

giv e t h e same order o f f i e l d as f o r e l e c t r o n i n j e c t i o n , the analysis o f 

the r e s u l t s becomes more complicated. The problem o f separating e l e c t r o n 
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i n j e c t i o n and d i e l e c t r i c p o l a r i z a t i o n e f f e c t s again a r i s e s . Unless 

e l e c t r i c a l measurements are c a r r i e d out at- reduced and elevated tempera­

t u r e s , which has not been possible.here, the two mechanisms are 

inseparable. However, from s i m i l a r i t i e s w i t h the other two types of 

w i l l e m i t e , i t i s reasonable t o assume t h a t d i e l e c t r i c p o l a r i z a t i o n s t i l l 

predominates i n the present w i l l e m i t e . The amount o f p o l a r i z a t i o n i s 

thought t o be less because o f the b e t t e r s t a b i l i t y o f Type-C m a t e r i a l . 

The s t a b i l i t y i s also improved by increasing the p u r i t y o f the n i t r o g e n 

used i n the processing. For s l i c e SL12, the gas was passed through a 

nylon pipe which probably gave o f f more water than the s t a i n l e s s s t e e l 

pipe used f o r SL13. The improved s t a b i l i t y o f the l a t t e r i s shown by 

Fig 6.3. I t i s p o s s i b l e t h a t t h i s could also have c o n t r i b u t e d t o the 

b e t t e r symmetry o f the C-V c h a r a c t e r i s t i c o f s l i c e SL13 compared w i t h 

s l i c e SL12 (see Fig 6.1 and Fi g 6.2). Symmetrical C-V c h a r a c t e r i s t i c s 

a r i s i n g from d i e l e c t r i c p o l a r i z a t i o n i n MAOS s t r u c t u r e s have also been 

reported by l i d a e t a l ( 3 ) . 

The type o f p o l a r i z a t i o n i n Type-C w i l l e m i t e f i l m s could be 

e i t h e r the d i p o l a r p o l a r i z a t i o n proposed by Snow and Deal (4) or the 
n 

i n t e r f a c i a l (space-charge) p o l a r i z a t i o n o f Snow and Dvmiesjjil (5) . I t 

i s d i f f i c u l t t o d i s t i n g u i s h between the two e f f e c t s because the r e s u l t s 

o f AV against stress d u r a t i o n f o r negative stresses (Fig 6.4) cannot FB 
be f i t t e d on t o the Snow and Dumes\iil model, as was done f o r Type-A and 

B w i l l e m i t e , since no s a t u r a t i o n i n AV was observed during the s t r e s s i n g 
FB 

time used. 

Furthermore, the lack o f recovery o f the p o s i t i v e l y - s h i f t e d 

f l a t - b a n d voltages at room temperature shows the s t a b i l i t y o f the s t r e s s -

induced negative space-charge, (see F i g 6.5(a) ) . Recovery i s r a p i d only 

a t elevated temperatures. One possible explanation i s by assuming t h a t 

p o l a r i z a t i o n i s caused by the Zn^* ions moving towards the metal el e c t r o d e , 

where the cat i o n s are then trapped. As t o how the t r a p p i n g r e a l l y occurs 
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i s not knovm, but the cations have d e f i n i t e l y got t o overcome some 

considerable a c t i v a t i o n energy before i t can be t r a n s f e r r e d back i n t o 

the b u l k and reducing the space-charge ( 6 ) . Such a c t i v a t i o n energy can 

be s u p p l i e d t h e r m a l l y thus p o s s i b l y e x p l a i n i n g the recovery o f f l a t - b a n d 

voltages a t teciperatures higher than room temperature. 

The discussion i n the l a s t paragraph has so f a r been confined 

t o negative stress voltages. With p o s i t i v e s tress voltages, there i s a 

s h i f t towards more negative values o f V ^ i n Type-C w i l l e m i t e . This 

could be due t o the formation o f p o s i t i v e space-charge w i t h i n the composite 

f i l m close t o the s i l i c o n surface. The f i e l d t o give appreciable negative 

values i n AV i s around 10^ v/cm (Fig 6.3). Apart from d i e l e c t r i c p o l a r i -FB 
z a t i o n , e l e c t r o n i c i n j e c t i o n processes or even the formation o f i n t e r -

f a c i a l t r a p s are also p o s s i b l e a t t h i s f i e l d s t r e n g t h . However, u n l i k e 

the p o s i t i v e - g o i n g AV , negative going f l a t - b a n d voltages have a r a p i d 
FB 

recovery a t room temperature, which i s c l e a r l y i l l u s t r a t e d i n F i g 6.5(b). 

I t may be p o s s i b l e t h a t the p o l a r i z a t i o n e f f e c t , w i t h p o s i t i v e b i a s , i s 

probably swamped by another more dominant mechanism. 

The more l i k e l y explanation f o r the negative-going f l a t - b a n d 

s h i f t s i s i n terms o f e l e c t r o n i c processes. Since no appreciable d.c. 

c u r r e n t has been observed, i t can be deduced t h a t such processes are not 

i n t h e b u l k o f the m a t e r i a l . An a l t e r n a t i v e model, which seems more 

l i k e l y , i s t o assume t h a t e l e c t r o n t r a n s f e r takes place i n a small region 

of the composite f i l m near the v i c i n i t y o f the s i l i c o n - f i l m i n t e r f a c e . 

The p o s i t i v e space-charge causing the f l a t - b a n d s h i f t s could thus be due 

t o the i n j e c t i o n o f holes from the s i l i c o n i n t o t h i s i n t e r f a c i a l l a y e r . 

Hole i n j e c t i o n from s i l i c o n i n t o s i l i c o n n i t r i d e has been widely reported 

( 7 , 8 ) . I t i s also p o s s i b l e t h a t the stress voltage covdd i t s e l f create 

f u r t h e r t r a p s i n the i n t e r f a c i a l r egion o f the composite f i l m as i n MNOS 

s t r u c t u r e s ( 0 ) . The e f f e c t o f annealing a t 600°C f o r 10 min.(Fig 6.6(b) ) 

could then empty those traps and reduce t h e i r numbers. The high 
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temperature annealing-out o f traps has been reported f o r MAOS str u c t u r e s 

by Salama ( 9 ) . 

Fi g 6.7 shows the change i n the f l a t - b a n d voltages w i t h f i e l d 

f o r the normal Type-C w i l l e m i t e composite s t r u c t u r e and f o r a s t r u c t u r e 

t h a t has been etched w i t h g l a c i a l a c e t i c a c i d . I t should be noted t h a t 

the a c i d - r e s i s t a n t f i l m has a much reduced change o f V^g w i t h negative 

s t r e s s . This i m p l i e s t h a t the surface o f the composite f i l m , around 

105 X t h i c k , has stronger p o l a r i z a t i o n features than the bulk o f the 

w i l l e m i t e . 

Because o f the t r a p p i n g and p o l a r i z i n g e f f e c t s found i n the 

composite f i l m s t r u c t u r e o f Type-C w i l l e m i t e , h y s t e r e s i s i s expected w i t h 

i continuous c y c l i c s t r e s s voltages. F i g 6.8 depicts such r e s u l t s where 

the e f f e c t o f h y s t e r e s i s can be c l e a r l y seen. The i n i t i a l f l a t - b a n d 

voltage was V and the s t r e s s i n g was f i r s t done w i t h an increasing 
FBq 

p o s i t i v e v o l t a g e up t o +20.Ov, i n steps o f 5.0v f o r 1 min each. The 

stress then decreased towards negative Vg etc . I t can be seen t h a t the 

r e t u r n p o s i t i v e s t r e s s has a decreasing e f f e c t on AV^ while the r e t u r n 

negative s t r e s s does n o t . This i m p l i e s a more r a p i d response f o r the 

processes o c c u r r i n g w i t h p o s i t i v e stress compared t o those f o r negative 

s t r e s s . This agrees w i t h the r e s u l t s on the recovery o f the f l a t - b a n d 

voltage discussed above. A f t e r the cycle o f st r e s s shown i n F i g 6.8, 

the complete C-V curve a t the p o i n t X had a considerably d i s t o r t e d and 

st r e t c h e d d e p l e t i o n regime although the accumulation and strong i n v e r s i o n 

capacitance were unchanged (see Fig 6.9). This r e s u l t could be due t o a 

combination o f the two mechanisms discussed e a r l i e r . 

A proposed model based on the e l e c t r i c a l r e s u l t s discussed so 

f a r i s i l l u s t r a t e d i n F i g 6.10. The uppermost l a y e r o f the composite 

f i l m i s probably made up o f w i l l e m i t e having a lo o s e l y bonded s t r u c t u r e , 

which i s s t r o n g l y p o l a r i z a b l e . Vhe underlying l a y e r , which c o n s t i t u t e s 
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Fig 6.8 Hysteresis e f f e c t due t o c y c l i c s t r e s s i n g . 
^FB i n i t i a l f l a t - b a n d voltage. Stress time, 1 min. 



C(pF) 

8 12 
V(v o l t s ) 

Fig 6.9 The C-V curve taken a f t e r the composite s t r u c t u r e o f 
Type-C w i l l e m i t e has been subjected t o c y c l i c s t r e s s i n g 
as i n F i g . 6.8. 

T 
-̂ 735 X 

n - S i l i c o n 

Top w i l l e m i t e 
1058 ) 

Bulk w i l l e m i t e 

I n t e r f a c i a l Layer 
(Zn S i O ) X y z 

F i g 6.10 Proposed model f o r the Type-C composite w i l l e m i t e f i l m . 
Top w i l l e m i t e i s non - r e s i s t a n t t o g l a c i a l a c e t i c a c i d . 
I n s e t shows grains o f w i l l e m i t e c r y s t a l l i t e s separated 
by very t h i n l a y e r s o f s i l i c o n oxide.. Diagram not drawn 
t o scale. 



the major p a r t o f the composite f i l m , i s probably made up o f fine-grained 

c r y s t a l l i t e s o f w i l l e m i t e which are separated by t h i n l ayers of s i l i c o n 

oxide. The s t r u c t u r e o f the s i l i c a t e network i s probably much more 

complete, hence the b e t t e r e l e c t r i c a l s t a b i l i t y shown by the r e s u l t s . 

L a s t l y i t i s proposed t h a t there i s an i n t e r f a c i a l l a y e r between the 

w i l l e m i t e and the s i l i c o n , and t h i s may contain a l l the elements present 

i n the r e a c t i o n , Zn Si O . Such an i n t e r f a c i a l l a y e r was also proposed 
X y 2 

by l i d a e t a l (3) t o e x p l a i n the i n s t a b i l i t y found i n MAOS s t r u c t u r e s . 

I t i s b e l i e v e d t h a t the Zn S i 0 i n t e r f a c i a l l a y e r could have a large 
X y z ^ 

t r a p c o n c e n t r a t i o n which could be f u r t h e r increased by p o s i t i v e stresses. 

The r e s u l t s show t h a t these could be traps f o r holes r a t h e r than electrons. 

6.6 Conclusion 

The technique f o r growing Type-C w i l l e m i t e , as proposed by 

Hurd and Johnston, has been described i n the e a r l y p a r t c f t h i s chapter. 

Etching t e s t s on t h i s type o f w j ^ i l l e m i t e shows t h a t i t i s l a r g e l y r e s i s t ­

ant t o most acids, except HF. Cathodoluminescence i s s t i l l found a f t e r 

the normal e t c h i n g w i t h g l a c i a l a c e t i c a c i d so t h a t the d e f i n i t i o n of a 

' r e s i d u a l ' f i l m becomes vague. 

The e l e c t r i c a l p r o p e r t i e s o f the present f i l m s showed b e t t e r 

s t a b i l i t y than Type-A or B w i l l e m i t e ; a l a r g e r s t r e s s voltage and/or 

a longer time i s r e q u i r e d t o achieve any appreciable s h i f t o f f l a t - b a n d 

v o l t a g e . P o l a r i z a t i o n i s thought t o occur throughout the e n t i r e range o f 

negative s t r e s s e s , w h i l e hole i n j e c t i o n from the s i l i c o n i n t o i n t e r ­

f a c i a l t r a p s i n the f i l m i s thought .to dominate w i t h p o s i t i v e stresses 

l a r g e r than 5.0v. 

On the whole the present composite f i l m i s thought t o be more 

uniform than the previous, except f o r a narrow i n t e r f a c i a l region a t the 
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s i l i c o n and a s l i g h t l y more open s t r u c t u r e a t the surface. The model 

proposed i s t h a t c r y s t a l l i t e s o f w i l l e m i t e are uni f o r m l y d i s t r i b u t e d 

w i t h i n the f i l m and separated by very t h i n s i l i c o n oxide, w i t h the co r r e c t 

average composition f o r Zn^SiO^ as found by Kurd and Johnston (1) . 

The p r o p e r t i e s o f Type-C w i l l e m i t e w i l l be compared w i t h those 

o f Types A and B i n more d e t a i l i n Chapter 7. 
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CHAPTER 7 

UNIFIED DISCUSSION OF THE PROPERTIES 

OF THE THREE TYPES OF WILLEMIIE 

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

I n Chapters 4,5 and 6, three d i f f e r e n t methods o f forming 

w i l l e m i t e f i l m s and some o f t h e i r p h y s i c a l p r o p e r t i e s have been described. 

