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ABSTRACT 

The interconnection problems i n s o l i d state 

electrolumineecent d i s p l a y s , due to complex addressing and memory 

requirements, can be minimised by making a monolithic device i n 

which l i g h t i s produced i n ^ h i n f i l m on s i l i c o n and controlled 

by underlying integrated c i r c u i t r y . T h i s t h e s i s describes the prep­

a r a t i o n and properties of some luminescent f i l m s for t h i s a pplication. 

Preliminary work was aimed at depositing e p i t a x i a l 

ZnS phosphor f i l m s on s i l i c o n but, due to problems of r e p r o d u c i b i l i t y 

and a c t i v a t i o n , t h i s was not a s i c c e s s . I t s termination, however, 

was prompted n^/Snly by another reason; the discovery by the author 

of the phosphor w i l l e m i t e (Zn2SiO^:Hn) which seemed admirably suited 

f o r deposition as a t h i n luminescent f i l m on s i l i c o n integrated 

c i r c u i t r y . The main advantage was the novel method of f a b r i c a t i o n 

which involved the conversion of an oxide l a y e r on the s i l i c o n 

s urface to willeraite by r e a c t i o n with an evaporated f i l m of ZiiF^tl'in, 

The f i l m s produced were composed of m i c r o c r y s t a l l i t e s 

embedded i n ; a matrix of unreacted oxide.. They were b r i g h t l y green 

ctthodolurainescent. I n an MIS structure the current was assyraetrical 

with b i a s . For negative and low p o s i t i v e bias on the metal the 

f i l m s were highly i n s u l a t i n g but with high p o s i t i v e bias r e l a t i v e l y 
greea 

laxge currents flowed accompanied by weaki^electroluminescence. 

A conduction model, based on capacitance-voltage, current-voltage 

and luminescence experiments, has been proposed. I n t h i s , mobile 

p o s i t i v e ions i n the. f i l m discharge only when the cathode i s metal 
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BO that ui-th p o s i t i v e b i a s , they acciimulate i n front of the s i l i c o n 

where f i e l d i n t e n s i f i c a t i o n occurs. E l e c t r o n s then tunnel from 

the s i l i c o n to c o l l i s i o n e x c i t e the luminescence of manganese 

centres inthe w i l l e m i t e . 

The observation of d.c. electroluminescence i4 t h i n 

f i l m s of willemite together with the ease and r e p r o d u c i b i l i t y of 

the f a b r i c a t i o n process £uid i t s app£a*ent compatibility with s i l i c o n 

technology, i s thought to be a s i g n i f i c a n t step i n the development 

of a monolithic d i s p l a y based on s i l i c o n . 
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CHAPTER ONE 
INTRODUCTION 

1,1 E l e c t r o n i c d i s p l a y systems 

The ultimate object of the work described i n t h i s 

t h e s i s i s the production of a d i s p l a y device v/hich i s to be 

completely compatible with modern e l e c t r o n i c s . A display i s 

e s s e n t i a l l y a device to convey information across the i n t e r f a c e 

between a machine and an observer. The i d e a l display achieves 

optimum matching at the i n t e r f a c e and consequently i t s design i s 

determined not only by the requirements of the observer but also by 

the type of information presented tojthe i n t e r f a c e . 

E l e c t r o n i c d i s p l a y s range i n complexity from simple 

i n d i c a t o r lamps and alpha^numeric devices to t e l e v i s i o n r e c e i v e r tubes 

and addressable computer output terminals. The prime requirement of 

any d i s p l a y i s to convert the information into a v i s i b l e form. The 

devices f a l l into two c l a s s e s . I n the f i r s t , e l e c t r i c a l energy i s 

converted d i r e c t l y into l i g h t output ( i . e . a c t i v e d i s p l a y s ) . I n the 

second, the e l e c t r i c a l energy i s used to modulate an external l i g h t 

source ( i . e . passive d i s p l a y s ) . A further requirement f o r any 

other than simple systems i s the a b i l i t y to show d i f f e r e n t types of 

information (e.g. numbers or l e t t e r s ) quickly, one a f t e r the other, 

on the same display area. This i s usually achieved for alphas 

numerics i n one of three v/ays ( a ) by s e l e c t i v e l y l i g h t i n g up dots i n 

a 7 by 5 matrix, (b) by s e l e c t i v e l y l i g h t i n g up elements i n a seven 

bar arrangement, and ( c ) i l l u m i n a t i o n of f u l l chaxaoter shapes 
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stacked one behind the other as i n the gas discharge 'Nixie' 
tube. ( F i g l - l ) . Further s o p h i s t i c a t i o n n e c e s s i t a t e s the device 
having a memory so that i t can r e t a i n the o r i g i n a l display once i t 
has been w r i t t e n without the continual re-addressing that v;ould 
require e x c e s s i v e l y large bandv/idths for the information l i n k . 
Advanced computer output graphics also require displays to be 
addressable from both sides of the i n t e r f a c e . 

Many types of system have been proposed f o r e l e c t r o n i c 

d i s p l a y . Some, l i k e the cathode ray tube, have become almost 

u n i v e r s a l l y accepted f o r c e r t a i n applications such as t e l e v i s i o n , 

v/hilst the p o t e n t i a l of others has remained unrealised. A b r i e f 

d e s c r i p t i o n of the main types of display v ; i l l nov; be given, 

l ) Passive d i s p l a y s 

The modulation of l i g h t caji be achieved by s e l e c t i v e 

absorption or by s c a t t e r i n g of the inc i d e n t l i g h t . Displays can also 

be made by d e f l e c t i n g the l i g h t p r i o r to incidence on a screen. 

Several p h y s i c a l processes Iv&ve been proposed f o r such systems. 

a) Photochromism Photochromism i s the reve r s i b l e ' change 

that occurs i n the absorption spectrum of c e r t a i n materials produced 

by the incidence of electromagnetic r a d i a t i o n . By iising u l t r a - v i o l e t 

l i g h t to vrrite the di s p l a y and i n f r a - r e d f o r eras;xre, p r a c t i c a l displays 

can be made (Ref l - l ) . 

b) Electrochromism VThen materials change t h e i r 

absorption or s c a t t e r i n g properties under the influence of sn 

e l e c t r i c f i e l d they are s a i d to be electrpchromic. The Pranz-Keldysh 
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d) 7 by 5 alpha-numeric display 

b) 7 bar stylised numeric 

c)coincident 'natural* shapes 
usually stacked as in a'Nixie'tube 

Fi<5l-I Some alpha-numeric display configurations 
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e f f e c t i s an example of t h i s i n which small s h i f t s i n the 
absorption edge of c e r t a i n materials (such as GaAs)are produced 
by an applied f i e l d , b u t these are u s u a l l y too small for p r a c t i c a l 
d i s p l a y s . However c e r t a i n ' l i q u i d c r y s t a l s ' c h a r a c t e r i s e d by long 
t h r e a d - l i k e molecules, exhibit a form of electrochromism that has 
been used to achieve p r a c t i c a l d i s p l a y s i n t h i n f i l m structures 
(Ref 1-2). The e f f e c t has been at t r i b u t e d to the movement of 
contaminant ions i n the f i l m d i s r u p t i n g the regular alignment of the 
long molecules 50 that s e l e c t e d areas can be made opaque. A s i m i l a r 
e f f e c t can also be produced by t h i n films of c e r t a i n magnetic materials 
v;hich can be made to s c a t t e r l i g h t when s u i t a b l y activated by e l e c t r i c 
f i e l d s . 

c) Light d e f l e c t i o n systems Light d e f l e c t i o n systems 

u t i l i z e e i t h e r movements of the o p t i c a l compon'?!nts of the system or 

chf^jiges i n the r e f r a c t i v e index of the o p t i c a l media induced e i t h e r 

a c o u s t i c a l l y or e l e c t r o - o p t i c a l l y . 

d) Mechanical d i s p l a y systems Mechanical display systems, 

mentioned here f or the sake of completeness, include the more mundane 

but very u s e f u l types of di s p l a y dependent on the physical movement 

of pointers and patterns u s u a l l y achieved electromagnetically 

(e.g. c l o c k s and meters). 