I n each chapter, the e l e c t r i c a l r e s u l t s have also been presented w i t h 

some di s c u s s i o n , b ut due t o the lack o f precise i n f o r m a t i o n on p r o p e r t i e s 

such as the nature o f t r a p s , the c a r r i e r m o b i l i t i e s , t r a n s p o r t mech­

anisms, e t c . , a d e t a i l e d a n a l y s i s i s impossible. I n general, the analysis 

o f the e l e c t r i c a l r e s u l t s uses o r d i n a r y e l e c t r o s t a t i c s , e s p e c i a l l y the 

f l a t - b a n d v o l t a g e i n the MIS C-V c h a r a c t e r i s t i c s , f o r d e t e c t i n g the p o l a r i t y 

and c o n c e n t r a t i o n o f space-charge w i t h i n the f i l m s . However, conclusions 

o f t h e nature o f th e space-charge brought about by the a p p l i c a t i o n o f 

e l e c t r i c f i e l d s have t o be t r e a t e d w i t h some reservations because o f the 

lack o f i n f o r m a t i o n about the m a t e r i a l p r o p e r t i e s . 

I t i s the primary o b j e c t i v e o f t h i s chapter t o attempt t o b r i n g 

together the explanations proposed f o r the varioios w i l l e m i t e f i l m s . This 

must be h i g h l y s p e c u l a t i v e although there should be some u n i f y i n g f a c t o r s 

t o be found t o c o r r e l a t e the growth and e l e c t r i c a l p r o p e r t i e s o f the three 

types o f w i l l e m i t e , e s p e c i a l l y concerned w i t h the nature o f the space-

charges formed w i t h i n the f i l m s . 

The f a c t o r s a f f e c t i n g t h e mechanism f o r the s o l i d - s t a t e reactions 

i n the growth o f w i l l e m i t e f i l m s on s i l i c o n are discussed i n Section 7.2, 

whi l e Section 7.3 w i l l be devoted w i t h t r y i n g t o r e l a t e the r e s u l t i n g 

p r o p e r t i e s t o th e grweth c o n d i t i o n s . Section 7.4 describes the possible 

mechanisms o f d i e l e c t r i c p o l a r i z a t i o n and e l e c t r o n i c i n j e c t i o n i n w i l l e m i t e 

composite f i l m s v/ i t h emphasis on the co n d i t i o n s i n which each might be 
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observed. A general discussion o f the e l e c t r i c a l p r o p e r t i e s of the 

composite f i l m s , w i t h p a r t i c u l a r a t t e n t i o n t o the w i l l e m i t e , i s presented 

i n Section 7.5. The main d i f f e r e n c e s between the three types o f w i l l e m i t e 

are p o i n t e d out and an attempt i s made t o r e l a t e the observed phys i c a l 

p r o p e r t i e s and the corresponding e l e c t r i c a l p r o p e r t i e s . 

7.2 S o l i d - s t a t e Reactions i n the Formation o f Wi l l e m i t e 

D e t a i l e d studies o f the s t r u c t u r a l p r o p e r t i e s o f w i l l e m i t e f i l m s 

grown on s i l i c o n were made by Edwards and Rushby (1>. Later, Davies (2) 

found t h a t the f i n a l f i l m i s inhomogeneous•with an outer i n s u l a t i n g layer 

on the w i l l e m i t e , and an inner i n t e r f a c i a l f i l m between the w i l l e m i t e and 

the s i l i c o n . The outer f i l m i s e a s i l y removed, but the i n t e r f a c i a l 

(or ' r e s idual') f i l m i s f a r more important as i t can s u b s t a n t i a l l y reduce 

the e f f i c i e n c y o f e l e c t r o n i n j e c t i o n from the s i l i c o n i n t o the w i l l e m i t e . 

This c o n s i d e r a t i o n l e d E r r i n g t o n (3) i n t o a d e t a i l e d i n v e s t i g a t i o n of 

w i l l e m i t e growth, v a r y i n g the parameters o f gas ambient, temperature and 

time. 

Possible mechanisms f o r the formation o f s i l i c a t e s by s o l i d - s t a t e 

r e a c t i o n s are i l l u s t r a t e d i n Table 7.1 ( 4 ) . There are several a l t e r n a t i v e s 

t o the simple d i r e c t r e d u c t i o n o f s i l i c o n d i oxide and zinc f l u o r i d e molecules. 

The r a t e - l i m i t i n g f a c t o r i n the formation o f s i l i c a t e s i s generally the 

e l e c t r o n e u t r a l i t y o f the i o n i c f l u x e s a r i s i n g from the m o b i l i t y of the 

S i ^ ^ and 0^~ ions (4) . However, i n the presence o f loosely bound 

m e t a l l i c c a t i o n s , the r a t e - l i m i t i n g f a c t o r i s due t o the m o b i l i t y o f the 
2+ 

c a t i o n s , Zn ions i n t h i s case* i n the growing s i l i c a t e (Table 7.1(a) ) . 
At the high r e a c t i o n temperature {"̂  1000°C) , the zinc f l u o r i d e i s assumed 

2+ 

t o be molten w i t h l o o s e l y bound z i n c , p o s s i b l y i n the form o f mobile Zn 

io n s . The d i f f u s i o n o f molecular zinc f l u o r i d e i t s e l f i s not l i k e l y 

because o f the comparative sizes o f the zinc f l u o r i d e and zinc s i l i c a t e 

molecules. I t i s more l i k e l y t h a t the zinc f l u o r i d e i s p a r t i a l l y 
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xo 
SiO. 

(a) n 2 + 
2X 

20^-

2+ 2-
2X + 20 + SiO, 

= X„SiO. 2 4 

(b) Si'*'*' + 4X0 

= X^SiO^ + 2X 2+ 
2X 2+ 

S i ^ ^ 

•71 
2X̂ ''" + 2Si02 

= X^SiO^ + Si4+ 

(c) 2X' 2+ 

20 

4h' 

9̂  2+ 
2X + 20 + SiO. 
= x^sio^ + h' 

(d) 2X 2+ 

02(g), 

4h-

zx̂ "*" + O2 (g) + s i o ^ 

= X„SiO. + 4h* 2 4 

TABLE 7.1 P o s s i b l e r e a c t i o n s i n t h e f o r m a t i o n o f a s i l i c a t e 

by t h e r e a c t i o n o f a m e t a l l i c o x i d e (XO) and s i l i c o n 
d i o x i d e ( a f t e r r e f . (4) ) h = h o l e , 02(g) = oxygen gas. 



d i s s o c i a t e d i n t o i t s r e s p e c t i v e i o | i s , i . e . Z n F 2 ^ Zn̂ "*̂  + 2F~, a l l o w i n g 
2+ 

t h e Zn i o n s , w h i c h a r e o n l y about 1/19 o f t h e s i z e o f a z i n c s i l i c a t e 

m o l e c u l e t o d i f f u s e e a s i l y between t h e s i l i c a t e t e t r a h e d r a . T h i s model 

i s s l i g h t l y d i f f e r e n t t o t h a t proposed by E r r i n g t o n ( 3 ) , who concl u d e d 

t h a t t h e f o r m a t i o n o f w i l l e m i t e was l i m i t e d by t h e r a t e o f d i s s o l u t i o n o f 

m o l t e n z i n c f l u o r i d e i n s i l i c o n d i o x i d e . T h i s i s more l i k e l y i n t h e i n i t i a l 

s t a g e s o f t h e r e a c t i o n , where t h e z i n c f l u o r i d e and s i l i c o n d i o x i d e a r e 

i n d i r e c t c o n t a c t w i t h each o t h e r , r a t h e r t h a n a t l a t e r t i m e s i n t h e 

r e a c t i o n p r o c e s s . 
2+ 

Fo r t h e Zn i o n d i f f u s i o n model, E r r i n g t o n proposed a t h e o r e t i c a l 

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

d 2 C D t 
w V n (7.1) 

2+ 

where C i s t h e c o n c e n t r a t i o n o f Zn i o n s a t t h e w i l l e m i t e 

s u r f a c e , 
D i s t h e d i f f u s i o n c o e f f i c i e n t o f Zn̂ "*̂  i o n s i n w i l l e m i t e , 

2+ 

n i s t h e number o f Zn i o n s i n c o r p o r a t e d i n a u n i t 

volume o f w i l l e m i t e , and 

t i s t h e r e a c t i o n t i m e . 

Some e v i d e n c e f o r a r e l a t i o n s h i p o f t h i s f o r m was o b t a i n e d f r o m 

e x p e r i m e n t s c a r r i e d o u t by E r r i n g t o n w h i c h gave a r e a s o n a b l e v a l u e o f 

a b o u t lo"'''^ cm^/sec a t 900°C f o r D. The v a l u e o f C was found t o be 

dependent on t h e a v a i l a b i l i t y o f Zn^^ i o n s , o r i n i ' i o t h e r words t h e t h i c k ­

ness o f t h e e v a p o r a t e d z i n c f l u o r i d e . The f i n a l t h i c k n e s s o f t h e w i l l e m i t e 

f i l m was t h e r e f o r e a l s o dependent on t h e t h i c k n e s s o f z i n c f l u o r i d e . 

T h i s has been c o n f i r m e d by t h e e x p e r i m e n t a l o b s e r v a t i o n s p r e s e n t e d i n 

T a b l e 4.1. An e x c e s s i v e l y t h i c k z i n c f l u o r i d e f i l m w i l l r e s u l t i n a 

l a r g e amount o f u n r e a c t e d p r o d u c t s i n t h e t o p - l a y e r w h i l e t o o t h i n z i n c 
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l0OO°C f o r 10 min. 
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f l u o r i d e f i l m l e a v e s a c o n s i d e r a b l e t h i c k n e s s o f r e s i d u a l f i l m . For t h i s 

r e a s o n , a b a l a n c e i n t h e r a t i o o f i n i t i a l o x i d e t o z i n c f l u o r i d e t h i c k ­

nesses i s i m p o r t a n t and i n most cases, t h i s r a t i o i s between 1:1 and 1:3. 

An i m p o r t a n t p arameter i n t h e g r o w t h o f w i l l e m i t e f i l m s i s t h e 

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

r e a c t i o n t i m e used by most p r e v i o u s w o r k e r s was one hour o r l e s s , t y p i c a l 

o f Type-A w i l l e m i t e , and E r r i n g t o n f o u n d o u t t h a t t h e r e l a t i o n s h i p g i v e n 

by E q u a t i o n (7.1) i s o n l y a p p l i c a b l e f o r r e a c t i o n s t a k i n g l o n g e r t h a n 2 

m i n u t e s . K u r d and J o h n s t o n ( 5 ) , however, c o n c l u d e d t h a t such s h o r t 

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

up n e a r t h e s u r f a c e o f t h e f i l m as shown i n F i g 7.1 ( a ) , w h i l e r e g i o n s 

neeir t h e s i l i c o n - f i l m i n t e r f a c e a r e d e p l e t e d o f z i n c . They argued t h a t 
2+ 

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

s i l i c o n d i o x i d e i n such a s h o r t t i m e . On t h e o t h e r hand, manganese, 

w h i c h has a r e l a t i v e l y s m a l l e r mass t h a n z i n c , i s l i k e l y t o f i n d i t e a s i e r 

t o d i f f u s e t h r o u g h t h e S i 0 2 compared t o z i n c . T h i s c o n c l u s i o n i s s u p p o r t e d 

i n t h e p r e s e n t work by t h e presence o f manganese, r a t h e r t h a n z i n c , as 

deduced f r o m S c h o t t k y - b a r r i e r measurements on t h e s i l i c o n below w i l l e m i t e 

formed by a 20 min. r e a c t i o n i n N^. 

By e x t e n d i n g t h e r e a c t i o n - b a k e t i m e t o a bout 24 h r s . , Kurd and 

J o h n s t o n o b t a i n e d a more u n i f o r m z i n c c o n c e n t r a t i o n i n t h e f i n a l f i l m . 

T h i s i s shown i n F i g 7.1 (b) w h i c h g i v e s t h e i r r e s u l t s f o r an Auger p r o f i l e 

o f t h e m a t e r i a l s . I t i s b e l i e v e d t h a t i n t h i s case, s u f f i c i e n t t i m e has 
2+ 

been a l l o w e d f o r t h e Zn i o n s t o be t r a n s f e r r e d f r o m t h e s u r f a c e r i g h t . 

t h r o u g h t h e w i l l e m i t e t o t h e s i l i c o n d i o x i d e . I n f a c t , as shown i n 

Chapter 5, t h e p r o l o n g e d r e a c t i o n t i m e enables a c o n c e n t r a t i o n o f 

9.6 X lO''"'* cm"'̂  o f z i n c t o d i f f u s e i n t o t h e s u r f a c e o f t h e u n d e r l y i n g 

s i l i c o n . Hence t h e t e c h n i q u e o f p r o l o n g i n g t h e r e a c t i o n p r o c e s s g i v e s a 

more u n i f o r m w i l l e m i t e f i l m w h i c h i s a f e a t u r e o f Type-B and Type-C 

w i l l e m i t e f i l m s d i s c u s s e d i n O i a p t e r s 5 and 6 r e s p e c t i v e l y . 
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The ambient i n w h i c h t h e r e a c t i o n - b a k e p r o c e s s t a k e s p l a c e a l s o 

has a s t r o n g i n f l u e n c e o n t h e f i n a l w i l l e m i t e f i l m . Z i n c i s w e l l known 

t o be e a s i l y o x i d i z e d so t h a t even a s l i g h t p resence o f oxygen i n t h e 

a mbient m i g h t a l t e r t h e r e a c t i o n mechanism i n t h e f i l m . Z i n c o x i d e i s 

a l s o an i n s u l a t o r and i s a l s o t h o u g h t t o be one o f t h e c o n s t i t u e n t s o f 

t h e t o p l a y e r . A l s o , oxygen, whether i n m o l e c u l a r o r i o n i c f o r m , has 

a v e r y h i g h d i f f u s i v i t y i n s i l i c o n d i o x i d e (6) w i t h a d i f f u s i o n c o e f f i c i e n t 

o f a b o u t 10 ^cm^/sec a p p r o x i m a t e l y a t l00«C.The u n i t c e l l o f a - s i l i c a t e 

s t r u c t u r e b e i n g r e l a t i v e l y l a r g e r and more open t h a n s i l i c o n d i o x i d e , 

m i g h t be e x p e c t e d t o have an even h i g h e r d i f f u s i v i t y f o r oxygen. Oxygen 

i n t h e f u r n a c e gas can t h e r e f o r e l e a d t o f u r t h e r e x i d a t i o n o f t h e s i l i c o n 

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

T h i s was shown t o o c c u r by E r r i n g t o n (3) and i t has been p r o v e d t o be t h e 

case h e r e when oxygen was d e l i b e r a t e l y i n t r o d u c e d i n t o t h e ambient d u r i n g 

t h e p r e p a r a t i o n o f Type-B w i l l e m i t e as d e s c r i b e d i n Chapter 5 (see 

Table 7.1 (c)& ( d X ^ . l n o r d e r t o p r e v e n t oxygen f r o m i n t e r f e r i n g w i t h t h e 

r e a c t i o n - b a k e p r o c e s s , u l t r a - p u r e n i t r o g e n w i t h l e s s t h a n 0.1 vpm o f 

oxygen, was t h e r e f o r e used i n t h e p r e p a r a t i o n o f Type-C w i l l e m i t e . 

From T a b l e 7.1, i t can be seen t h a t a l l f o u r p o s s i b l e r e a c t i o n s 

f o r m i n g a s i l i c a t e i n v o l v e i o n i c movement. I f t h e r e a c t i o n i s i n c o m p l e t e , 

an a c c u m u l a t i o n o f i o n s can be e x p e c t e d a t t h e . s u r f a c e and/or a t t h e i n t e r ­

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

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

v o l t a g e s o f c o m p o s i t e s t r u c t u r e s w h i c h p r o v e t h a t p o s i t i v e charges e x i s t 

w i t h i n t h e f i l m . I t has a l s o been suggested i n t h e l i t e r a t u r e t h a t t h e 

p a r t i a l p r e s s u r e o f oxygen i n t h e r e a c t i o n ambient p l a y s an i m p o r t a n t r o l e 

i n d e t e r m i n i n g t h e e l e c t r i c a l p r o p e r t i e s o f s i l i c a t e s (4) and t h i s i s 

c o n f i r m e d by t h e d i f f e r e n c e s between t h e t h r e e t y p e s o f w i l l e m i t e i n v e s t i ­

g a t e d h e r e . 
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The t h r e e t y p e s o f w i l l e m i t e p r e p a r e d d u r i n g t h e course o f t h i s 

r e s e a r c h m i g h t be r e l a t e d t o t h e f o u r r e a c t i o n s shown i n Table 7.1. 

R e a c t i o n (d) seems most l i k e l y f o r t h e f o r m a t i o n o f Type-B w i l l e m i t e due 

t o t h e r o l e o f oxygen w h i c h was d e l i b e r a t e l y added t o t h i s r e a c t i o n . ; 

When t h e r e i s no oxygen p r e s e n t r e a c t i o n (b) seems t o be more l i k e l y i f 

t h e m e t a l l i c i o n source i s x i n s t e a d o f xo c o r r e s p o n d i n g t o Type-C 

w i l l e m i t e . For Type-A w i l l e m i t e , v / i t h a v e r y s h o r t r e a c t i o n t i m e and 

s m a l l oxygen c o n c e n t r a t i o n , any o f t h e r e a c t i o n s would seem t o be p o s s i b l e , 

7.3 P h y s i c a l P r o p e r t i e s o f F i l m s 

Due t o t h e d i f f e r e n c e s i n t h e r e a c t i o n - b a k e c o n d i t i o n s t h e 

Vcirious t y p e s o f w i l l e m i t e have s l i g h t l y d i f f e r e n t p h y s i c a l p r o p e r t i e s 

and i t i s r a t h e r d i f f i c u l t t o c a t e g o r i z e t h e s e p r o p e r t i e s . Some g e n e r a l 

f e a t u r e s have a l r e a d y been p r e s e n t e d i n T a b l e 2.1 o f Chapter 2, and an 

a t t e m p t w i l l be made i n t h i s s e c t i o n t o r e l a t e o t h e r p h y s i c a l p r o p e r t i e s 

t o t h e method o f f o r m i n g t h e w i l l e m i t e . 

F i l m T h i c k n e s s e s 

As d e s c r i b e d i n Chapter 2, f i l m t h i c k n e s s e s a r e measured w i t h 

t h e e l l i p s o m e t e r t o an a c c u r a c y o f 2o X f o r SiO^ f i l m s on s i l i c o n . 

However, b o t h w i l l e m i t e and r e s i d u a l f i l m s a r e v e r y d i f f e r e n t f r o m SiO^ 

i n t h a t t h e y a r e p r o b a b l y inhomogeneous and t h e i r i n t e r f a c e s a re much 

more d i f f u s e . These two f a c t o r s can e a s i l y g i v e r i s e t o i n a c c u r a c y i n 

t h e e l l i p s o m e t e r measurements, t h e s i m p l e t h e o r y o f whic h assumes a 

homogeneous f i l m and a s h a r p f i l m - s u b s t r a t e i n t e r f a c e . F u r t h e r m o r e i n 

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

f i l m g i v e s o n l y an e f f e c t i v e o r a p p a r e n t v a l u e f o r t h e t h i c k n e s s , r a t h e r 

t h a n t h e a c t u a l sum o f t h e w i l l e m i t e and r e s i d u a l f i l m s t h i c k n e s s e s . 

I n t h e case o f Types-B and -C w i l l e m i t e , t h e e x i s t e n c e o f z i n c c h a nnels 

i n t h e s i l i c o n i s a l s o bound t o a l t e r t h e r e f l e c t i v i t y v a l u e o f t h e 

s i l i c o n f r o m t h e v a l u e o f 4.05-0.028i assumed i n t h e program used t o 

c a l c u l a t e t h e t h i c k n e s s . O v e r a l l , t h e t h i c k n e s s measurements a r e . 
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t h e r e f o r e , e x p e c t e d to. be v e r y much l e s s a c c u r a t e t h a n f o r Si02 on s i l i c o n . 

Some s i m p l e c a l c u l a t i o n s can be made o f t h e t h i c k n e s s o f i n i t i a l 

o x i d e t r e q u i r e d t o produce a t h i c k n e s s , t , o f w i l l e m i t e . Consider a ox w 
volume o f SiO„ f i l m , o f t h i c k n e s s t and a r e a A. The t o t a l number o f 2 ox 
s i l i c o n atoms i s 

t A ox 
Ng. = -; (7.2) 

t a ox 

where t ' i s t h e t h i c k n e s s o f a u n i t c e l l o f SiO_ and 
OX 2, 

a i s i t s a r e a . 

I f M^^ i s t h e m o l e c u l a r w e i g h t o f 3102^ w h i c h i s 60.09, and 

p^^ i s i t s d e n s i t y , t h e n 

^ox ^ = — ^^-^^ ox 

The same e x p r e s s i o n s can be a p p l i e d t o Zn2SiO^ where tw and t ^ 

a r e t h e t h i c k n e s s e s o f t h e f i n a l f i l m and t h e v m i t c e l l o f Zn2SiO^ r e s p e c t ­

i v e l y . S i n c e each u n i t c e l l o f Si02 and Zn2SiO^ c o n t a i n s one s i l i c o n atom 
/ 

N . i s t h e same f o r b o t h m a t e r i a l s , so t h a t 
S X 

t M /p ox ox ^ox 
t ~ M /p 
W W W 

(7.4) 

where M and p a r e t h e m o l e c u l a r w e i g h t a n d . d e n s i t y o f w w 
Zn2SiO^. T h i s assumes no l o s s o f s i l i c o n dvuring t h e r e a c t i o n . 

g i v e s 

S \ j b s t i t u t i n g t h e v a l u e s p = 2 . 2 7 , p = 4.103 and M = 222.85 
ox w w 

t 
— = 0.487 (7.5) 
t 
w 
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T h i s shows t h a t t o produce a w i l l e m i t e f i l m o f t h i c k n e s s t 
w 

an i n i t i a l o x i d e o f t h i c k n e s s 0.487 t ^ i s r e q u i r e d . 

For Type-C w i l l e m i t e t h e e x p e r i m e n t a l v a l u e s o f t h e i n i t i a l 

o x i d e t h i c k n e s s e s a r e 489 X and 572 A f o r s l i c e s SL12 and SL13 r e s p e c t ­

i v e l y , g i v i n g v a l u e s o f 1004 £ and 1175 A f r o m E q u a t i o n (7.5) . However, 

t h e measured v a l u e s were 734 % and 765 X r e s p e c t i v e l y , i n d i c a t i n g a 

d i s c r e p a n c y o f something o v e r 300 8. R e s u l t s f o r Type-A w i l l e m i t e • 

d e v i a t e s more t h a n f o r Type-C w i l l e m i t e i n t h a t t h e measured w i l l e m i t e 

t h i c k n e s s i s o n l y h a l f o f t h e c a l c u l a t e d v a l u e . T h i s c o u l d be due t o 

any o f t h e f o l l o w i n g f a c t o r s :-

( i ) E r r o r i n e l l i p s o m e t e r r e a d i n g s as d i s c u s s e d e a r l i e r . 

( i i ) The v a l u e o f used i s f o r w i l l e m i t e powder r a t h e r t h a n 

o f t h e t h i n f i l m . 

( i i i ) I t i s p o s s i b l e t h a t n o t a l l t h e SiO^ has been used up. 

F i l m E x a m i n a t i o n 

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

t h e o p t i c a l m i c r o s c o p e and t h e SEM have been d e s c r i b e d . The use o f 

t h e o p t i c a l m i c r o s c o p e i s s t r a i g h t f o r w a r d , where t h e p o i n t s o f i n t e r e s t 

a r e f e a t u r e s l i k e c r y s t a l l i t e s i z e , d e f e c t s , c o l o r a t i o n , e t c . The SEM 

has been used i n t h e secondary e m i s s i o n and c a t h o d o l u m i n e s c e n t modes f o r 

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

on t h e u n d e r l y i n g s i l i c o n have been made by t h e E l e c t r o n C h a n n e l l i n g 

P a t t e r n (ECP) t e c h n i q u e . 

F o r t h e purpose o f comparison, t h e t h r e e t y p e s o f w i l l e m i t e 

w i l l be d i s c u s s e d t o g e t h e r , b a s e d on t h e e x a m i n a t i o n o f t h e u n d e r l y i n g 

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

(a) The u n d e r l y i n g s i l i c o n :-

The s i l i c o n s u r f a c e o f Type-A w i l l e m i t e , under t h e o p t i c a l 

m i c r o s c o p e appeared t o be smooth w i t h no d i s t i n c t i v e f e a t u r e s . However, 
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d e n d r i t i c f e a t u r e s f o r m i n g c r a z e d p a t t e r n s a r e o b v i o u s f o r s i l i c o n 

s u r f a c e s f r o m Types-B and C. T h i s f e a t v i r e has been a s s o c i a t e d w i t h z i n c 

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

e x p l a n a t i o n f o r t h i s seems t o be t h a t z i n c d i f f u s e s t h r o u g h Si02/ 

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

r e g i o n s w i t h i n t h e o x i d e . I t was a l s o t h o u g h t t h a t t h e c r y s t a l l i n e 

s t r u c t u r e o f t h e s i l i c o n m i g h t have been l o s t because o f t h i s featxure 

and ECP t e s t s were c a r r i e d o u t . The r e s o l u t i o n o f t h i s t e c h n i q u e i s 

w i t h i n 50 A o f t h e s u r f a c e . The p a t t e r n s , o n l y s l i g h t l y d i f f u s e a t t h e 

edges, were s t i l l o b s e r v e d i n t h e u n d e r l y i n g s i l i c o n o f Types-B and C 

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

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

(b) The r e s i d u a l f i l m :-

Such f i l m s a r e w e l l - d e f i n e d f o r Types-A and B w i l l e m i t e by 

b e i n g n o n - c a t h o d o l u m i n e s c e n t when bombarded w i t h e l e c t r o n s . I n t h e case 

o f Type-C w i l l e m i t e , t h e d e f i n i t i o n i s more vague because t h e cathodo-

l u m i n e s c e remains a f t e r t h e composite f i l m has been washed w i t h n ormal 

a c i d s b u t HF removes t h e e n t i r e f i l m . Under t h e o p t i c a l m i c r o s c o p e , t h e 

r e s i d u a l f i l m o f Type-A w i l l e m i t e appears t o be f r e e f r o m any d i s t i n c t i v e 

f e a t u r e s , w h i l e f o r Type-B w i l l e m i t e t h e d e n d r i t i c f e a t u r e s a r e o b v i o u s , 

superimposed w i t h v e r y f i n e c r y s t a l l i t e s . The d e n d r i t i c f e a t u r e s appear 

d a r k brown w h i l e t h e c r y s t a l l i t e s a r e a l m o s t c o l o u r l e s s . Secondary 

e m i s s i o n i m a g i n g i n t h e SEM p r o v e d t o be f r u i t l e s s because o f t h e c h a r g i n g 

o f t h e f i l m . 