2) Active d i s p l a y s The conversion of e l e c t r i c a l 

energy i n t o l i g h t can be accomplished i n general by any of three 

processes:- gas discharges, the incandescence of s o l i d s and the 

luminescence of phosphors. A l l three are used i n ac t i v e d i s p l a y s . 
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a) Gas discharges Neon lamps and fluorescent l i g h t s 

have been used f o r many years f o r large s c a l e d isplays and f o r 
i n d i c a t o r s . Alphas-numeric d i s p l a y devices based on glow discharges 
are also used e x t e n s i v e l y i n the form of 'Nixie' tubes. Several of 
the disadvantages of 'Nixie' tubes have now been eliminated i n a 
new generation of glov; discharge d i s p l a y s that u t i l i z e a dot matrix 
(Ref 1-3)' These devices are p o t e n t i a l l y very cheap and i t i s also 
possible to incorporate storage f a c i l i t i e s into them, 

b) Incandescent d i s p l a y s Incandescent tungsten 

filaments are used f o r a great many display applications v/here t h e i r 

. high brightness and cheapness are considerable a s s e t s . 

o) Cathodoluminescent displays The cathode-ray tube 

has been developed to a high degree of s o p h i s t i c a t i o n brought about 

mainly by the consiimer dem.md f o r t e l e v i s i o n and the m i l i t a r y demand 

f o r radar d i s p l a y s . CRT systems are nov; produced that incorporate 

a l l the featujres required for the more complex dis p l a y s , but at a 

high p r i c e . Several of the other disEidvantages of the CRT can be 

eliminated by cold-cathode t h i n f i l m s t r u c t u r e s ajid these are being 

a c t i v e l y studied (Ref 1^4)» However, the short l i f e t i m e s of these 

devices at the moment may prove to be a fundamental l i m i t a t i o n . 

d) Electroluminescent displays Considerable research 

e f f o r t has been devoted to the production of electroluminescent 

d i s p l a y s . ZnS phosphor powders have been used i n the form of display 

panels f o r s e v e r a l years but they have always been r e l a t i v e l y dim 

and have u s u a l l y required high a.c. voltages preferably at frequencies 
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of a fev: kHz. Nevertheless a t e l e v i s i o n d i s p l a y based on a 

ZnS powder phosphor has been made by Mitsubishi Ltd (Japan) although 

i t has not yet appeared commercially. 

More r e c e n t l y both powder l a y e r s and t h i n f i l m s 

(Ref 1-5) have been made to give out s u f f i c i e n t l i g h t to be p l a i n l y 

v i s i b l e i n a li g h t e d room using only d.c. voltages of a te\j hundred 

v o l t s , Hovrever, an • electroforraing' process i s at present required 

to i n i t i a t e the electroluminescence i n these devices and probably 

because of t h i s the vrorking l i f e t i m e s are short. I t has been 

proposed that t h i s s o r t of device would be very su i t a b l e f o r large 

s c a l e d i s p l a y i n conjunction \iith t h i n f i l m t r a n s i s t o r s . 

I n ZnS electroluminescence ( r e f e r r e d to as EL i n t h i s 

t h e s i s ) i s thought to be the r e s u l t of e x c i t a t i o n of luminescent centres 

by e l e c t r o n s that have been i n j e c t e d into the luminescent material 

as the r e s u l t of l o c a l i s e d high f i e l d s . The a l t e r n a t i v e form of EL 

shovm by other materials,such as GaP, u t i l i z e s the recombination of 

excess c a r r i e r s vrhich have been i n j e c t e d from a forvrard biased p-n 

jun c t i o n . The extensive study of t h i s phenomenon and i t s attendant 

technology has r e s u l t e d i n l i g h t emitting diodes of GaP ( g i v i n g red 

and green l i g h t ) and GaAsP (red) being commercially a v a i l a b l e for use 

as i n d i c a t o r lamps. Alpha-numeric d i s p l a y s are also a v a i l a b l e i n the 

form of 7 by 5 matrices of d i s c r e t e diodes from Hewlett-Packard Ltd 

and as seven bar element d i s p l a y s from Monsanto Ltd. More recently, 

H i t a c h i L t d (J a p a n ) S t a n d a r d Telephone Laboratories Ltd., have 

produced a completely monolithic numeric d i s p l a y on a s i n g l e chip of 
GaAsP, For d i r e c t c o m p a t i b i l i t y vfith computer.logic c i r c u i t r y or 
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other d i g i t a l input a l l these types of display incorporate a 
separate s i l i c o n integrated c i r c u i t decoder separately connected 
to the d i s p l a y element. 

With the success of the GaP technology the basic 

research e f f o r t i s now being devoted to the new generation of 

electroluminescent materials such as AIN and t e r t i a r y compounds 

such as In^GaP v;hich are p o t e n t i a l l y more e f f i c i e n t and capable of 

emitting l i g h t of s e v e r a l d i f f e r e n t vmvelengthi. However, t h i s 

work may be f o r e s t a l l e d by the development at B e l l Laboratories of 

a nev; range of phosphors excited by i n f r a - r e d r a d i a t i o n and thus 

capable of being used i n conjunction with the very e f f i c i e n t GaAs 

infrar-red emitters. 

1,2 The disadvantages of e x i s t i n g display systems 

Apo.rt from the GaP type d i s p l a y s the main disadvant­

age of a l l the systems described above i s that they aj?e incompatible 

with s o l i d s t a t e c i r c u i t r y e i t h e r because of t h e i r high drive voltage 

or large current consumption. The passive displays based on both 

photochromic and electrochromic devices have the additional disadvant­

ages i n that, they are r e l a t i v e l y unproven and they appear to sxxffer 

from a slow response and a short l i f e t i m e . Mechanical systems s u f f e r 

equally from a slow response and they are also u n r e l i a b l e compared 

with completely e l e c t r o n i c d i s p l a y s although they can be comparatively 

cheap. I t i s considered that l i g h t d e f l e c t i o n systems may be too 

s e n s i t i v e to misalignment to be p r a c t i c a l as v e r s a t i l e working d i s p l a y s . 
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Among the a c t i v e d i s p l a y s i t i s i m f o r t i m a t e t h a t 
gas'discharge devices r e q u i r e r e l a t i v e l y h i g h d r i v e v o l t a g e s 
because t h e i r cheapness and easy a v a i l a b i l i t y o f f e r c onsiderable 

advantages. Incandescent lamps can also be r e l a t i v e l y cheap f o r 
l a r g e s c a l e d i s p l a y s but they consume a compara,tively l a r g e amount 
o f povjer and generate unnecessary heat as v / e l l as having a r e l a t i v e l y 
s h o r t l i f e . The cathode-ray tube also has s e v e r a l disadvantages f o r 
d i s p l a y . Although i t i s p h y s i c a l l y l a r g e , e l e c t r o n i c a l l y complicated, 
expensive and f r a g i l e , i t w i l l n e v e r t h e l e s s probably r o i g n supreme 
f o r many years because o f i t s h i g h degree o f s o p h i s t i c a t i o n . T h i n 
f i l m c o l d cathodes may remove some but not a l l o f the disadvantages 
o f t h e cathode-ray t u b e . 

I n c o n t r a s t w i t h t h e d i s p l a y systems described above, 

GaAs and GaP diodes r e q u i r e o n l y low d r i v e v o l t a g e s ( 1 . 7 V) and 

c u r r e n t s (10 mA) so t h a t they are compatible v f i t h i n t e g r a t e d c i r c u i t r y . 

They are a l s o v e r y r e l i a b l e and p o t e n t i a l l y chea.p a.lthough at t h e 

moment t h e i r p r i c e s are not c o m p e t i t i v e v / i t h t h e more e s t a b l i s h e d 

' t y p e s o f i n d i c a t o r d i s p l a y . Hov;ever, advanced d i s p l a y s r e q u i r e 

complex i n t e r c o n n e c t i o n w i t h e l e c t r o n i c c i r c u i t r y f o r a^idressing and 

p o s s i b l y memory purposes. I t i s c e r t a i n t h a t these f u n c t i o n s v / i l l 

be performed v j 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 r y f o r the foreseeable 

f u t i x r e so t h e i n t e r c o n n e c t i o n problem i s due t o a fundajnental 

i n c o m p a t i b i l i t y o f t h e m a t e r i a l s f o r l i g h t emission and f o r i n t e g r a t e d 

c i r c u i t r y . As d i s p l a y s grovr i n c o m p l e x i t y t h e i n t e r c o n n e c t i o n 
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problem in c r e a s e s and i t at l e a s t sets a cost l i m i t t o t h e use 
of l a r g e s c a l e d i s p l a y s o f t h i s t y p e , 

A c o m p l e t e l y m o n o l i t h i c d i s p l a y based on s i l i c o n 

would s o l v e t h e i n t e r c o n n e c t i o n problem and vmuld thus have . 

c o n s i d e r a b l e advantages over e x i s t i n g d i s p l a y s . These advantages 

should f u r t h e r i n c r e a s e i n t h e f u t u r e as more and more i n f o r m a t i o n 

i s p r e s e n t e d f o r .display from s o l i d s t a t e devices. These consider­

a t i o n s v/ere t h e main reason f o r c a r r y i n g out t h e v/oric d e s c r i b e d i n 

t h i s t h e s i s v/hich i s aimed at t h e eventual p r o d u c t i o n o f a device i n 

which t h e l i g h t o u t p u t from an e l e c t r o l u m i n e s c e n t f i l m on s i l i c o n i s 

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

1.3 A s i l i c o n - b a s e d e l e c t r o l u m i n e s c e n t device 

S i l i c o n i t s e l f i s not e l e c t r o l u m i n e s c e n t because t h e 

p r o b a b i l i t y o f n o n - r a d i a t i v e t r a n s i t i o n s occu:^ing i s much g r e a t e r 

t h a n t h e p r o b a b i l i t y o f r a d i a t i v e t r a n s i t i o n s . Although t h e reasons 

f o r t h i s are not c o m p l e t e l y understood, a c o n t r i b u t o r y f a c t o r i s t h e 

d e t a i l e d energy s t r u c t u r e o f t h e s i l i c o n and i t s i m p u r i t y centres 

which sho\7 t h a t a change i n momentum must accompany the r a d i a t i v e 

r e c o m b i n a t i o n o f an e l e c t r o n and a h o l e . Even i f t h j j s f j v/ere not so 

any EL from s i l i c o n vfould be i n t h e i n f r a - r e d because t h e energy gap 

i s 1 ,1 eV vjhereas f o r v i s i b l e EL a m a t e r i a l w i t h a band gap g r e a t e r 

t h a n about 1,7 eV i s r e q u i r e d . 

An a l t e r n a t i v e EL mechanism t o the d i r e c t 

r e c o m b i n a t i o n o f e l e c t r o n s and h o l e s i n s i l i c o n i s EL due t o 
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avalanche brerJcdovm. I n t h i s Miot' electrons' generated by 
v e r y h i g h f i e l d s i n t h e s i l i c o n l o s e energy r a d i a t i v e l y w i t h i n 
t h e c o n d u c t i o n band. The r a d i a t i v e process i n such h i g h f i e l d s 
i s hov;ever very i n e f f i c i e n t and consequently o n l y very v/eaic EL 
i s p o s s i b l e , even i f t h e h i g h f i e l d s can be generated u n i f o r m l y . 
N e v e r t h e l e s s P a i r o h i l d Semiconductors L t d have developed avalajiche 
luminescent diode a r r a y s ( l 8 by 32) f o r use as f i l m markers where 
t h e ' v e r y lev; l i g h t o u t p u t can be t o l e r a t e d . 

A lthough s i l i c o n i t s e l f cannot emit l i g h t e f f i c i e n t l y 

by r e c o m b i n a t i o n across t h e energy gap, i t i s p o s s i b l e i n t h e o r y t o 

i n j e c t c a r r i e r s from t h e s i l i c o n i n t o an e l e c t r o l u m i n e s c e n t m a t e r i a l 

w i t h which i t i s i n i n t i m a t e c o n t a c t . E f f i c i e n t / ^ i n j e c t i o n cannot 

occur however at a f o r v f a r d biased p-n h e t e r o j u n c t i o n from t h e 

narrower energy gap m a t e r i a l ( S i i n t h i s case) i n t o t h e vdder gap 

phosphor because energy l e v e l c o n s i d e r a t i o n s d i c t a t e t h a t t h e 

i n j e c t i o n e f f i c i e n c y w i l l alvmys be low due t o the o u t f l o w o f m a j o r i t y 

c a j ? r i e r s from t h e phosphor (Ref 1-6). A h i g h f i e l d i n j e c t i o n 

mechsjiism, such as t u n n e l l i n g , must t h e r e f o r e be u t i l i s e d , and i n 

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

materia.l must not o n l y be r e l a t i v e l y i n s u l a t i n g but i t must also be 

e x t r e m e l y u n i f o r m t o prevent d i e l e c t r i c breakdovm. Large v o l t a g e s 

are n o t , however, r e q u i r e d t o produce the h i g l j ^ i e l d s i f t h e ' 

luminescent f i l m s are v e r y t h i n ( l e s s than about 1000 S ). 

A p o s s i b l e device v/ould t h e n have a raetal-insulator-silicon (l>II3) 

s t r u c t u r e v r i t h a t r a n s p a r e n t t o p c o n t a c t i n place of the metal t o 
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allov; t h e l i g h t t o escape. The mechanism vfhich i s proposed 

f o r t h e r a d i a t i v e t r a n s i t i o n s o f e l e c t r o n s i n j e c t e d from 

s i l i c o n i n t o a s u i t a b l e phosphor f i l m i s s i m i l a r t o the present 

t h e o r i e s o f d.c. e l e c t r o l u m i n e s c e n c e i n Zn3:Mn phosphors. 

These depend on h i g h f i e l d i n j e c t i o n from conducting i n c l u s i o n s 

i n t h e ZnS and t h e subsequent a c c e l e r a t i o n o f the ca-rriers t o 

e x c i t e manganese luminescent c e n t r e s e i t h e r by resonant t r a n s f e r 

v / i t h copper a c t i v a t o r c e n t r e s or by d i r e c t c o l l i s i o n . The l i g h t 

o u tput i s t h e n c h a r a c t e r i s t i c o f t h e manganese i o n i n t h e host 

l a t t i c e as i t r e l a x e s back t o i t s e q u i l i b r i u m l e v e l . A schematic 

energy band diag-rajn o f t h i s mechanism i n t h e proposed device i s 

shown i n P i g 1-2. 

I t s h o u l d be noted t h a t e l e c t r o l r u n i n e s c e n t m a t e r i a l s 

such as GaP v/hich u t i l i s e forv;aj?d biassed j u n c t i o n i n j e c t i o n and 

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

cannot be used as a t h i n f i l m on s i l i c o n because t h e i r r e l a t i v e l y 

low r e s i s t i v i t y p r events t h e a t t a i n m e n t o f t h e r e q u i s i t e h i g h f i e l d s 

v/ithout t h e l o s s o f one of the c a r r i e r types r e q u i r e d f o r t h e 

e l e c t r o n - h o l e r e c o m b i n a t i o n . 

1.4 An o u t l i n e o f t h e t h e s i s 

The g e n e r a l form o f a d i s p l a y device based on 

s i l i c o n has been d e s c r i b e d i n t h e previous s e c t i o n . Having decided 

on t h i s l i n e of approach the immediate r e s e a r c h programme must be 
ft 

concerned v j i t h t h e m a t e r i a l s to.be used t o g i v e the optimum l i g h t 

o u t p u t . The n e c e s s i t y f o r h i g h f i e l d d.c. electroluminescence 
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l e d n a t u r a l l y t o t h e wovlz on t h e p r o d u c t i o n of SnS f i l m s on 
B i l i c o n d e s c r i b e d i n Chapter 3. I t was hop<?d t h a t the f i l m s 
V70uld be capable o f s u s t a i n i n g h i g h f i e l d s ajid v/ouL^be e l e c t r o l u m ­
i n e s c e n t i f they c o u l d be produced as s i n g l e c r y s t a l l a y e r s on the 
s i l i c o n . The prime reason f o r choosing ZnS i n i t i a l l y vms t h a t i t 
i s a v;ell-proven phosphor vjhich i s capable o f a t t a i n i n g v e r y h i g h 
luminescent e f f i c i e n c i e s i n cathodoluminescence. I t also had 
a c r y s t a l s t r u c t u r e t h a t i s p o t e n t i a l l y compatible w i t h s i l i c o n 
f o r e p i t o o c i a l grov/th. 

U n f o r t u n a t e l y t h e v.'ork on t h e d e p o s i t i o n o f ZnS on 

' s i l i c o n V7as not a success mainly because o f the d i f f i c v i l t y o f 

o b t a i n i n g r e p r o d u c i b l e f i l m s but also because i t was found t o be 

d i f f i c u l t t o a c t i v a t e t h e f i l m s once they had been deposited. 

T h i s p a r t o f the v/ork also i n c l u d e d a c e r t a i n amount 

of . s i l i c o n technology (Chap 2 ) . T h i s vjas thought t o be necessary 

not o n l y because s i l i c o n was be i n g used as a s u b s t r a t e but also 

because i t i s a n t i c i p a t e d t h a t t h e s i l i c o n v j i l l l a t e r c o n t a i n i>-n 

j u n c t i o n s and the e f f e c t t h a t t h e phosphor l a y e r s had on these w i l l 

be i m p o r t a n t . A knowledge o f t h e p h o s p h o r - s i l i c o n i n t e r f a c e also 

n e c e s s i t a t e d some s i l i c o n v7ork. 

The ZnS vrork v;as t e r m i n a t e d a f t e r about one year. 
i 

I n a d d i t i o n t o t h e un s u c c e s s f u l s t a t e o f t h i s v/ork i t s t e r m i n a t i o n 

was prompted by t h e d i s c o v e r y by t h e a,uthor o f another phosphor 

v/hich a l r e a d y appeared t o have c o n s i d e r a b l e advantages over o t h e r 

m a t e r i a l s when used as a f i l m on s i l i c o n . The phosphor,manganese 
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a c t i v a t e d z i n c o r t h o s i l i c a t e (Zn^SiO^ilti) i s used e x t e n s i v e l y 
f o r cathode ray tube screens ajid i t also occurs i n nature as 
t h e m i n e r a l v. ' i l l e m i t e . 

The main advantages o f w i l l e m i t e are i n t h e 

method o f f o r m i n g a t h i n f i l m o f t h e phosphor on s i l i c o n and i n 

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

The process used vias a n o v e l one i n v o l v i n g t h e conversion o f 

t h e r m a l oxides on s i l i c o n i n t o v / i l l e m i t e by t h e r e a c t i o n w i t h an 

evaporated f i l m o f t h e phosphor ZnFgiHn. (Chap 4 )• The f i l m s 

\-fere b r i g h t l y green cathodoluminescent and t h e y compared f a v o u r a b l y 

w i t h commercial w i l l e m i t e cathode r a y tube phosphors. 