(c) The w i l l e m i t e f i l m :-

The Type-A w i l l e m i t e f i l m s show v e r y c o a r s e c r y s t a l l i t e s , 

o b s e r v e d even a t a m a g n i f i c a t i o n o f 250X under t h e o p t i c a l microscope. 

The c r y s t a l l i t e s appear v i o l e t i n c o l o u r and embedded i n a t a n background. 

They c o u l d be c r y s t a l l i t e s o f w i l l e m i t e embedded i n a s i l i c o n o x i d e m a t r i x 
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as p o i n t e d o u t by Edwards (1) . I f whitfe specks a r e seen a t p o i n t s o f 

d e f e c t s t h e n t h i s may i n d i c a t e t h a t t h e s t a r t i n g o x i d e i s n o t d e f e c t -

f r e e and o f good q u a l i t y . The c r y s t a l l i t e s g e t more c o a r s e t o w a r d s t h e 

edge o f t h e s l i c e as w e l l as uneven, p o s s i b l y due t o t h e o u t w a r d f l o w o f 

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

Types-B and C w i l l e m i t e f i l m s appear more f i n e g r a i n e d t h a n 

Type-A and w i t h b l u i s h c r y s t a l l i t e s r a t h e r t h a n v i o l e t . The d i s t r i b u t i o n 

o f t h e c r y s t a l l i t e s i s more u n i f o r m and f i l m s u r f a c e s a re a l m o s t d e f e c t -

f r e e . The c r y s t a l l i t e s seem t o be more numerous t h a n i n Type-A w i l l e m i t e . 

The o b s e r v e d d i f f e r e n c e s i n g r a i n - s i z e s between Type-A w i l l e m i t e 

and t h o s e o f Types-B and C can p r o b a b l y be e x p l a i n e d as f o l l o w s . D u r i n g 

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

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

r e a c t i o n t o t a k e p l a c e between t h e z i n c and t h e s i l i c o n o x i d e . I n t h e 

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

hence l e a v i n g b e h i n d c o a r s e g r a i n s o f w i l l e m i t e c r y s t a l l i t e s . i n t e r m i n g l e d 

w i t h o t h e r c o n s t i t u e n t s i n t h e f i n a l f i l m . On t h e o t h e r hand, t h e l o n g 

r e a c t i o n t i m e s o f Types-B and C w i l l e m i t e ensure t h a t t h e g r o w t h p r o c e s s 

i s n o t i n t e r r u p t e d . A f t e r t h e i n i t i a l w i l l e m i t e c r y s t a l l i t e s a r e formed, 

t h e y s p r e a d o u t and more o f t h e z i n c i s a l l o w e d t o c o n t i n u e r e a c t i n g w i t h 

t h e o x i d e . T h i s c o n t i n u o u s s p r e a d i n g o u t e f f e c t may be r e s p o n s i b l e f o r 

t h e f o r m a t i o n o f t h e f i n e - g r a i n e d s t r u c t u r e o v e r r e l a t i v e l y l a r g e r a r e a s . 
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7.4 E l e c t r o n I n j e c t i o n and D i e l e c t r i c P o l a r i z a t i o n 

The s h i f t s i n C-V c u r v e s a l o n g t h e v o l t a g e a x i s f o r w i l l e m i t e 

MIS-type s t r u c t u r e s were ob s e r v e d r i g h t f r o m t h e e a r l y work o f Edwards 

(1) and l a t e r , Davies ( 2 ) . I n o t h e r m a t e r i a l s C-V s h i f t s have always 

been a s s o c i a t e d w i t h t h e c r e a t i o n o f i n t e r f a c e s t a t e s (7) , movement o f 

m o b i l e i m p u r i t y i o n s ( 8 ) , o r t h e f o r m a t i o n o f space-charges a r i s i n g 

f r o m e i t h e r d i e l e c t r i c p o l a r i z a t i o n (9) o r e l e c t r o n i c t r a p p i n g (10,11,12). 

One o r more o f t h e s e mechanisms can o c c u r s i m u l t a n e o u s l y i n an MIS 

s t r u c t u r e , d e p e n d i n g on f a c t o r s such as t h e e l e c t r i c f i e l d s t r e n g t h , 

m a t e r i a l , t e m p e r a t u r e , t i m e and t h e p o l a r i t y o f t h e t o p e l e c t r o d e . I n 

t h e p r e s e n t work, t h e e x t r e m e l y l a r g e s h i f t s i n t h e C-V curves o f 

w i l l e m i t e c o m p o s i t e s t r u c t u r e s c o u l d n o t be e x p l a i n e d i n terms o f s u r f a c e 

s t a t e s and m o b i l e i m p u r i t y i o n s as p o i n t e d o u t i n Chapters 4, 5 and 6. 

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

i n g o f t h e o t h e r two mechanisms, e l e c t r o n i c i n j e c t i o n w i t h t r a p p i n g and 

d i e l e c t r i c p o l a r i z a t i o n , i n o r d e r t o d i s t i n g u i s h between them. 

E l e c t r o n I n j e c t i o n 

E l e c t r o n i n j e c t i o n i n t o w i l l e m i t e f i l m s o f MIS-type s t r u c t u r e s , 

e s p e c i a l l y f r o m t h e s i l i c o n , has always been t h e o b j e c t i v e o f t h e p r e s e n t 

work. U n f o r t u n a t e l y , w i l l e m i t e b e i n g a wide band-gap m a t e r i a l ('v 5.5 eV) 

and h a v i n g a v e r y open s t r u c t u r e , i s l i k e l y t o have c o n s i d e r a b l e c o n c e n t r a ­

t i o n s o f t r a p s i n t h e band-gap, a l t h o u g h t h e i r n a t u r e and energy l e v e l s 

r e l a t i v e t o t h e band edges a r e n o t known. U n l i k e t h e case o f c r y s t a l l i n e 

s o l i d s , c o n d u c t i o n i n g l a s s e s o r d i s o r d e r e d m a t e r i a l s f a c e s two d i f f i c u l t i e s , 

as p o i n t e d o u t by M o t t (14) and Jonscher and H i l l ( 1 5 ) . These a r e t h e 

l a c k o f a r i g o r o u s t h e o r y and g r e a t u n c e r t a i n t y a bout t h e i r d e t a i l e d 

s t r u c t u r e . For t h e s e r e a s o n s , t h e use o f concepts such as c o n d u c t i o n 

and v a l e n c e bands i s n o t as r i g o r o u s as i n t h e c r y s t a l l i n e case. The 

p r o b l e m a r i s e s because o f t h e absence o f 16ng-range o r d e r t h a t i s a 
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d i s t i n g u i s h i n g c h a r a c t e r i s t i c o f c r y s t a l l i n e s o l i d s . N e v e r t h e l e s s t h e 

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

i n t h e c o r r e s p o n d i n g c r y s t a l and t h i s i s e x p e c t e d t o g i v e r i s e t o some 

o f t h e same i m p o r t a n t p r o p e r t i e s as f o r t h e c r y s t a l l i n e s t a t e , most 

n o t a b l y t h e e x i s t e n c e o f c o n d u c t i o n and v a l e n c e bands s e p a r a t e d by a 

gap. However, t h e d i s o r d e r e d s o l i d a l s o has many l o c a l i z e d s t a t e s 

n e a r t h e band edges and caused by t h e i m p e r f e c t i o n s . The e l e c t r o n energy 

l e v e l s a r e s c h e m a t i c a l l y i l l u s t r a t e d i n F i g 7.2. 

The energy l e v e l s o f t h e extended s t a t e s w i t h i n t h e c o n d u c t i o n 

and v a l e n c e bands a r e n o t l o c a l i z e d , i . e . an e l e c t r o n i n one o f t h e s e 

s t a t e s i s f r e e t o move t h r o u g h t h e s o l i d w i t h a f i n i t e m o b i l i t y . I n 

t h e l o c a l i z e d s t a t e s an e l e c t r o n i s r e s t r i c t e d t o a s m a l l volume and i t 

t h e r e f o r e has a v e r y low m o b i l i t y ( 1 6 ) . Such s t a t e s a r e sometimes 

c l a s s i f i e d i n t o " s h a l l o w " ( n e a r a band edge) and "deep" (nea r mid-gap) 

s t a t e s and t h e y a r e o f t e n l o o s e l y r e f e r r e d t o as " t r a p s " . On t h e o t h e r 

hand, t h e s t a t e s caused by a d e f i n i t e a t o m i c i m p u r i t y i s i l l u s t r a t e d by 

a s i n g l e e n e r g y l e v e l E^ i n t h e band-gap (see F i g 7.2) . 

Charge i n j e c t i o n i n t o i n s u l a t o r s can t a k e v a r i o u s f o r m s , depend­

i n g on f a c t o r s such as t h e band-gap, n a t u r e o f t r a p s , d i e l e c t r i c c o n s t a n t 

e t c . F o r s i m p l i c i t y , o n l y o n e - c a r r i e r ( i . e . e l e c t r o n ) i n j e c t i o n i n t o an 

i n s u l a t o r w i l l be c o n s i d e r e d h e r e . The t h r e e p o s s i b l e processes by which 

e l e c t r o n s can be i n j e c t e d f r o m a m e t a l o r se m i c o n d u c t o r a r e :- (a) by 

s u r m o u n t i n g t h e p o t e n t i a l b a r r i e r i n t o t h e c o n d u c t i o n band, (b) by e m i s s i o n 

i n t o t r a p p i n g l e v e l s , and (c) by t u n n e l l i n g i n t o t h e c o n d u c t i o n band. 

I n t h e case (a) , t h e a c t i v a t i o n energy r e q u i r e d t o surmount t h e b a r r i e r s 

i n w i d e band-gap i n s u l a t o r s a r e u s u a l l y v e r y l a r g e , p o s s i b l y a few e l e c t r o n 

v o l t s . T h i s makes i t most u n l i k e l y u n l e s s p h o t o - o r t h e r m a l - e x c i t a t i o n i s 

used. Case ( c ) , a l s o c a l l e d Fowler-Nordheim t u n n e l l i n g , u s u a l l y r e q u i r e s 

v e r y h i g h e l e c t r i c f i e l d s , c l o s e t o lOv/coi. Most o f t h e d i s c u s s i o n o f 
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C o n d u c t i o n 
Band 

E l e c t r o n Energy E l e c t r o n Energy 

V a l e n c e 
Band 

Extended S t a t e s 

L o c a l i z e d S t a t e s 

L o c a l i z e d S t a t e s 

D e n s i t y o f S t a t e s D i s t a n c e 

F i g 7.2 D e n s i t y o f e l e c t r o n s t a t e s and energy band diagram 

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

I n s u l a t o r 

C o n d u c t i o n 
Band 

M e t a l I n s u l a t o r M e t a l 

Conduction^ 
Band 

(b) 

F i g 7.3 Two p o s s i b l e forms o f c o n d u c t i o n v i a t r a p s i n wide 
band-gap m a t e r i a l s :-
(a) P o o l e - F r e n k e l p r o c e s s v i a t r a p s 
(b) Hopping p r o c e s s v i a l o c a l i z e d s t a t e s . . 



(a) (b) 

+ve -ve -ve +ve 

F i g 7.4 I n t e r f a c i a l p o l a r i z a t i o n 

(a) a t e l e c t r o d e s 
(b) i n c r y s t a l l i t e s . 

(a) (b) 

« S i l i c o n 
O Oxygen 

^ C a t i o n s 

F i g 7.5 Schematic r e p r e s e n t a t i o n i n two dimensions o f 
t h e s t r u c t u r e o f :-

(a) c r y s t a l l i n e g l a s s 

(b) t h e c o r r e s p o n d i n g g l a s s s t r u c t u r e w i t h network 
m o d i f i e r c a t i o n s 
( a f t e r S u t t o n . (24) ) . 



e l e c t r o n i n j e c t i o n i n Sec. 7.5 i s t h e r e f o r e c e n t r e d around mechanism(b). 

E l e c t r o n i c c o n d u c t i o n v i a t r a p s i n i n s u l a t o r s can be i n t h e 

fo r m o f e i t h e r P o o l e - F r e n k e l c o n d u c t i o n o r h o p p i n g C o n d u c t i o n . I n t h e 

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

a r e e m i t t e d i n t o t h e i n s u l a t o r c o n d u c t i o n band (as shown i n F i g 7.2(a) ) 

b e f o r e b e i n g r e t r a p p e d a t t h e n e x t s i t e . For t h i s f i e l d s t r e n g t h s o f 

lO^v/cm o r g r e a t e r a r e r e q u i r e d , e.g. as r e p o r t e d f o r S i ^ N ^ d l ) and 

Al20^ (12). On t h e o t h e r hand, h o p p i n g c o n d u c t i o n , never i n v o l v e s t h e 

i n s u l a t o r c o n d u c t i o n band. W i t h a h i g h d e n s i t y o f l o c a l i z e d s t a t e s i n 

t h e band-gap, e l e c t r o n s i n j e c t e d i n t o t h e i n s u l a t o r a r e t r a n s p o r t e d by 

by h o p p i n g between t h e s e e n e r g y s t a t e s w h i c h f o r m a s o r t o f a q u a s i -

c o n d u c t i o n band (see F i g 7.3(b) ) . I t has been p o i n t e d o u t by Jonscher 

(16) t h a t t h i s p r o c e s s r e q u i r e s l e s s f i e l d s t r e n g t h t h a n t h e P o o l e - F r e n k e l 

p r o c e s s , e.g. an e s t i m a t e d 2 x 10^ v/cm when t h e d e n s i t y o f l o c a l i z e d 
17 -3 

s t a t e s i s a p p r o x i m a t e l y 10 cm (15) a t room t e m p e r a t u r e . 

S t u d i e s o f charge t r a p p i n g e f f e c t s i n i n s u l a t o r s u s i n g MIS-type 

s t r u c t u r e s have been s u c c e s s f u l i n e x p l a i n i h g t h e p r o p e r t i e s o f Si^N^(17,18) 

and AI2O2 (19,20). I n b o t h cases, charge i n j e c t i o n and t r a n s p o r t have 

been f o u n d t o be by t h e P o o l e - F r e n k e l mechanism. 

D i e l e c t r i c P o l a r i z a t i o n 

P o l a r i z a t i o n i n i n s u l a t o r s r e f e r s t o t h e l i m i t e d d i s p l a c e m e n t 

o f charge by an e l e c t r i c f i e l d . A l t h o u g h p o l a r i z a t i o n can be an 

e l e c t r o n i c o r i o n i c p r o c e s s , t h e d i s c u s s i o n h e r e w , i l l be c o n f i n e d t o t h e 

case f o r i o n s , where t h e b u i l d - u p o f t h e p o l a r i z a t i o n i s a slow process 

and t h e degree o f p o l a r i z a t i o n i s l a r g e . 

Two o f t h e most common forms o f p o l a r i z a t i o n by t h e d i s p l a c e ­

ment o f i o n s i n an e l e c t r i c f i e l d a r e i l l u s t r a t e d i n F i g 7.4 (21). The 

i n t e r f a c i a l p o l a r i z a t i o n shown i n F i g 7.4(a) c o u l d be due t o e i t h e r m o b i l e 

i m p u r i t y i o n s p r e s e n t i n t h e d i e l e c t r i c o r n a t i v e i o n s w h i c h a r e d i s s o c i a t e d 
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f r o m t h e l a t t i c e s i t e o f t h e d i e l e c t r i c i t s e l f . The second f o r m o f 

p o l a r i z a t i o n . F i g 7 . 4 ( b ) , i s f o r t h e case where i o n s a r e c l u s t e r e d a l o n g 

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

B o t h t y p e s o f p o l a r i z a t i o n g i v e r i s e t o space-charge i n t h e d i e l e c t r i c 

and hence t o a n o n - u n i f o r m i n t e r n a l f i e l d . A t h e o r e t i c a l d e s c r i p t i o n 

o f t h e space-charge and changes i n t h e i n t e r n a l f i e l d has been g i v e n by 

S u t t o n (22) f o r e x p e r i m e n t a l o b s e r v a t i o n s made on l e a d b o r o s i l i c a t e g l a s s . 

The space-charge formed was due t o t h e d i s p l a c e m e n t o f mo b i l e c a t i o n s f r o m 

i m m o b i l e a n i o n s i n t h i s case. 

The c h a r g i n g and d i s c h a r g i n g c u r r e n t s due t o t h e o r i e n t a t i o n 

o f permanent d i p o l e s o r t o t h e movement o f i o n s always decay w i t h t i m e 

b u t t h e r e i s no means o f d i s t i n g u i s h i n g t h e two (23) . Consequently when 

one speaks o f c o n d u c t i o n i n i n s , i ^ t o r s , w h i c h a l m o s t always decays w i t h 

t i m e , one u s u a l l y has i n mind a t r a n s p o r t p r o c e s s i n v o l v i n g t h e b o d i l y 

t r a n s p o r t o f charges r a t h e r thein p o l a r i z a t i o n , a l t h o u g h one can r a r e l y 

t e s t w hether one i s c o r r e c t . I n c e r t a i n g l a s s e s , e l e c t r o l y t i c c o n d u c t i o n 

by c a t i o n s has been o b s e r v e d a t room t e m p e r a t u r e and above ( 2 4 ) . The 

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

be e x p r e s s e d by 

'-b 
a = A exp / /T \ (7.6) 

A and b b e i n g e m p i r i c a l c j o n s t a n t s . The g l a s s y network formed 

by s i l i c a t e t e t r a h e d r a i s r e l a t i v e l y r i g i d and t h e m o d i f y i n g a l k a l i o r 

m e t a l l i c c a t i o n s r e s i d e i n l a r g e c a v i t i e s . They a r e l o o s e l y bonded t o 

t h e n e t w o r k and t h e ener g y b a r r i e r w h i c h has t o be overcome f o r movement 

t o a n e i g h b o u r i n g c a v i t y i s low. W i t h s u f f i c i e n t t h e r m a l energy, t h e 

c a t i o n can l e a v e i t s s t a b l e p o s i t i o n and m i g r a t e , f o r s h o r t p e r i o d s o f 

t i m e , t h r o u g h t h e s i l i c a framework. I n t h e presence o f a f i e l d , t h e s e 
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c a t i o n s w i l l d r i f t thorugh the c a v i t i e s f i n a l l y b u i l d i n g up p o l a r i z a t i o n 

e f f e c t s . Thus the conduction c u r r e n t , as seen from equation ( 7 . 6 ) , i s 

tremendously i n c r e a s e d a t e l e v a t e d temperatures. A t h e o r e t i c a l d e s c r i p t i o n 

of the p o l a r i z a t i o n and d i f f u s i o n o f a l k a l i c a t i o n s i n s i l i c a t e s has been 

c l e a r l y presented by C h a r l e s ( 2 5 ) . 

7.5 nie E l e c t r i c a l P r o p e r t i e s i n General 

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

e l e c t r i c a l p r o p e r t i e s o f the v a r i o u s f i l m s have been given. The e l e c t r i c a l 

r e s u l t s showed c e r t a i n s i m i l a r i t i e s as w e l l as d i f f e r e n c e s depending on 

t h e r e a c t i o n c o n d i t i o n s . I t i s the o b j e c t i v e of t h i s s e c t i o n t o t r y t o 

r e l a t e t h e growth c o n d i t i o n s to the p r o p e r t i e s o f the f i l m s i n g e n e r a l , 

( i ) I n i t i a l C o n s t i t u e n t F i l m s : -

The q u a n t i t y and q u a l i t y of the i n i t i a l c o n s t i t u e n t s ZnF2:Mn 

cuid S i 0 2 f o r the formation of w i l l e m i t e could e a s i l y a f f e c t the f i n a l 

p r o p e r t i e s . The p u r i t y of SiO^ i n MOS s t r u c t u r e s i s well-known to have 

an important i n f l u e n c e on the s t a b i l i t y o f i t s f l a t - b a n d voltage ( 7 ) . 

T h i s was a l s o shown by the i n i t i a l f l a t - b a n d v o l t a g e of the p r e s e n t 

composite s t r u c t u r e s . The f i r s t batch of t e s t c a p a c i t o r s , which had dry-

o x i d a t i o n c a r r i e d out i n the same furnace used f o r wet-oxidation, showed 

V v a r y i n g over a c o n s i d e r a b l e v o l t a g e range, which could be due to FBO 

i m p u r i t i e s . However, l a t e r c a p a c i t o r s , which had the i n i t i a l oxide 

grown i n a s e p a r a t e d r y - o x i d a t i o n furnace, have v a l u e s of V^^^ which are 

constant w i t h i n + 0.2v. T h i s showed t h a t the q u a l i t y o f the i n i t i a l 

oxide has a d i r e c t i n f l u e n c e on the e l e c t r i c a l c h a r a c t e r i s t i c s f i n a l 

composite w i l l e m i t e f i l m s . 

The t h i c k n e s s o f ZnF2:Mn r e q u i r e d f o r the r e a c t i o n has been the 

s u b j e c t o f study by E r r i n g t o n (3) who showed t h a t an excess could l e a d to 

an unreacted t o p - l a y e r w h i l e i n s u f f i c i e n c y r e s u l t s i n a t h i c k e r r e s i d u a l 

f i l m . Davies (2) showed t h a t the unreacted t o p - l a y e r i s i n s u l a t i n g which 
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could prevent any d i r e c t m e t a l - t o - w i l l e m i t e c o n t a c t . However, the 

r e s i d u a l f i l m i n Type-A w i l l e m i t e i s q u i t e conducting with a f i e l d -

enhanced tunnel-hopping conduction p r o c e s s , which t h e r e f o r e depends on 

t h i c k n e s s . I n Type-B w i l l e m i t e t h e r e s i d u a l f i l m i s very i n s i l L a t i n g but 

i t was shown to have a p o l a r i z a t i o n e f f e c t a t high f i e l d s due to the 

displacement o f charges on conducting i n c l u s i o n s , p o s s i b l y of z i n c and/or 

manganese w i t h i n the f i l m . I f the ZnF^iMn i s very t h i n ( ^ 200 X) , the 

f i n a l r e s i d u a l f i l m i s t h i c k e r than the w i l l e m i t e f i l m . T h i s was shown 

i n Chapter 5, i . e . the c a s e f o r d < d , which showed t h a t the e l e c t r i c a l 
w o 

c h a r a c t e r i s t i c s o f the composite f i l m s a r e then dominated by the r e s i d u a l 

f i l m . 
( i i ) F i l m S t a b i l i t y : -

A l l composite s t r u c t u r e s measured immediately a f t e r p r o c e s s i n g 

d i s p l a y e d good MIS-type C-V c h a r a c t e r i s t i c s . However, ageing e f f e c t s 

were observed on the composite f i l m s from Type-A w i l l e m i t e . A f t e r 2/3 

weeks i n a d e s s i c a t o r , the s t r u c t u r e s showed the 'breakdown' phenomenon 

mentioned i n Chapter 4. Such d e t e r i o r a t i o n was not observed i n e i t h e r 

Types-B o r C w i l l e m i t e composite f i l m s , where even a f t e r four months, 

MIS-type C-V c h a r a c t e r i s t i c s were s t i l l o b t a i n a b l e . 

T h i s ageing e f f e c t i n Type-A w i l l e m i t e might be explained by 

i t s Auger p r o f i l e measured by Hurd and Johnston (5) . I n t h i s s h o r t -

r e a c t i o n c a s e , the excess z i n c c o n c e n t r a t i o n i n the s u r f a c e region of 

the f i l m c o u l d have modified the s i l i c a t e network and weakened the bonds. 

Furthermore, as i n d i c a t e d by Sutton (24) , the s t r u c t u r e a t the s u r f a c e 

of the g l a s s although not w e l l understood, appears to be f r e q u e n t l y 

a f f e c t e d by t h e surrounding environment. Therefore, some form of chemical 

r e a c t i o n may have taken p l a c e between the Type-A w i l l e m i t e and the atmos­

phere so as to a l t e r i t s e l e c t r i c a l p r o p e r t i e s . The d e t a i l e d mecheinism 

i n v o l v e d i s , however, not understood. 
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The 'breakdown' phenomenon was a l s o observed a f t e r the prolonged 

a p p l i c a t i o n of n e g a t i v e s t r e s s a p p l i e d to the Type-A w i l l e m i t e composite 

s t r u c t v i r e s . The cause o f t h i s has been a t t r i b u t e d to the high b u i l t - i n 

e l e c t r i c f i e l d r e s u l t i n g from the p o l a r i z a t i o n e f f e c t . I f t h i s develops 

i n l o c a l i z e d a r e a s i t c o u l d r e s u l t i n conducting channels formed by broken 

bonds. S i n c e t h i s phenomenon i s absent i n both Types-B and -C w i l l e m i t e , 

i t can be deduced t h a t the l a t t e r f i l m s are more uniform i n nature so t h a t 

the l o c a l i z e d conduction d i d not occur, 

( i i i ) E f f e c t o f S t r e s s Voltages :-

The e f f e c t o f the s t r e s s v o l t a g e on the flatr-band s h i f t and 

shape o f t h e C-V c u r v e s , has been the main method used f o r studying the 

charge movement w i t h i n the i n s u l a t o r of other MIS systems (8,18,19) . The 

same method was used here f o r the MIS-type composite w i l l e m i t e s t r u c t u r e s . 