The s t r u c t u r e o f t h i s new t ype o f phosphor f i l m 

vras s t u d i e d by s e v e r a l methods i n c l u d i n g X-ray d i f f r a c t i o n , 

electror\^;iicroscopy ajid i n f r a - r e d a b s o r p t i o n , and these are d e s c r i b e d 

i n Chap 5« 

The v r i l l e m i t e f i l m s are r e l a t i v e l y i n s u l a t i n g at lov: 

f i e l d s t r e n g t h s and i n f o r m a t i o n on 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 was 

o b t a i n e d l a j r g e l y by measuring t h e c a p a c i t a n c e - v o l t a g e (C-V) 

c h a r a c t e r i s t i c s o f m e t a l - w i l l e m i t e - s i l i c o n (fli/S) s t r u c t u r e s and 

comparing them v / i t h s i m i l a r t h e r m a l oxide d e v i c e s . I t was thus 

p o s s i b l e t o e s t a b l i s h t h e n a t u r e o f change movements i n t h e willemiiB 
r •. , 

and t o estima.te t h e number o f ' a c t i v e ' s u r f a c e s t a t e s at t h e s i l i c o n -

v j i l l e m i t e i n t e r f a , c e . (Chap 6 ) . 
ft 

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

are d e s c r i b e d i n Chapter 7» The most s i g n i f i c a n t r e s u l t t o come 
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f r o m these measurements vjas t h a t although t h e f i l m s are 
i n s u l a t i n g (about lO''''̂  ohms) f o r a negative b i a s on t h e metal 
up t o f i e l d s of 2,10^V cm"^ and f o r a low p o s i t i v e b ias r e l a t i v e l y 
l a r g e c u r r e n t s can be passed t h r o u g h them at h i g h p o s i t i v e f i e l d 
s t r e n g t h s (about l 6 V across 750 ^ ) • T his was a t t r i b u t e d t o 
t u n n e l l i n g f r o m t h e s i l i c o n due t o f i e l d i n t e n s i f i c a t i o n caused by 
i o n i c space charge s e l e c t i v e l y b u i l d i n g up i n f r o n t o f t h e s i l i c o n . 
F u r t h e r c o n f i r m a t i o n o f t h i s mechajiism was g i v e n by t h e C-V vjork. 

The most i m p o r t a n t consequence of t h i s d i s c o v e r y 

v/as t h a t t h e r e l a t i v e l y h i g h c u r r e n t s are accompanied by v?eak green 

EL, which occurs o n l y i n these c o n d i t i o n s , i , o , v r i t h a h i g h p o s i t i v e 

f i e l d . T h i s v;as discussed t o g e t h e r w i t h o t h e r luminescent p r o p e r t i e s 

o f t h e f i l m s i n Chap 8 , 

A study o f the l i t e r a t i a r e shov/ed t h a t EL had 

o c c a s i o n a l l y been observed p r e v i o u s l y i n v j i l l e m i t e but o n l y i n 

pov;der phosphors and u s u a l l y v j i t h h i g h a,c, v o l t a g e s . (Sec 4*2) 

Hoviever i t has not been i n v e s t i g a t e d i n any d e t a i l . As f a r as caji 

be a s c e r t a i n e d t h i s i s t h e f i r s t t i m e t h a t d, c E L has been seen i n 

t h i n f i l m s o f v j i l l e m i t e and a t v o l t a g e s as low as 15 "7 i n t h i s 

m a t e r i a l . Although t h e EL was weak, being v i s i b l e o n l y i n a darkened 

room, i t i s considered t h a t t h i s o b s e r v a t i o n t o g e t h e r v; i t h the novel 

method o f p r o d u c t i o n o f these f i l m s r e p r e s e n t s a s i g n i f i c a n t step 

i n t h e r e a l i s a t i o n o f a co m p l e t e l y m o n o l i t h i c d i s p l a y device based 

on s i l i c o n . 
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The n a t i i r e o f t h e \jork described i n thfe t h e s i s 
i s m a inly e x p l o r a t o r y v ; i t h t h e u n f o r t u n a t e consequence t h a t each 
p a r t i c u l a r phenomenon s t u d i e d c o u l d not be examined i n as g r e a t 
a depth as would have been l i k e d i n the t i m e a v a i l a b l e . 
Per example, no c o m p l e t e l y d e t a i l e d mechanisms are proposed f o r 
e i t h e r t h e 1-7 c h a r a c t e r i s t i c s o r the EL phenomenon i t s e l f . 
However, s e v e r a l aspects o f the work are novel and i t i s hoped 
t h a t some o f i t v ; i l l form the b a s i s f o r a more d e t a i l e d examination 
o f t h e p h y s i c a l processes i n v o l v e d and a more d e t a i l e d v i a b i l i t y 
s t u dy o f a p r a c t i c a l d i s p l a y system. F u r t h e r work i n t h i s d i r e c t i o n 
i s suggested i n Chapter 9 t o g e t h e r v r i t h an o v e r a l l d i s c u s s i o n t o 
l i n k t o g e t h e r t h e preceding c h a p t e r s . 



- 1 5 -

References f o r Chanter 1 

1-1 G.K. Megla, A p p l i e d O p t i c s ^, 945 (1966) 

1-2 G, H e i l m e i e r , Proc. I.E.E.E 803 (1968) 

1-3 D.L. B i t z e r and H.G. S l o t t o w , Proc. P u l l J o i n t Computer Conference 

(1966) 

1-4 R.W, Loraax and J.G. Simmons, The Radio and E l e c t r o n . Engineer 

3^, 265 (1968) 

1-5 A. Vecht, N.J. V/erring, R. E l l i s a o d r a n d P.J,P. Smith 

B r i t . J. Appl. Phys. ( j . Phys.D ) Series 2 , 2 , 953 (1969) 

1-6 A.G. P i s c h e r , S.S. E l e c t r o n . 2 , 232 (l96j9-) 



-16-

CHAPTER TWO 
i 

' SILICON TECHNOLOGY. 

2 . 1 Introduction 

I n order to produce t h i n luminescent f i l m s on s i l i c o n 

i t was f i r s t necessary to master sever a l aspects of modern s i l i c o n 

technology. Furthermore, as i t was envisaged that f i n a l l y these 

f i l m s would be deposited on to s i l i c o n vAich might contain both p-type 

and n-type regions^forming part of integrated c i r c u i t r y v;ithin the 

chip, i t was necessary to produce simple d i f f u s e d p-n junctions i n 

some of the s i l i c o n s u b s trates. The f i r s t part of t h i s Chapter i s 

concerned mostly with the aspects of s i l i c o n v;ben i t i s used as a 

substrate and Sec. 2 . 4 describes work on the production of diffused 

p-n j u n c t i o n s and the i n t e r a c t i o n s of these junctions with surface 

f i l m s on the s i l i c o n . 

2 .2 S i l i c o n preparation 

C z o c h r a l s k i grown si n g l e c r y s t a l s l i c e s of s i l i c o n were 

obtained from Metallurgie Hoboken (Belgium) with one side of each 

s l i c e alumina polished to a mirror f i n i s h and the other side lapped. 

Both - i>-type and n-type s i l i c o n were obtained doped with boron and 

a r s e n i c r e s p e c t i v e l y to give r e s i s t i v i t i e s i n the 1-10 ohra-cm range. 

The o r i e n t a t i o n of the s l i c e s was (111) ± 1 degree. 

The 1 inch diameter s l i c e s , which were about 100 microns 

t h i c k , were scr i b e d with a diamond and cleaved to produce chips which 

were u s u a l l y about 1 cm by 0 . 5 cm fo r us^e as substrates. The s i l i c o n 
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s l i c e s , as bought, were claimed to be nominally d i s l o c a t i o n f r e e , 

and to check t h i s the d i s l o c a t i o n d e n s i t i e s v;ore measxired both before 

and a f t e r cleaning, by using S i r t l etch (Ref 2-l)which v/as made up 

from a 33^ by weight soluj^tion of CrO^ i n v;ater and 49^ HP mised 

i n the proportions of 1:2 by volume. This etch p r e f e r e n t i a l l y 

r e v e a l s d i s l o c a t i o n s on the ( i l l ) face of s i l i c o n a f t e r an immersion 

of about 2 min, A 15 sec immersion re v e a l s small scratches and 

sta c k i n g f a u l t s on the s i l i c o n surface. The d i s l o c a t i o n density of 
- 2 

s i l i c o n s l i c e s obtained from Hoboken was u s u a l l y l e s s than 100 cm , 

The preliminary vrork used s i l i c o n s l i c e s obtained from P e r r a n t i Ltd, 
- 2 

and these had d i s l o c a t i o n d e n s i t i e s of 40 ,000-10 ,000 cm , I f the 

s l i c e s cleaved badly arrays of additional d i s l o c a t i o n s could be 

generated i n the chi p . Clumsily used tv/eezers could also produce 

t h i s e f f e c t , p a r t i c u l a r l y i n the poorer q u a l i t y F e r r a n t i s i l i c o n . 