The main c h a r a c t e r i s t i c s observed i n the t h r e e types o f composite w i l l e m i t e 

f i l m s were as f o l l o w s :-

(a) Negative S t r e s s 

"^Pe-^ Type-B Type-C 

AV^ p o s i t i v e A V ^ p o s i U v e AV^ p o s i t i v e FB 

(b) P o s i t i v e S t r e s s 

(c) R e s i d u a l F i l m 

No s h i f t No s h i f t AVpg negative 

Tunnel-hopping D i p o l a r P o l a r ­
i z a t i o n 

Negative v o l t a g e s s h i f t the f l a t - b a n d v o l t a g e towards more 

p o s i t i v e v a l u e s , w h i l e p o s i t i v e v o l t a g e s , have no e f f e c t , except f o r 

Type-C w i l l e m i t e . The n e g a t i v e space-charge a r i s i n g from negative 

s t r e s s i n g has been e x p l a i n e d i n terms o f t h e movement o f Zn^* c a t i o n s away 

from the w i l l e m i t e - r e s i d u a l f i l m i n t e r f a c e , l e a v i n g behind the immobile 
4-

s i l i c a t e r a d i c a l (SiO^) . T h i s e x p l a n a t i o n i s j u s t i f i e d i n the case of 

Types-A and B w i l l e m i t e where the r e s i d u a l f i l m s are c l e a r l y d e f i n e d . 
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However, f o r Type-C w i l l e m i t e , the movement o f the l o o s e l y bound Zn̂ "*" 

c a t i o n s was b e l i e v e d to be c o n f i n e d to the s u r f a c e region of the w i l l e m i t e 

f i l m , i . e . about 150 X t h i c k , s i n c e t h e r e i s no w e l l defined r e s i d u a l 

f i l m i n t h i s c a s e . 

One of the important f e a t u r e s of the e l e c t r i c a l p r o p e r t i e s of 

g l a s s i s t h a t i t can a c t as an e l e c t r o l y t e (22,24) w i t h i o n i c conduct­

i v i t y depending on temperature according to a 'V' exp (~̂ VkT) where W i s 

the a c t i v a t i o n energy. S i n c e most m e t a l l i c c a t i o n s occupy i n t e r s t i t i a l 

p o s i t i o n s i n the network, the a c t i v a t i o n energy may be very low. The 

composite f i l m of Type-A w i l l e m i t e has a room temperature r e s i s t i v i t y of 
12 

about 10 fi-cro which, from the above e x p r e s s i o n , i s expected to decrease 

a t e l e v a t e d temperatures. Furthermore, a t room temperature the r e s i s t i v i t y 
5 19 of g l a s s v a r i e s from 10 fi-cm. to about 10 Q-cm. (24) depending on the 

chemical composition. W i l l e m i t e seems to be s i m i l a r and the a c t i v a t i o n 

energy o f the c a t i o n s a t i n t e r f a c i a l regions could t h e r e f o r e be low, 

although no measurements were c a r r i e d out. I n Type-A w i l l e m i t e , the s h o r t 

reaction-bake, which was thought to l e a v e the r e a c t i o n incomplete, may 
2+ 

be r e s p o n s i b l e f o r the l o o s e l y bonded Zn c a t i o n s a t the w i l l e m i t e - r e s i -

dual f i l m i n t e r f a c e . F o r Type-B w i l l e m i t e , t h e continuous passage of 

2+ 

oxygen d u r i n g the r e a c t i o n may have caused the Zn c a t i o n s to form some 

oxide of z i n c r a t h e r than making stronger bonds wi t h the i n t e r f a c i a l 

s i l i c a t e network. The complete r e a c t i o n and oxygen-free ambient used f o r 

Type-C w i l l e m i t e may have confined such l o o s e l y bonded s t r u c t u r e s to the 

s u r f a c e r e g i o n of the composite f i l m ('v 150 8 t h i c k ) as d e s c r i b e d i n 

S e c t i o n 6.5. 

Both Types-A and B w i l l e m i t e showed no s h i f t i n f l a t - b a n d 

v o l t a g e when p o s i t i v e s t r e s s e s were a p p l i e d . I n both c a s e s , the r e s i d u a l 

f i l m s are thought to be an oxide of s i l i c o n c o n t a i n i n g gross i m p u r i t i e s 

and d e f e c t s . The r e s i d u a l f i l m o f Type-A w i l l e m i t e i s probably unreacted 
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s i l i c o n oxide w h i l e f o r Type-B w i l l e m i t e i t was thought to r e s u l t from the 

f u r t h e r o x i d a t i o n o f the s i l i c o n during the r e a c t i o n . Oxides of s i l i c o n , 

are more c l o s e spaced and compact i n t h e i r s t r u c t u r e than the s i l i c a t e s 

(26) because they have fewer..non-bridging oxygen atoms i n t h e i r s t r u c t u r e . 

Furthermore,the presence of c a t i o n s a c t i n g as network mod i f i e r s i n 

s i l i c a t e s tends to weaken the bonds w h i l e t h i s does not occur i n oxides 

of s i l i c o n which a r e more c r y s t a l l i n e ( F i g . 7.5). For t h i s reason, i t 

i s suggested t h a t the Zn̂ "*̂  c a t i o n s cannot p e n e t r a t e the r e s i d u a l f i l m a t 

room temperatures so p r e v e n t i n g any a p p r e c i a b l e space-charge o c c u r i n g a t 

the d i e l e c t r i c - d i e l e c t r i c i n t e r f a c e . T h i s could e x p l a i n the s t a b i l i t y 

o f f l a t - b a n d v o l t a g e w i t h p o s i t i v e s t r e s s i n g i n Types-A and B w i l l e m i t e . 

I t i s proposed t h a t the bulk o f the Type-C w i l l e m i t e f i l m i s 

made up o f w e l l d i s t r i b u t e d Zn^SiO^ c r y s t a l l i t e s separated by very t h i n 

l a y e r s o f SiO^. Hence t h e movement o f i o n s i s c o n f i n e d to t h e i n d i v i d u a l 

c r y s t a l l i t e s r a t h e r than throughout the e n t i r e thi^^ness of the f i l m so 

t h a t the e f f e c t s o f space-charge formation with s t r e s s i n g are l e s s d r a s t i c 

than i n the e a r l i e r types o f w i l l e m i t e . The p o l a r i z a t i o n i n t h i s case i s 

of the s m a l l e r d i p o l a r type as i l l u s t r a t e d i n F i g 7.4(b). 

When very high p o s i t i v e f i e l d s a r e a p p l i e d to Type-C w i l l e m i t e 

t h e r e s u l t i n g p o s i t i v e space-charge i s thought to be due to the i n j e c t i o n 

o f h o l e s i n t o i n t e r f a c i a l t r a p s . Such t r a p s would be i n a very t h i n 

i n t e r f a c i a l l a y e r o f the form of Zn S i O . T h i s e l e c t r o n i c process v/as 
X y z 

proposed because i t only o c c u r s a t v e r y high f i e l d s t r e n g t h s , i n excess 

of 10^ v/cm, and i t shows a very r a p i d recovery of t h e f l a t - b a n d voltage 

a t room temperature. Furthermore, the. Zn^Si^O^ i n t e r f a c i a l l a y e r proposed 

seems to be c o n s i s t e n t . w i t h t h e Auger p r o f i l e o f Type-C w i l l e m i t e as 

measured by Hurd and Johnston (see F i g 7.1 (b) ) . 

( i v ) Role of R e s i d u a l / I n t e r f a c i a l F i l m s : -

The r e s i d u a l f i l m o f Type-A w i l l e m i t e was i n v e s t i g a t e d i n i t i a l l y 

by Davies (2) and f u r t h e r work by E r r i n g t o n (3) showed t h a t i t could not 
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be t o t a l l y e l i m i n a t e d i n the p r o c e s s i n g . I t was thought e a r l i e r t h a t 

the r e s i d u a l f i l m p l a y e d a v e r y important r o l e i n reducing the e f f i c i e n c y 

o f e l e c t r o n i n j e c t i o n from the s i l i c o n i n t o the w i l l e m i t e and even 

p o s s i b l y i n making the whole s t r u c t u r e non-conducting. However, as 

d e s c r i b e d i n S e c t i o n 4 .5 , i f s u f f i c i e n t l y high f i e l d s are a p p l i e d to the 

r e s i d u a l f i l m , e l e c t r o n s can pass through i t by tunnel-hopping through 

l o c a l i z e d s t a t e s . For t h i c k n e s s e s g r e a t e r than 300 A , where d i r e c t 

quantum t u n n e l l i n g i s not p o s s i b l e , the tunnel-hopping process was achieved 
4 

by a p p l y i n g a f i e l d i n e x c e s s o f 10 v/cm. a t room temperature. Even 

though conduction i s p o s s i b l e i n the r e s i d u a l f i l m , e l e c t r o n s from the 

s i l i c o n may be prevented from p a s s i n g r i g h t through the composite f i l m by 

r e p u l s i o n from the n e g a t i v e immobile anions near the w i l l e m i t e - r e s i d u a l 

f i l m . Another p o s s i b i l i t y i s t h a t t h e r e are i n s u f f i c i e n t l o c a l i z e d s t a t e s 

a v a i l a b l e aroiand the c e n t r e o f the w i l l e m i t e band-gap.for tunnel-hopping 

to o c c u r . The o v e r a l l conduction i n composite f i l m s o f Type-A w i l l e m i t e 

i s t h e r e f o r e thought to be due t o the movement of i o n s . T h i s may e x p l a i n 

how i t i s p o s s i b l e to observe good MIS-type C-V c h a r a c t e r i s t i c s i n Type-A 

w i l l e m i t e composite s t r u c t u r e s , which have a t t h e same time a d.c. conduction 
-9 5 g i v i n g a c u r r e n t o f approximately 10 A. a t f i e l d s o f around 10 v/cm. 

D.C. conduction, confi n e d w i t h i n the w i l l e m i t e f i l m only, i s an i o n i c 

p r o c e s s w h i l e the high frequency strong i n v e r s i o n C-V c h a r a c t e r i s t i c i s 

e l e c t r o n i c . 

The r e s i d u a l f i l m o f Type-B w i l l e m i t e i s l e s s conducting than f o r 

Type-A. As d i s c u s s e d e a r l i e r the formation of the r e s i d u a l f i l m i s 

d i f f e r e n t i n the two c a s e s . I n Type-B w i l l e m i t e t h e f u r t h e r o x i d a t i o n 

of the s i l i c o n d u r i n g t h e r e a c t i o n probably provides the r e s i d u a l f i l m 

w i t h a b e t t e r and more compact s i l i c a network although z i n c i n c l u s i o n s 

were thought t o be s t i l l p r e s e n t . The measurement o f Q̂ ^̂  a g a i n s t 

frequency f o r t h i s f i l m ( F i g . 5.8 of Chapter 5) shows a v a r i a t i o n w i t h 
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frequency between about 10"^ Hz and 2 x 10^ Hz. Normal s i l i c o n dioxide 

has a c o n s t a n t v a l u e o f d i e l e c t r i c c onstant over t h i s range of f r e q ­

u e n c i e s (27) . The frequency v a r i a t i o n could t h e r e f o r e be due to the z i n c 

i n c l u s i o n s , which may be seen from v i s u a l examinations of the f i l m . The 

S c h o t t k y - b a r r i e r measurements on the u n d e r l y i n g s i l i c o n a l s o show the 

presence o f z i n c . T h i s could a l s o account f o r the r e s i d u a l f i l m of Type-B 

w i l l e m i t e having t h e d i p o l a r type of p o l a r i z a t i o n c h a r a c t e r i s t i c s which 

were found. 

The presence o f the r e s i d u a l f i l m s , i n the case of Types-A and 

-B w i l l e m i t e , o r of the i n t e r f a c i a l f i l m , i n the c a s e o f Type-C w i l l e m i t e , 

must reduce t h e e l e c t r o n i n j e c t i o n from the s i l i c o n i n t o the v / i l l e m i t e 

f i l m s . The presence o f space-charges, i m p u r i t i e s and d e f e c t s i n these 

f i l m s f u r t h e r reduces the e f f i c i e n c y o f e l e c t r o n i n j e c t i o n i n t o the w i l l e ­

mite. Hence the p r o b a b i l i t y o f e l e c t r o l u m i n e s c e n c e by impact c o l l i s i o n 

w i t h t h e Mn^* c e n t r e s i s g r e a t l y decreased. L a t t i c e s c a t t e r i n g , reducing 

t h e energy o f i n j e c t e d e l e c t r o n s , f u r t h e r reduces the p r o b a b i l i t y o f 

impact i o n i s a t i o n and l i g h t emission from the w i l l e m i t e . Space-charge 

a r i s i n g from p o l a r i z a t i o n would a l s o a f f e c t the e l e c t r o n i n j e c t i o n process 

p a r t i c u l a r l y by forming a l a y e r o f n e gative immobile anions a t the i n t e r ­

face o f the w i l l e m i t e . 

Former workers on w i l l e m i t e t h i n f i l m s on s i l i c o n (1,2,28) have 

obtained o n l y weak e l e c t r o l u m i n e s c e n c e , even a t vovy f i e l d s trengths very 

c l o s e to those f o r d i e l e c t r i c breakdown. No e l e c t r o l u m i n e s c e n c e at a l l 

was observed i n t h e p r e s e n t work probably due to the f a c t o r s d i s c u s s e d 

above. 
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CHAPTER 8 

CONCLUSiraj 

8.1 Co n c l u s i o n s o f t h e P r e s e n t Research 

The work d e s c r i b e d i n t h i s t h e s i s has concentrated on the growth 

and e l e c t r i c a l p r o p e r t i e s o f t h i n f i l m s o f w i l l e m i t e on s i l i c o n as formed 

from t h e s o l i d - s t a t e r e a c t i o n o f ZnF^zKn and SiO^ a t a high temperature. 

The r e s e a r c h was d i v i d e d i n t o phases corresxxsnding to three types of 

w i l l e m i t e f i l m , c a l l e d Type-A, Type-B and Type-C w i l l e m i t e . Each phase 

i n v o l v e d a study o f t h e growth technique, p h y s i c a l appearance, e l e c t r i c a l 

measurements and a n a l y s i s o f the r e s u l t s , i n order to achieve some c o r ­

r e l a t i o n between t h e growth c o n d i t i o n s and the p r o p e r t i e s o f the r e s u l t i n g 

f i l m s . R e s u l t s f o r t h e t h r e e types o f w i l l e m i t e were presented i n t h e i r 

i n d i v i d u a l c h a p t e r s , 4, 5 and 6. 

E a r l i e r work on w i l l e m i t e t h i n f i l m s on s i l i c o n (1,2,3) has 

cilways been plagued by non-reproducible e l e c t r i c a l r e s u l t s which has been 

a t t r i b u t e d t o t h e contamination o f the f i l m s due t o impe r f e c t p r o c e s s i n g 

t e c h n i q u e s . The use o f i n t e g r a t e d c i r c u i t techniques f o r f a b r i c a t i n g 

the e l e c t r i c a l t e s t s t r u c t u r e s i n v e r y c l e a n c o n d i t i o n s has c o n s i d e r a b l y 

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

c a p a c i t o r s w i t h w e l l d e f i n e d edges and reduced f r i n g i n g f i e l d probably 

avoided t h e d e f e c t s i n e a r l i e r , l a r g e r s t r u c t u r e s . A l s o , the s i l i c o n 

was o x i d i s e d i n a s p e c i a l d r y - o x i d a t i o n furnace capable o f producing high 

q u c i l i t y MOS d e v i c e s . The ZnF2:Mn was always evaporated i n a vacuum of 

'V/io"^ t o r r , and every p r e c a u t i o n was taken to prevent contamination a t 

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

the composite w i l l e m i t e MIS-type C-V curves had a s c a t t e r o f l e s s than 

+ 0.2v and i n t h e c a s e o f Type-A w i l l e m i t e , the negative b i a s d.c. cond-

-9 
u c t i o n measurements produced a c o n s t a n t c u r r e n t o f about 10 A i n almost 
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a l l c a p a c i t o r s . Such r e p r o d u c i b i l i t y , s p e c i f i c a l l y f o r Type-A w i l l e m i t e , 

had never been achi e v e d b e f o r e . With the r e p r o d u c i b i l i t y i t was worthwhile 

to i n v e s t i g a t e v a r i o u s ways o f producing the f i l m s t o t r y to f i n d an 

optimum s t r u c t u r e f o r i n j e c t i o n e l e c t r o l u m i n e s c e n c e . 

I n g e n e r a l t h e s t r u c t u r e of s i l i c a t e s i s w e l l understood (4) and 

t h e r e i s no doi±>t about the dependence of t h e i r e l e c t r i c a l p r o p e r t i e s on 

the s t r u c t u r e as shown, f o r example, i n work on a l k a l i s i l i c a t e s by 

C h a r l e s :(5) . The d i f f e r e n t c o n d i t i o n s f o r growing the three types of 

w i l l e m i t e r e s u l t e d i n composite f i l m s w i t h widely d i f f e r i n g p r o p e r t i e s . 

The e x c e s s i v e z i n c c o n c e n t r a t i o n i n the s u r f a c e of Type-A w i l l e m i t e f i l m s 

and i t s r e d u c t i o n towards the i n t e r i o r gave a r e s i d u a l f i l m , c o n s i s t i n g 

mainly of s i l i c o n and oxygen. Because of the r e l a t i v e l y s h o r t r e a c t i o n 

time, z i n c d i f f u s i o n through the e n t i r e t h i c k n e s s of the underlying 

s i l i c o n oxide was not p o s s i b l e although the Schottky b a r r i e r C-V measure­

ments on t h e u n d e r l y i n g s i l i c o n shewed t h a t manganese was a b l e t o d i f f u s e 

through d u r i n g the r e a c t i o n . T h i s i n d i c a t e s a very much l a r g e r d i f f u s i o n 

c o e f f i c i e n t f o r manganese than f o r z i n c . I n Types-B and -C w i l l e m i t e , 

however, the z i n c was a b l e t o d i f f u s e r i g h t i n t o the underlying s i l i c o n 

because o f the much longer r e a c t i o n time. Types-B eind C w i l l e m i t e a r e , 

t h e r e f o r e b e l i e v e d t o have a f a r more uniform z i n c concentration, than 

Type-A. 

The most important f a c t o r common to Types-A and -B f i l m s i s the 

r e s i d u a l f i l m . The r e s i d u a l f i l m f o r Type-A w i l l e m i t e was a t t r i b u t e d to 

the incomplete r e a c t i o n o f the SiO^ f i l m w h i l e f o r Type-B i t was due to 

the o x i d a t i o n o f the s i l i c o n d uring the r e a c t i o n . I n both composite f i l m s , 

the formation of a n e g a t i v e space-charge w i t h a negative s t r e s s . w a s 

e x p l a i n e d by i o n i c movement due to the weak s i l i c a t e bonds near the v ^ i l l e m i t e 

r e s i d u a l f i l m i n t e r f a c e . T h i s p roposal was made i n view of the f a c t t h a t 

Zn^SiO^ has a much more open s t r u c t u r e than SiO^ w i t h many voids and l o o s e l y 
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bound c a t i o n s ( 1 , 4 ) , w h i l e t h e r e s i d u a l f i l m , which i s approximately SiO^, 

has a more compact s t r u c t u r e (6) . F o r fehis reason, chemical non-stoich-

iometry o f the w i l l e m i t e i s t o be expected near the w i l l e m i t e - r e s i d u a l f i l m 

i n t e r f a c e . The Zn^SiO^ a t t h i s i n t e r f a c e has a r e l a t i v e l y l a r g e number of 

non-bridging oxygen atoms which a r e e l e c t r i c a l l y compensated by z i n c , 

a c t i n g as the network m o d i f i e r , f i t t i n g i n t e r s t i t i a l l y w i t h i n the s i l i c a t e 

network. The e f f e c t o f t h i s i s t h a t some o f the ions are l o o s e l y bound 

a t t h e i n t e r f a c e ( 7 ) . 

Type-C w i l l e m i t e had the a d d i t i o n a l new property t h a t most of 

i t could not be etched i n normal a c i d s . I t was t h e r e f o r e impossible t o 

i s o l a t e a ' r e s i d u a l ' non-luminescent f i l m . The l a c k of chemical r e a c t i v i t y 

was probably due to each c r y s t a l l i t e being surrounded by p r o t e c t i v e s i l i c o n 

o x i d e . However, the f i l m probably s t i l l had a very narrow i n t e r f a c i a l 

l a y e r belov; the f u l l y r e a c t e d w i l l e m i t e , and w i t h a very t h i n l o o s e l y bound 

f i l m , s i m i l a r t o Types-A and B w i l l e m i t e on the s u r f a c e . The t h i c k n e s s 

of t h i s s u r f a c e l a y e r was measured by e t c h i n g i n the normal way. The bulk 

o f t h e Type-C w i l l e m i t e f i l m i s thought to be made up of c r y s t a l l i t e s of 

w i l l e m i t e s e p a r a t e d by ver y t h i n l a y e r s o f s i l i c o n oxide, w h i l e the i n t e r ­

f a c i a l f i l m , Zn S i 0 , i s due t o the c o n s t i t u e n t atoms not .being i n the r i g h t 

X y z . . ' . 

pr o p o r t i o n s f o r any d e f i n i t e compound t o form. T h i s f e a t u r e a l s o e x i s t s i n 

MNOS (8) and MAOS s t r u c t u r e s ( 9 ) . 

I n g e n e r a l , the e l e c t r i c a l p r o p e r t i e s o f the three types o f 

w i l l e m i t e f i l m are dominated by the e f f e c t s o f p o l a r i z a t i o n . I n most c a s e s , 
2+ 

p o l a r i z a t i o n i s due t o the displacement of the mobile Zn ca t i o n s from 
4-

the immobile (SiO^) r a d i c a l s , so as to le a v e a negative space-charge 

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

i z a t i o n i s favoured by the modified s t r u c t u r e of the s i l i c a t e l a t t i c e 
2+ 

n ear th e d i e l e c t r i c - d i e l e c t r i c i n t e r f a c e . The Zn c a t i o n s are i n i n t e r ­

s t i t i a l p o s i t i o n s i n v o i d s i n the s i l i c a t e network, where they are l o o s e l y 

bound and e a s i l y d i s p l a c e d . T h i s p i c t u r e i s c o n s i s t e n t with the work 
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o f Sutton (10,11) who showed t h a t s i l i c a t e g l a s s e s have i o n i c conduction 

w i t h t h e c a t i o n s as the mobile c a r r i e r s i n most c a s e s . 

The e l e c t r i c a l r e s u l t s f o r the composite f i l m s of Types-A and 

B w i l l e m i t e have been f i t t e d to the Snow and Dumes;?il d o u b l e - d i e l e c t r i c 

p o l a r i z a t i o n model (12) showing t h a t the above type of i n t e r f a c i a l space-

charge p o l a r i z a t i o n , was r e s p o n s i b l e f o r the formation of negative space-

charges, w i t h n e g a t i v e s t r e s s e s , i n these f i l m s . The r e s i d u a l f i l m of 

Type-A w i l l e m i t e has field-enhanced tunnel-hopping p r o p e r t i e s where the 

l o c a l i z e d s t a t e s were provided by d e f e c t s and/or i n t e r s t i t i a l atoms i n 

the s i l i c o n oxide due t o the incomplete r e a c t i o n . On the other hand, the 

r e s i d u a l f i l m o f Type-B w i l l e m i t e showed d i p o l a r p o l a r i z a t i o n e f f e c t s which 

r e q u i r e d h i g h e l e c t r i c f i e l d s , and t h i s phenomenon has been a t t r i b u t e d to 

t h e p r e s e n c e of conducting i n c l u s i o n s i n the predominantly s i l i c o n oxide. 

Type-C w i l l e m i t e , being the most iiniform, has mainly d i p o l a r p o l a r i z a t i o n 

p r o p e r t i e s . The b u l k o f t h i s w i l l e m i t e i s thought to become p o l a r i z e d by 

charge accumulation a t t h e c r y s t a l l i t e i n t e r f a c e s . However, the t h i n outer 

l a y e r may have the same i n t e r f a c i a l space-charge p o l a r i z a t i o n as i n Types-A 

and B w i l l e m i t e . I n j e c t i o n o f h o l e s i n t o t r a p s w i t h i n the i n t e r f a c i a l 

Zn^SiyO^ l a y e r i s b e l i e v e d t o occvu: w i t h v e r y h igh p o s i t i v e a p p l i e d f i e l d s . 

As mentioned i n Chapter 1, the long-term o b j e c t i v e of the present 

i n v e s t i g a t i o n i s to t r y t o achieve e l e c t r o l u m i n e s c e n c e by the i n j e c t i o n 

o f e l e c t r o n s , p o s s i b l y from the s i l i c o n , i n t o the f i l m . The r e s u l t s show, 

t h a t such ^a p r o c e s s i s not v e r y l i k e l y , even though i t may have occurred 

p r e v i o u s l y w i t h f i e l d s almost s u f f i c i e n t t o cause d i e l e c t r i c breakdown. 

The r e a s o n i s t h a t t h e p o l a r i z a t i o n w i t h n e g a t i v e b i a s reduces the f i e l d 

i n t h e w i l l e m i t e to almost z e r o . The n e g a tive space-charge near the s i l i c o n 

p r e v e n t s the i n j e c t i o n of e l e c t r o n s and g r e a t l y reduces the number capable 

o f impact c o l l i s i o n w i t h the Mn^^ c e n t r e s . A l s o , the low f i e l d i n the 

w i l l e m i t e would i n c r e a s e t h e p r o b a b i l i t y o f t r a p p i n g and reduce the 
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p r o b a b i l i t y o f them a c q u i r i n g high e n e r g i e s . When high p o s i t i v e voltages 

a r e a p p l i e d , e l e c t r o n s are prevented from being a c c e l e r a t e d from the 

s i l i c o n i n t o the w i l l e m i t e f i l m by two f a c t o r s . F i r s t l y , t h e e l e c t r o n s 

w i l l be s c a t t e r e d w i t h i n the comparatively t h i c k r e s i d u a l f i l m , and 

secondly, they w i l l be r e p e l l e d by the n e g a t i v e immobile (SiO^) r a d i c a l s 

a t t h e d i e l e c t r i c - d i e l e c t r i c i n t e r f a c e . I n Type-C w i l l e m i t e , t h e f i e l d 

o f the t rapped h o l e s , w i l l a l s o prevent the a c c e l e r a t i o n o f e l e c t r o n s i n t o 

the b u l k w i l l e m i t e f i l m when a p o s i t i v e b i a s i s a p p l i e d . A l l these 

f a c t o r s c o m p l i c a t e th e i d e a l suggested p r o c e s s o f e l e c t r o n i n j e c t i o n 

f o l l o w e d by impact c o l l i s i o n w ith Mn̂"*̂  c e n t r e s i n . the w i l l e m i t e f i l m s and 

e x p l a i n t h e n e g l i g i b l e 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 of the present v r i l l e m i t e 

f i l m s . 