An example of the induced d i s l o c a t i o n s i s shovm i n P i g i-1 

The surface preparation of the s i l i c o n chips p r i o r to 

deposition i s obviously very important p a r t i c u l a r l y as the s i l i c o n 

i s r e q u i r e d not only as mechanical support but also as a contact f o r 

i n j e c t i n g c a r r i e r s into the t h i n f i l m to produce electroluminescence. 

I d e a l l y a clean, o p t i c a l l y f l a t surface f r e e of work-damage i s 

required. Chemical po l i s h i n g etches, c o n s i s t i n g p r i m a r i l y of n i t r i c 

a c i d and hydrofluoric a c i d , are u s u a l l y used i n the production of 

semiconductor devices, often vrith a moderator of a c e t i c a c i d . 

For compositions r e l a t i v e l y r i c h i n n i t r i c a c i d non-selective etching 



P i g 2 - 1 Dielooation arrays i n maltreated s i l i c o n 

oxide f i l m -

oxide wedge -

s i l i c o n -

m e t a l l i s e d - - unmetallised 

F i g 2-3 I n t e r f e r e n c e f r i n g e s r e f l e c t e d from a p a r t i a l l y 

m e t a l l i s e d oxide step on s i l i c o n 
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occurs which removes the work damage and leaves the surface shiny 
but w i i h a uniform r i p p l i n g known as the 'orange peel' e f f e c t • 
B o i l i n g 5^ sodium hydroxide produces a bright shiny o p t i c a l l y - f l a t 
surface with deep p i t s at d i s l o c a t i o n s . 

Substrates on which ZnS~ v/as deposited i n vacua 

(Seo 3•2.4) v/ere prepared "by degreasing i n e l e c t r o n i c grade 

t r i c h l o r o e t h y l e n e and methyl alcohol using Soxlets, washing i n 

deionised water and then using one of these chemical polishes. 

T y p i c a l l y the a c i d etch that was used had a composition, by volume, 

of 1 part HP, 6 parts HNO^ and 10 parts a c e t i c a c i d . An immersion 

of about 2 min was used f o r t h i s mixture, whereas f o r the a l k a l i 

etch which was mora vigorous and effervescent a shorter time was 

used, u s u a l l y about 30sec, No c o r r e l a t i o n was obtained however between 

the q u a l i t y of the ZnS f i l m s and the s i l i c o n preparation, probably 

because of the general lack of R e p r o d u c i b i l i t y i n the evaporations. 

This i s described more f u l l y i n Sec 3,7, 

P r i o r to the e p i t a x i a l deposition of s i l i c o n on s i l i c o n 

using the t e t r a c h l o r i d e , a hydrogen chloride gas etch i s u s u a l l y used 

followed by a hydrogen etch, to produce very smooth damage-free 

s u r f a c e s , A vapour flow technique was i n i t i a l l y envisaged as a 

p o s s i b i l i t y f o r the deposition of ZnS on s i l i c o n (Chap 3) and i f t h i s 

method had shown more promise (Seo 3*3) an adaptation of the gas 

phase etching technique would have been very convenient. 
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E l e o t r o l y t i c etching can also be used vath 
l i y d r o f l u o r i c a c i d mixtures containing additives such as g l y c e r o l 
v/hich i n c r e a s e the v i s c o s i t y and produce the correct e l e c t r o p o l i s h i n g 
a c t i o n by the s e l e c t i v e d i s s o l u t i o n of high spotsr This method has 
the a t t r a c t i o n of producing surfaces that combine the o p t i c a l ' 
f l a t n e s s of a mechanical p o l i s h vrith the damage free f i n i s h of a 
chemical p o l i s h . However, i t was not used because of the increased 
complexity of e l e c t r o p o l i s h i n g and the n e c e s s i t y of making e l e c t r i c a l 
contact to the s i l i c o n chip before the deposition of the luminescent 
f i l m . 

I t has been shoim that most wet chemical etches can 

introduce undesirable i m p u r i t i e s on to the siJ.icon surface even vjhen 

e l e c t r o n i c grade chemicals are used. S i l i c o n surfaces also oxidise 

very r a p i d l y on exposure to an o x i d i s i n g gas to produce oxide l a y e r s 

about 50 S t h i c k . Even i n a vacuum of 10~^ i o r r a s i l i c o n surface i s 

oxi d i s e d i n l e s s than a second by the gases which are i n e v i t a b l y 

present i n the system (Ref 2 . 2 ) . 

A f u r t h e r method of surface prepartion u t i l i z e s the 

thermal oxidation of the s i l i c o n sxirface i t s e l f . Mechanical damage 

at a polished surface i s gene r a l l y believed to extend to a depth of 

3-4 times the s i z e of the abrasive p a r t i c l e s . The f i n a l mechanical 

p o l i s h u s u a l l y uses 0 .25 micron alumina so that damage may extend to 

about one micron into the surface . I f the surface i s then oxidised 

t h i s s i l i c o n can be removed by incorporating i t into the oxide. 

Approximately O .4 of' the oxide thickness i s composed of s i l i c o n from 
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the underlying substrate, so that to remove a l l the damage an 

oxide l a y e r 2 - 2 , 5 microns t h i c k must be grovm. The oxide f i l m i s 

then etched off v/ith hydrofluoric a c i d to produce a damage-free surface 

which r e t a i n s the f l a t n e s s of the i n i t i a l mechanical pol i s h , 

A disadvantage of t h i s method i s the time required to grovf the 

r e l a t i v e l y t h i c k oxide l a y e r s and the possible r e d i s t r i b u t i o h of 

i m p u r i t i e s i n the s i l i c o n which may take place due to d i f f e r e n t 

s o l u b i l i t i e s of i m p u r i t i e s i n the oxide and the s i l i c o n . 

Thermal oxidation of s i l i c o n proceeds by the inv/ard 

motion of the o x i d i s i n g species through the oxide (Ref 2 - 3 ) ( u n l i k e the 

anodic oxidation of s i l i c o n which proceeds by the outward motion of 

s i l i c o n ^ ( R e f 2 - 4 ) . The s i l i c o n v/hich produces the i n i t i a l monolayers 

of oxide therefore remains at the surface of the oxide a f t e r oxidation. 

This means that any impiu^ities which may have been introduced during 

the p o l i s h i n g or subsequent processing of the chip, such as abrasive 

p a r t i c l e s , grov/ out of the s i l i c o n siirface and leave an o x i d e - s i l i c o n 
the 

i n t e r f a c e which has never been i n contact with/environment. Some 

i m p u r i t i e s may however d i f f u s e through the protecting oxide layer during 

the high tejjperature oxidation i t s e l f . 

Thermal oxidation as a surface preparation was used i n 

the preparation of planar p-n junctions (Seo 2 , 4 ) . The oxide i n t h i s 

case a l s o acted as a mask f o r impurity d i f f u s i o n . Oxidation was used 

to prepare the surface of substrates used i n the work described i n 

Chapter 4 . I n t h i s the oxide again served a double purpose, being used 

here as one of the reactants i n the production of willemite f i l m s on 

s i l i c o n . 
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2.3 Oxidation of s i l i c o n 

2.3»1 Apparatus and techniques 

Oxides were grown by two processes depending on the 

thiclcness required. The apparatus used f o r thermal oxidation of 
2-5b 

s i l i c o n i n dry oxygen i s shown schematically i n Pig and the 

open tube steam o x i d a t i o n system i s shovm i n P i g i-r ^. The furnace 

was heated r e s i s t i v e l y by four C r u s i l | i t e elements connected i n 

series and equispaced around the outer alumina furnace tube. 

Oxidations were c a r r i e d out i n a s i l i c a tube, one inch i n diameter, 

i n s i d e the furnace tube. Although the furnace was capable of running 

at 1400°C at f u l l ptrwer t h i s was seldom used because of the c r y s t a l l i s a t i o n 

of s i l i c a t h a t occurs above 1200°C. Temperatures were con t r o l l e d by 

using a Eurotherm Type PID/sCR-IO C o n t r o l l e r w i t h a Pt/Ptl3^ Rh 

thermocouple placed betx^een the alujnina tube and the s i l i c a . 

Oxygen was supplied from a standard cylinder and d r i e d 

by passing over t r a y s of P-Ô  A needle valve was used to con t r o l the 

gas flov/ which was measured w i t h a Rotameter. Polypropylene 

connecting t u b i n g vras generally used i n preference to v i n y l v;hich not 

only allows d i f f u s i o n of ambient gas molecules through i t s walls but 

also contains undesirable i m p u r i t i e s . A submicron f i l t e r i s usually 

considered necessary i n the gas flow immediately before the gas enters 

the r e a c t o r tube t o prevent dust p a r t i c l e s contaminating the oxides, 

and i n l a t e r work a sintered glass f i l t e r v/as incorporated i n t o the 

system. A more common source of contamination however, was small . 
p a r t i c l e s of c r i s t a b o l i t 9 ^ ; h i c h gradually formed on the s i l i c a ware 
a f t e r l o ng usage. 
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Steam f o r o x i d a t i o n was produced from deionised 

water i n a f l a s k which waa connected t o the reactor by glass tubing 
which was heated to prevent condensation. A f t e r degreasing i n 
e l e c t r o n i c grade t r i c h l o r o e t h y l e n e the polished s i l i c o n chips were 
i n s e r t e d i n t o the hot furnace i n a s i l i c a boat using a s i l i c a 
push-rod. 