8. 2 Suggestions f o r F u r t h e r Research 

On the whole, the p r e s e n t work on w i l l e m i t e f i l m s has provided 

only a p a r t i a l understanding of i t s e l e c t r i c a l p r o p e r t i e s . I f more 

i n f o r m a t i o n on the d i e l e c t r i c i s r e q u i r e d , then a.c. c a p a c i t a n c e measure­

ments would probably be o f g r e a t e s t h e l p . T h i s i s because the p h y s i c s 

o f p o l a r i z a t i o n i s w e l l understood, and the a.c. c a p a c i t a n c e technique 

has been e x t e n s i v e l y s t u d i e d f o r nimierous m a t e r i a l s over a wide frequency 

spectrum, t h u s p r o v i d i n g t h e r e l a x a t i o n time c o n s t a n t s . I n most s i l i c a t e 

g l a s s e s , r e l a x a t i o n p r o c e s s e s a r e observed i n the lower frequency range ( 1 0 ) , 
4 

i . e . a t about 10 Hz and l e s s . 

Complex problems a r i s i n g from m a t e r i a l inhomogeneity,.inter­

f a c i a l f i l m s , loosely-bonded s t r u c t u r e s , e t c . , have been encountered i n the 

p r e s e n t work. Auger p r o f i l i n g , as done by Hurd and Johnston ( 1 3 ) , could 

p o s s i b l y p r o v i d e more information on the d i s t r i b u t i o n o f the c o n s t i t u e n t 

m a t e r i a l s , and e l e c t r o n d i f f r a c t i o n s t u d i e s could be used to i n v e s t i g a t e 

the s t r u c t u r e o f t h e c r y s t a l l i t e s , e s p e c i a l l y f o r the long reaction-bake 

w i l l e m i t e f i l m s . I t i s hoped t h a t from such s t u d i e s , the f i l m q u a l i t y 

c o u l d be improved, t r a p p i n g and p o l a r i z a t i o n e f f e c t s could p o s s i b l y be 
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reduced, and e l e c t r o n i n j e c t i o n p r o c e s s e s i n t o the w i l l e m i t e f i l m s 

enhanced. 

However, o t h e r methods f o r d e p o s i t i n g t h i n f i l m s . o f w i l l e m i t e , 

which might y i e l d h i g h e r q u a l i t y f i l m s , a r e s t i l l p o s s i b l e . There i s of 

course t h e d i r e c t thermal evaporation of Zn^SiO^ : Mn powder i n a high 

vacuum although t h e r e i s some doi±it as to whether the manganese atoms 

cou l d be d e p o s i t e d s i m u l t a n e o u s l y i n t h i s p r o c e s s . The other p o s s i b l e 

d e p o s i t i o n technique i s by S p u t t e r i n g , where the vapour p r e s s u r e s of the 

c o n s t i t u e n t s may be l e s s important. With r e c e n t advances i n ion implanta­

t i o n t e c h n i q u e s and t h e i r p r o g r e s s i v e a p p l i c a t i o n i n semiconductor 

technology, might encourage them to be used f o r forming homogeneous . w i l l e ­

mite f i l m s . The S i 0 2 f i l m on a s i l i c o n s u b s t r a t e could be bombarded w i t h 

z i n c and manganese atoms, and t h e depth o f p e n e t r a t i o n i n t o the f i l m s could 

be v a r i e d by c o n t r o l l i n g the energy a t which the atoms a r e a c c e l e r a t e d . 

Heat t r e a t m e n t could then be a p p l i e d to c r y s t a l l i s e the d i s r u p t e d l a t t i c e s . 

Although e l e c t r o l u m i n e s c e n c e has h a r d l y ever been achieved i n 

the p r e s e n t w i l l e m i t e f i l m s , cathodoluminescence i s always a prominent 

f e a t u r e which can be achi e v e d w i t h ease. For t h i s reason, a deeper theor­

e t i c a l study o f cathodoluminescence should be a b l e to provide a c l e a r e r 

p i c t u r e o f t h e mechanisms i n v o l v e d . Consequently, t h i s might provide 

i n f o r m a t i o n r e l e v a n t t o the eliectroluminescence p r o p e r t i e s and the para­

meters by which i t c o u l d be achieved. 
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APPENDIX I 

CLEANING PROCEDURE FOR SILICON SLICES 

A l l s i l i c o n s l i c e s were c l e a n e d by a s t a n d a r d procedure b e f o r e 

any f u r t h e r p r o c e s s i n g was c a r r i e d o u t . The p r o c e d u r e , u s i n g U l t r a r 

c h e m i c a l s , i s as f o l l o w s : -

(1) B o i l t h r e e t i m e s i n t r i c h l o r o e t h a n e 

(2) Rinse i n i s o p r o p y l - a l c o h o l (IPA) 

(3) Rinse i n d e i o n i z e d w a t e r 

(4) Heat f o r 30 min. i n c o n c e n t r a t e d n i t r i c a c i d 

(5) Wash i n f l o w i n g d e i o n i x e d w a t e r f o r 30 min. 

(6) Wash i n IPA, t h e n blow d r y 

(.7) E t c h i n 10% h y d r o f l u o r i c a c i d 

(8) Rinse i n d e i o n i z e d w a t e r f o r 30 min. 

(9) Wash i n IPA and blow diry. 



APPENDIX I I 

ELLIPSOMETRY THEORY 

E l l i p s o m e t r y i s t h e measurement o f t h e e f f e c t s ^ o f r e f l e c t i o n on 

t h e s t a t e o f p o l a r i z a t i o n o f p o l a r i z e d l i g h t . The s t a t e o f p o l a r i z a t i o n 

i s c h a r a c t e r i z e d by t h e phase and a m p l i t u d e r e l a t i o n s h i p s b e i n g r e s o l v e d 

i n t o two p l a n e wave components, i . e . normal and p e r p e n d i c u l a r t o t h e p l a n e 

o f i n c i d e n c e , o f t h e e l e c t r i c f i e l d v e c t o r . The wave components are 

d e s i g n a t e d by p, i n t h e p l a n e o f i n c i d e n c e , and s, normal t o t h e p l a n e 

o f i n c i d e n c e . 

1-2 i n t e r f a c e 

2-3 i n t e r f a c e 

I n t h e case o f r e f l e c t i o n f r o m t h e s u r f a c e o f a medium x i n t o 

a medium y, a t t h e x-y i n t e r f a c e , t h e g e n e r a l f o r m u l a e f o r t h e F r e s n e l 

r e f l e c t i o n c o e f f i c i e n t s a r e 



n cos d) - n cos * 
X y y X 

r = ^ — f A2 1) 
p n cos (j) + n cost}) v ^ - i - . j . ; 

. X y y 

n cos d) + n cos d) 
r = ^ / ^ y (A2.2) s n cos d) + n cos d) 

X X y y 

C o n s i d e r t h e s i t u a t i o n a t w h i c h t h e l i g h t has t o t r a v e r s e a 

measurement medium 1 , a t h i n , f i l m 2 and r e f l e c t e d from a s u b s t r a t e 3. 

Then t h e F r e s n e l c o e f f i c i e n t s f o r t h e two component waves f o r r e f l e c t i o n 

f r o m t h e s u r f a c e o f t h e f i l m i n t o t h e ambient ( a t t h e 1-2 i n t e r f a c e ) are 

r ; and r , . S i m i l a r l y t h e r e f l e c t i o n f r o m t h e si±istrate i n t o t h e f i l m I p I s 

( a t t h e 2-3 i n t e r f a c e ) produces t h e c o e f f i c i e n t s r ^ ^ and r ^ ^ . The change 

i n phase o , o f t h e beam o f w a v e l e n g t h A caused by t r a v e r s i n g t h e f i l m o f 

t h i c k n e s s d and i n d e x o f r e f r a c t i o n n^ i s 

l^-A ( ^ 2 . 2 ^ Y 
a = ^ — n - n, s i n (A2.3) 

\ X / \ 2 1 1 / . 

where <ti ^ i s t h e a n g l e o f i n c i d e n c e i n t h e measuring ambient o f i n d e x o f 

r e f r a c t i o n n^. By r e p r e s e n t i n g a complex f u n c t i o n D such t h a t 

D = - 2 a i (A2.4) 

t h e r a t i o o f t h e p a r a l l e l and normal t o t a l r e f l e c t i o n c o e f f i c i e n t s can be 

w r i t t e n as 

• • i^f^) / (-f^) "••« 
\ 1 + r , r„ e / / \ 1 + r , r e / 
\ I p 2p ' I \ I s 2s / 

Now t h e v a l u e o f p can a l s o be r e p r e s e n t e d i n terms o f t h e 

r e l a t i v e a t t e n u a t i o n and phase s h i f t o f t h e p a r a l l e l component w i t h r e s p e c t 

t o t h e p e r p e n d i c u l a r component by t h e a z i m u t h a l angle A , and r e l a t i v e 



phase s h i f t ij; . T h i s i s expressed by 

tan^ e (A2.6) 

Knowing t h e v a l u e o f t h e complex i n d e x o f r e f l e c t i o n f o r t h e sub­

s t r a t e snd i n s e r t i n g i n t o e q u a t i o n s (A2.1) and (A2.2), t h e v a l u e s o f 

n2 and d can be o b t a i n e d by e q u a t i n g (A2.5) and (A2.6), where i^i and A 

a r e d e r i v e d f r o m measurements. The f i n a l e x p r e s s i o n i s i n t h e q u a d r a t i c 

f o r m 

2 
C^(e^) + C^ie^) + = 0 {A2.7) 

where , and a r e complex f u n c t i o n s o f t h e r e f r a c t i v e i n d e x e s , 

a n g l e s o f i n c i d e n c e , A and ij; . E q u a t i o n (A2.7) g i v e s two s o l u t i o n s f o r 
D 

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

and d a r e unknown, a s e r i e s o f r e f r a c t i v e i n d e x v a l u e s a r e assumed 

and t h e c o r r e s p o n d i n g t h i c k n e s s e s a re c a l c u l a t e d . Using these v a l u e s 

f o r and d, a r e v e r s e t e c h n i q u e i s used i n c a l c u l a t i n g ^ and A , wh i c h 

w i l l r e s u l t i n a c e r t a i n amount o f e r r o r , 6ij; and 6A, from t h a t o f t h e 

measured v a l u e s . The f i n a l v a l u e o f T]^ and d i s chosen f o r t h e c o n d i t i o n 

where 6i|; and 6A are b o t h m i n i m a l . The v a l u e o f and 6A has t o be 

w i t h i n e x p e r i m e n t a l e r r o r . 



APPENDIX I I I 

CAPACITANCE CALCULATION FOR SCHOTTKY BARRIER 

WITH DEEP DONOR-TYPE TRAPS 

Deep d o n o r - t y p e l e v e l s a r e assumed 

t o be p r e s e n t i n a n- t y p e semiconductor 

a t an energy l e v e l E^ and w i t h u n i f o r m 

d o p i n g c o n c e n t r a t i o n N^. Such l e v e l s 

when below t h e F e r m i - l e v e l , a r e f i l l e d 

w i t h e l e c t r o n s and r e g a r d e d as e l e c t r i ­

c a l l y n e u t r a l . When above t h e Fer m i -

l e v e l t h e t r a p s l o s e t h e i r e l e c t r o n s t o /fp/q 

be e l e c t r i c a l l y p o s i t i v e . A s i m i l a r 

approach t o t h a t o f Sah and Reddi f o r 

a c c e p t o r l e v e l s y i e l d s a s t a i r - c a s e 

charge d i s t r i b u t i o n such t h a t t h e 

f o l l o w i n g c o n d i t i o n s h o l d . 

+,+ +-+ -I-

o o o o o o 

(N +N ) D T 
— N D 

w 

(p < y < y^) = q(Nj^ + N^) {A3.1) 

(A3.1) 

p2 ( y ^ < y < w qN 

Usin g P o i s s o n ' s e q u a t i o n g i v e s 

2 
d y 
dx^ Ke (P^ + P^) (A3.2) 

and i n t e g r a t i n g o v e r t h e v o l t a g e range f r o m V̂ ^ t o V r e s u l t s i n 

V^- V 2Ke 
o L 

(A3.3) 



o r V - V = — i — D 2ke - ( w - y ^ ) ( w + y ^ ) + y ^ ^ ( N j ^ + N ^ ) 
o '-

(A3.4) 

S u b s t i t u t i n g 

w - y. 
2<s^ * 
qN (A3.5) 

where 

i n t o e q u a t i o n (A3.4) r e s u l t s i n 

N 

D tUj^ 
N 

D T 
— — (N +N 
2K£ D T o D T 

(A3.6) 

and s o l v i n g f o r t h e d e p l e t i o n w i d t h o f t h e space-charge r e g i o n t h i s g i v e s 

N 2K e 
w = I — w - y + ^ N +N^ / ' ^ t 

D T 
V - V -
D I + N^ 

D T, 
(N +N ) 

D T 

(A3.7) 

From Sah and R e d d i , t h e h i g h f r e q u e n c y c a p a c i t a n c e i s d e f i n e d by 

N 
C 

Ke /KG q, o / o^' 
ac w i N + N 1 / qN^ / q 

'2Ke / N \ / o 
q ^ D - ^ - N .N J * t / D T 

(A3.8) 

AS N 0, e q u a t i o n (A3.8) approaches t h e i d e a l c a p a c i t a n c e r e l a t i o n s h i p 

\' 
KE q N^ \ , 

c = I ° , " ( v , - v ) - *^ 
ac \ 2 / D 

w h i c h i s t h e normal e x p r e s s i o n f o r t h e t r a p - f r e e case. 