The oxidation k i n e t i c s of s i l i c o n are now w e l l 

understood. (Ref 2 - 5 ) • The duration of oxidation r e l a t i v e to a 

•time constant* T, determines whether the grovrth rate i s l i n e a r or 

parabolic P i g 1 - 4 * The time eonstant incorporates most of the 

ox i d a t i o n parameters such as temperature and concentration of the 

oxidant. When the reaction time i s less than T the rate of oxide 

formation i s l i n e a r and depends on the rate of the reaction at the 

s i l i c o n / o x i d e i n t e r f a c e . For times greater than T the rate i s parabolic 

and i s determined by the transport of the o x i d i s i n g species through 

the grovfing oxide layer. The speed of the reaction and the d i f f u s i v i t y 

increase exponentially w i t h temperature and therefore both the l i n e a r 

and the parabolic r a t e constants increase i n the same way. 

I n t h i s vfork t h i n oxides, about 1000 S thick", were 

generally produced using dry oxygen t y p i c a l l y f o r 1 hour at 1100°C. 

These are the conditions f o r the parabolic growth so that the much 

longer times required t o produce s u b s t a n t i a l l y t h i c k e r oxide would be 

i m p r a c t i c a l . Increasing the oxidation temperature was also considered 

i m p r a c t i c a l due to the d e t e r i o r a t i o n of the s i l i c a ware. I n order to 

produce t h i c k e r oxides the steam oxidation therefore was used. 
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Water vapour i s 5OO times more soluble i n s i l i c o n oxide than 
oxygen and consequently, even though i t has a s l i g h t l y lower 
d i f f u s i v i t y , t h i s means that the f l u x of oxidant molecules through 
the oxide i s considerably increased. I n the parabolic region of 
growth t h i s considerably increases the rate of formation of oxide. 

a. 

Steam oxidations t y p i c a l l y produced layers 1 micron t h i c k ^ t e r 2 

hours at 1100°C. provided the temperature of the water i n the steam 

generator was s u f f i c i e n t to produce a pressure of one atmosphere of 

water vapour i n the v i c i n i t y of the s i l i c o n . 

I 2.3.2 Physical Assessment of Oxide layers 

The thickness of the oxide f i l m s was measured using 

a Watson I6 mm interference objective attached to a Beck Epimax 

microscope. Interference occurs whrm monochromatic l i g h t r e f l e c t e d 

from the specimen and from a reference plane i n the objective 

reeombiae&. The f r i n g e s are displaced i f there i s a step on the 

surface and know?.ng the wavelength of the incident l i g h t the height of 

the step i s simply calculated. 

I n the present work the step was produced by etching 

away the oxide so t h a t i t s thickness could be measured. Masking to 

produce a step was done using Apiezion 'V/' which was dissolved i n 

t r i c h l o r o e t h y l e n e and painted over the desired oxide area. I d e a l l y 

a step i s required vrhich i s viide enough to allow the displacement of 

the f r i n g e s t o be counted e a s i l y . Such a step cem be produced by 
» 

using 485̂  HP to etch the oxide because t h i s etch undercuts the mask 

s u f f i c i e n t l y to produce a graded step. Part of the surface v;as 
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m e t a l l i s e d v/ith aluminium to give a r e f l e c t i n g layer. Pig 2,-3 
shows the f r i n g e p a t tern r e f l e c t e d from a p a r t i a l l y metallised 
oxide step. I n the unmetallised region displacement of the 
f r i n g e s i s due t o an o p t i c a l path difference between l i g h t r e f l e c t e d 
from the bare s i l i c o n a-nd from the s i l i c o n underneath the oxide. 
The d i r e c t i o n of displacement of the f r i n g e s i n t h i s case i s 
opposite t o t h a t w i t h the metallised step. 

I f i t i s assumed th a t 9(Goraplete l80°phase chs-nge 

occurs at the s i l i c o n / o x i d e i n t e r f a c e then, knoxving the Refractive 

index of the s i l i c a f i l m ( I . 4 6 f o r a thermal oxide) (Ref 2 - 6 ) , the 

thickness of the oxide f i l m can be calculated fiom f r i n g e displacements 

across an unmetallised step. Weak r e f l e c t i o n s also occur from the 

surface of the oxide. These cem be seen i n Pig 2, - 3 a-s f a i n t 

continuations of the f r i n g e s across the metallised/unmetallised 

boundaiy at the step. M e t a l l i s a t i o n was not necessary when these 

f r i n g e s were prominent. I n c i d e n t a l l y the continuous nature of these 

f r i n g e s indicates t h a t any phas^hange that may accompany r e f l e c t i o n 

at the oxide and s i l i c o n surfaces i s not important. A disadvantage 

of using an interference microscope f o r measuring f i l m thickness by 

t h i s method i s th a t f r i n g e s are formed from only a few r e f l e c t e d l i g h t 

beams, booauoo of tho small aporturo of tho objootivo lonp. This 

produces the rather broad f r i n g e s shown i n P i g X - 3> unlike the f i n e r 

f r i n g e s which can be obtained using the more tedious multiple beam 

interferometry.. However, f r i n g e displacements were usually estimated 

by eye t o one t e n t h of the f r i n g e spacing (about 250 S using sodium l i g h t ) 
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and by photographing the interference patterns t h i s was reduced 
to about 1002.» 

The interference coloui's of oxides can also be used 

as a guide to t h e i r thickness, and colour charts have been produced 

f o r doing t h i s (Ref 2 - 7 ) . A uniform hue under times 100 magnification 

u s u a l l y means t h a t the oxide has no large d i s c o n t i n u i t i e s . However, 

small pin-holes and flaws, not usually discernable by d i r e c t 

observation can be enlarged by chlorine gas etching (Ref 2 - 8 ) . 

To do t h i s the oxidised s i l i c o n chips were heated to 900°C, i n the 
5 

furnace shown i n P i g 1 - ^ using a modified s i l i c a furnace tube vfhich 

allowed a small flow of chlorine gas from a Lectern b o t t l e to be 
cyKi Whick WAi ta^ov^ ^^'iS case.. 

introduced i n t o the main aasges f l o ; ^ The chlorine gas was bubbled 

through NaOH s o l u t i o n at the e x i t vent. Any pore or microcrack i n 

the p r o t e c t i v e oxide allov^s chlorine to penetrate to the s i l i c o n 

beneath, v;here i t reacts to produce a v i s i b l e mark on the surface. 
Typical pinhole d e n s i t i e s obtained f o r oxides of 1000 2. thickness were 

—2 

100 cm . The t h i c k e r oxides used f o r masking sigainst d i f f u s i o n had 

very few pin-holes or none at a l l . 

Chlorine etching was also used to detach oxide f i l m s 

from t h e i r s i l i c o n substrates f o r examination by transmission 

e l e c t r o n raicrosopy. An e l e c t r o n micrograph and a transmission 

d i f f r a c t o g r a p h of a detached f i l m are given i n Pig 5-34showing the 

u n i f o r m i t y of the f i l m s and t h e i r amorphous nature. This part of the 

work i s described i n more d e t a i l i n Sec 5.?). 2. . 

Chapter 4 describes the conversion of oxide i n t o 

luminescent w i l l e r a i t e . Further measurements of the oxide properties made f o r comparison with w i l l e m i t e , w i l l be described i n Chap.5,6 & 7 , 
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2.4 Impurity d i f f u s i o n i n s i l i c o n 

2«4ol Apparatus and techniques 

Planar p-n junctions were produced by the 

d i f f u s i o n of phosphorus i n t o p-type s i l i c o n using a s o l i d source 

of i^^PgO^ . The apparatus was b u i l t i n the department and i s 

shown i n Pig l - 6 a . The d i f f u s i o n furnace i s s i m i l a r to that used 

f o r o x i d a t i o n w i t h the a d d i t i o n of a separate source furnace^the 

temperature of which could be c o n t r o l l e d to produce the temparatiire 

p r o f i l e shown i n P i g ' i - 6 b . A monotonic increase i n temperature 

from the source to the d i f f u s i o n furnace i s required to prevent 

condensation of the P̂ Ô  vapour at the f r o n t of the furnace. 

Quartz wool i s used to prevent P^O^dust being picked up i n the 

c a r r i e r gas and contaminating the s i l i c o n surface. The PgO^ i s 

vapourised i n the source furnace and i s c a r r i e d to the s i l i c o n by a 

s u i t a b l e c a r r i e r gas where i t reacts w i t h the s i l i c o n surface to 

produce a glassy phosphorus-rich oxide layer on the s i l i c o n . 

Predepositions of t h i s type v/ere c a r r i e d out w i t h the s i l i c o n at 900*^0 

and the source temperature about 200°C. The was then removed 

from the source furnace and the temperature of the d i f f u s i o n region 

increased t o about 1100°C f o r the main d i f f u s i o n of the phosphorus 

i n t o the s i l i c o n . Predepositions and d r i v e - i n d i f f u s i o n s were usually 

c a r r i e d out i n an oxygen atmosphere to enhance the formation of an 

oxide on the s i l i c o n so as to prevent o u t - d i f f u s i o n of phosphorus 

during the high temperature processing. The gas was d r i e d by passing 
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i t over tr a y s of P̂ Ô  upstream of the furnace. 

J The f i n a l surface concentration of phosphorus on 

the s i l i c o n depends on the vapour pressure of the P-Ô  as 
2 5 

c o n t r o l l e d by the source temperature. However the vapour pressure 

of the ^ 2 ^ 5 considerably a f f e c t e d by the presence of V7ater 

vapour which i t absorbs very q u i c k l y . Special precautions v;ere 

therefore taken to prevent water pick-up i n the t r a n s f e r of the 

PgO^ from the sealed ampoules t o the furnace. 

The disadvantage of using P20^ as a source f o r 

phosphorus d i f f u s i o n i s t h a t i t i s very d i f f i c u l t t o obtain low 

surface concentrations reproducibly and the suiface concentrations 
20 -3 

are u s u a l l y greater than 10 cm a f t e r d i f f u s i o n . Kodern 

d i f f u s i o n systems therefore use l i q u i d POCl^ or phosphine gas which 

allow a greater c o n t r o l of the impurity d i s t r i b u t i o n . Hoi^ever, i t 

was decided, at least i n i t i a l l y , to use the s o l i d ^ 2 ^ 5 because 

of i t s less t o x i c nature and i t s convenience. 

Oxide masking was used to c o n t r o l the area of the 

d i f f u s e d regions. A thickness of about O.5 microns i s required 

t o prevent penetration of the d i f f u s i n g phosphorus f o r a t y p i c a l 

d i f f u s i o n of one hour at 1100 C (&ef 2 - 9 ) . Photoresist techniques 

were used t o define the oxide masks, although f o r simple geometries 

i t was o f t e n simpler t o use Apiezon 'W dissolved i n t r i c h l o r o e t h y l e n e . 

The oxides were etched w i t h a standard HP etch buffered w i t h ammonium 

d i f l u o r i d e to reduce undercutting of the masks. The etch was made by 
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d i s s o l v i n g 8 parts by weight of NH^ PHP i n t o I5 parts of water 

and then mixing 4 parts by volume of t h i s s o l u t i o n w i t h 1 part 

by voliune of 4 8 ^ HP. 

2 . 4 * 2 Assessment of d i f f u s e d layers 

The j u n c t i o n depths were measured by be v e l l i n g t h e 

sample, d e l i n e a t i n g the p-n regions w i t h a selective electrochemical 

p l a t i n g s o l u t i o n and then using interferometry. The beve l l i n g was 

approximately 5° and was produced using a sp e c i a l l y angled j i g and 

successive polishes of 3 micron^1 micron and I / 4 micron diamond 
f 

paste. The e l e c t r o p l a t i n g s o l u t i o n consisted of 20 gm of copper 

sulphate dissolved i n 100 gm of water t o which 1 ml of 4856 HP had 

been added (Ref 2 - 1 0 ) . P l a t i n g occurs f i r s t on the n-type region 

of the bevel. V/hen the j u i i c t i o n was s u f f i c i e n t l y delineated the 

s o l u t i o n waa flushed away. The interferometer described i n 

Sfec 2 . 3 . 2 was used and the depth of the j u n c t i o n measured by counting 

the f r i n g e s down the bevel along an extension of a f r i n g e on the 

unbevelled region of the chip. 

The surface concentrations of diff u s e d layers i n 

s i l i c o n were measured using the four-point probe method ( r e f 2 - 11 ) 

The probe apparatus was s i m i l a r t o that of Kennedy ( r e f 2 - 1 2 ) . 

Probes were made of O.OO8 inch tungsten wire e l e c t r o l y t i c a l l y pointed 

( r e f 2 - 13 ) and equispaced 0 . 0 1 0 inch apart. The pressure on the 

probes could be adjusted using a threaded weight and the specimen was 

held i n a small vacuum chuck. Current, I^through the outer probes 

produces a voltage drop V across the inner probes. A potentiometric 
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measurement of V ensures th a t contact e f f e c t s are eliminated. 

This was done using a Pye Portable potentiometer w i t h an 

external Tinsley galvonometer having a s e n s i t i v i t y of 2 . 4 mm/̂ amp. 

The values of V and I together w i t h a knowledge cf the junct i o n 

depth can then be used t o obtain the surface concentration of the 

i m p u r i t y ( r e f 2 - I 4 , 2 - I 5 ) . 

I n the present work t y p i c a l surface concentrations 
20 - 2 

f o r a d i f f u s e d n-region 4 micron deep were about 10 cm but t h i s 
18 

could be reduced t o less than 10 by o x i d i s i n g and s t r i p p i n g . 

The r e s i s t i v i t y of i n i t i a l s i l i c o n s l i c e s v;as also 

measured using the four point probe method i n the range 0 . 1 - 10 ohm-cm 

and found t o be as expected. 

2 . 4 , 3 Contacts 

Permanent e l e c t r i c a l contact was made to the s i l i c o n 

devices by bonding on t h i n aluminium or gold viire. Per p-tjrpe 

s i l i c o n 0.062 inch t h i c k aluminium 1 ^ s i l i c o n a l l o y vdre was 

u l t r a s o n i c a l l y bonded t o the bare s i l i c o n surface using a Kerry's 

20 watt Pine VJire Bonder. To ensure a good ohmic contact a b r i e f 

bake i n a i r at a temperature belov; the silicon/aluminium eutectic of 

577°C was required. Aluminium was also used to make contact to 
hea v i l y doped n-type regions. Although A l ' ^ ' i s an acceptor ion 

i t i s thotight t h a t an e f f e c t i v e ohmic contact i s formed due to 

the p r e f e r e n t i a l s o l u b i l i t y of A l ' ' ' over P ' ' ' i n s i l i c o n producing 

a tunnellihg p^- n"*̂  j u n c t i o n . 

Ohmic contacts t o moderately doped n-type s i l i c o n 
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are usually made by using gold wire doped w i t h about antimony, 
Hovjever, pure gold vdre 0.002 inch t h i c k v/hen thermocompression 
bonded to a bare s i l i c o n surface could be made ohmic by e l e c t r o -
forming. The wire was f i r s t threaded through f i n e c a p i l l a r y tubing 
and a small length melted i n a gas-oxygen flame t o produce an 
annealed b a l l of gold at the end of the wire. The s i l i c o n was 
heated t o j u s t Jielow the g o l d / s i l i c o n eutectic at 370°C and the 
b a l l pressed on t o a clean oxide-free surface w i t h s u f f i c i e n t force 
to produce about 50/̂  deformation of the b a l l . The bonds were 
simply electroformed by passing a current through them vrhich was 
s u f f i c i e n t l y large t o produce some l o c a l i s e d heating and d i f f u s i o n 
at the g o l d / s i l i c o n i n t e r f a c e , 
2*5 Surface properties of p-n junctions 

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

The produotion of simple planar p-n junctions i n 

s i l i c o n was undejrtaken because i t i s envisaged that i n devices 

electroluminescent f i l m s w i l l be produced on s i l i c o n which would 

contain p and ft-type regions. The s o l i d state c i r c u i t r y produced 

w i t h i n the substrate might be used e i t h e r f o r addressing the display 

device or f o r storage. I t may also be possible t o use the high 

f i e l d regions associated w i t h the p-n junctions themselves to produce 

the electroluminescence. Because of t h i s i t was thought necessary 

t o consider the e f f e c t of d i e l e c t r i c f i l m s on the properties of p-n 

jun c t i o n s beneath them. Section 2.5.2 gives a b r i e f review of t h i s 

t o p i c . 
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-2,5.2 Space charge regions i n the s i l i c o n surface 

The surface properties of p-n junctions can be 

explained i n terms of the formation of space charge regions i n the 

s i l i c o n surface adjacent to the i>-n j u n c t i o n . The theory of these 

space charge layers v / i l l be described i n more d e t a i l i n sec 6 . 2 
MOS 

vjhere t h e i r capacitance i n mi>s structures i s used to give information 

about d i e l e c t r i c layers of oxide or v f i l l e m i t e on s i l i c o n . Physically, 

the space charge region i s due to the repulsion of majority c a r r i e r s 

i n the s i l i c o n by surface f i e l d s . On a p-type substrate^depletion, 

and f i n a l l y i n v e r s i o n , of the surface i s achieved by the a p p l i c a t i o n 

of an i n c r e a s i n g l y p o s i t i v e p o t e n t i a l . Where a bulk j u n c t i o n 

comes t o the surface the f i e l d - i n d u c e d j u n c t i o n due to the inversion 

f l a y e r i s i n p a r a l l e l w i t h the t r u e m e t a l l u r g i c a l j u n c t i o n and 

consequently both the reverse leakage current ( l ^ ) and the breakdown 

voltage (7^) can be dominated by the surface e f f e c t s , 

i ) Leakage current 

P i g X - 7 i s a schematic diagram shov;ing the e f f e c t s 

t h a t a f i e l d induced j u n c t i o n has on the leakage current of a 

n'̂'p diode. A negative surface p o t e n t i a l ( f i g 1 - 7a) prevents the 

formation of any space charge regions i n the surface of the p region 

and the reverse current i s governed s o l e l y by the c h a r a c t e r i s t i c s of 

the t r u e m e t a l l u r g i c a l j\mction. Por s i l i c o n at room temperature 

t h i s means t h a t It i s constant depending mainly on the number of 

generation-recombination centres i n the depletion region. 



metal lurgical jn. depletion region 

Accumulation 

I . 

Depletion Inversion 

Fig 2 - 7 The effect of variat ion of surface potential on 
the reverse current of a n̂ p diode. 
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With a p o s i t i v e surface p o t e n t i a l ( f i g X - 7b) a depletion layer 

forms t h a t includes the defect-laden surface and t h i s not only 

increases the number of centres available t o generate I j - but also 

r e s u l t s i n being dependent on the surface p o t e n t i a l . 

Increasing the surface p o t e n t i a l f u r t h e r however ( f i g 1 - 7c) 

causes the depletion layer t o leave the surface^as the inversion 

region forms ,and t h i s decreases the concentration of defects i n the 

deple t i o n layer which produces a corresponding decrease i n X,.. 

i i ) Junction brealcdovm 

Breakdovm of a p-n j u n c t i o n usually occurs by an 

avalanche m u l t i p l i c a t i o n process i n the depletion regions and i s 

therefo r e determined i d e a l l y by the maximum f i e l d which exists 

there. This maximum f i e l d i s dependant on the r e s i s t i v i t i e s of the 

p and n regions and the gradient of the impurity concentration. 

I t i s also dependant on the degree of f i e l d i n t e n s i f i c a t i o n that 

occurs at the corners of the j u n c t i o n . Space charge regions i n the 

s i l i c o n surface adjacent t o the j u n c t i o n a l t e r the f i e l d d i s t r i b u t i o n 

around a planar j u n c t i o n and thus e f f e c t V^. However i f f i e l d induced 

j u n c t i o n s e x i s t at the surface they have t h e i r own breakdoivn voltage 

which i s usually less than t h a t of the me t a l l u r g i c a l j u n c t i o n . 

Breakdovm o f t e n occurs at defects i n the depletion region. This i s 

more l i k e l y w i t h induced junctions because of the proximity of the 

surface. At breakdown, current flows along the inversion layer or 

•channel' t o the d i f f u s e d regions and saturates at a value depending 
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on the conductance of the i n v e r s i o n layer. On increasing 
reverse bias a f t e r s a t u r a t i o n has been reached the true break-
dowa. at the m e t a l l u r g i c a l j u n c t i o n i s usually reached. I f ^ however, 
several d i f f e r e n t break-sdovms occur the reverse c h a r a c t e r i s t i c s 
are u s u a l l y stepped due t o the channel current saturating a f t e r 
each event. Metal ions can also lead to a s i m i l a r 'softening' of 
the reverse c h a r a c t e r i s t i c s . I n t h i s case i t i s thought that l o c a l 
breakdoi-m occurs at metal p r e c i p i t a t e s w i t h i n the depletion layer 
(Ref 2-17). These metal i m p u r i t i e s can usually be removed and the 
c h a r a c t e r i s t i c s 'hardened' by a process s i m i l a r to the predeposition 
of phosphorus. 

2.5.3 Surface f i l m s on p-n junctions 

The thermal o x i d a t i o n of s i l i c o n i s l i m i t e d by the rate 

of d i f f u s i o n of the o x i d i s i n g species through the grov/ing oxide and 

consequently excess s i l i c o n must exi s t i n the oxide near the s i l i c o n 

surface. This produces an e f f e c t i v e f i x e d p o s i t i v e charge (Q ) 
ss 

i n the oxide. The p o s i t i v e surface p o t e n t i a l produces depletion 

regions i n p-type s i l i c o n beneath. Annealing the s i l i c o n i n oxygen 

reduces Q by allowing oxygegi^o d i f f u s e through the oxide and react ss 
w i t h the excess s i l i c o n . The leakage current of the j i m c t i o n and i t s 

breakdown voltage can thus be c o n t r o l l e d by c a r e f u l annealing processes 

which t a i l o r the surface p o t e n t i a l to produce the required c h a r a c t e r i s t i c s . 

Current-voltage measurements were maide on f i n i s h e d diodes 

using a Tetronix Curve Tracer Type 575» The c h a r a c t e r i s t i c s of a 
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t y p i c a l n*"? diode produced by the phosphorus d i f f u s i o n process 

described i n Sec 2 . 4 . 1 are shown i n F i g l-Sa. The j u n c t i o n area 
2 

was t y p i c a l l y about 0 . 0 5 cm . Similar diodes to these , measured 

w i t h the passivating 'phosphorus glass' s t i l l on the s i l i c o n surface, 

were u s u a l l y 'hard' probably due to the g e t t e r i n g action of the 

phosphorus treatment. Removal of the phosphorus glass producecl a 

very unstable c h a r a c t e r i s t i c ( F i g 1 - 8 b ) and on r e o x i d i s i n g the 

surface the diode was s t i l l s o f t due to the formation of space charge 

regions ( F i g lr -8o) . The e f f e c t of annealing i n oxygen at 500°C f o r 

lOmin i s shovra i n F i g l . - 8 d , the decrease i n being due to the 
removal of Q at the s i l i c o n surface, ss 

Hydrogen i s extremely mobile i n s i l i c a and produces an 

e f f e c t i v e increase i n Q probably due to the formation of O E " " " " ^ ^ ^ 

SS 
7 

from 0 i n the s i l i o a glass (Ref 2-1$), Even a b r i e f exposure to 

hydrogen has an extremely deleterious e f f e c t on the diode character­

i s t i c s as shovm i n F i g X - 8 e . The subsequent removal of Q , 
ss by 

f u r t h e r annealing i n oxygen to regain the o r i g i n a l 'hard' character­

i s t i c s i s sho;im i n Pig C U 8 f . 

The formation of w i l l e r a i t e f i l m s over p-n junctions 

and t h e i r e f f e c t on the diode c h a r a c t e r i s t i c s i s discussed i n Sec 8.1. 

2 . 5 » 4 The gate-controlled diode 

A gate - c o n t r o l l e d diode structure was made to i l l u s t r a t e 

the e f f e c t of surface p o t e n t i a l on the reverse c h a r a c t e r i s t i c s . This 

was constructed by evaporating an aluminium r i n g electrode on the 



F l g 2 - 8 T h e l-V c h a r a c t e r i s t i c s of a diffused ri''p diode 
forward O-l mamp 0-2 V / div., rev. 0-1 marnp 2 0 V /div. 

a) untreated after diffusion b) after removal of the pho^horus 
glass c) after reoxidising at IIOO^C in Ox. d) after a f^jrthcr Uke.. 
i n O i O t S O O ' C forfOmin. 

I _ J I u 

after 2 m'm in H* at S O O t . Imanrp, I V/div and rev. Inamp, (6V/div, 
f] after a further lOmin inOa, at S O O ^ C , I moiTip, I V/div: Imanip, 20V/div. 
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oxide above the p-n boundary t o form the gate (Fig i - l O ) . The gate 
voltage V could be varied w i t h respect t o the p-region and the 
reverse c h a r a c t e r i s t i c s were photographed f o r several gate voltages 
( P i g OL-ll), Negative values of 7 counteract the p o s i t i v e space 

s 
charge trapped i n the oxide and give decreased values of I v;hereas 

r 
p o s i t i v e 7 increases I due t o the formation of f i e l d induced g r 
j u n c t i o n s . On increasing the p o s i t i v e p o t e n t i a l on the gate i t 

should have been possible t o observe inversion of the surface and the 

corresponding drop i n as the depletion region leaves the s i l i c o n 

surface. The raaximum possible gate voltage was however l i m i t e d to 

the breaJcdown voltage of the oxide, v/hich wsts about 25 v o l t s i n t h i s 

case. 

2 . 6 Conclusions 

The f o l l o w i n g has been achieved :-
on. 

i ) c u t t i n g and etching the siliczc t o produce chips suitable 

as substrates. 

i i ) c o n t r o l l e d oxidation and oxide thickness measurements. 

i i i ) contact f a b r i c a t i o n . 

I v ) n-type d i f f u s i o n t o give the expected diode chsiracteristics. 

A l l t h i s eigreed w i t h expectations and therefore 

demonstrateian adequate c o n t r o l of the teclinology. The use of the 

above techniques on a routine basis f o r the study of luminescent 

f i l m s on s i l i c o n was now possible. 



Gate contact V 3 > o 

decide 

metallurgical junction 
field induced 
junction 

F i g 2 - i p Gate-controlled diode s t ruc tu re 

Fig 2-11 Reverse c h a r a c t e r i s t i c s of a gate-controlled diode. 
Increasing increments of rcvcrsje current correspond to gate 
Voltages O , + 6 , + 1 2 , + 2 4 V for a) I niarap/vert div. 2 0 v / l w i z . 
div. and - 2 - 5 . - 5 . - 7 5 , - I O . - 1 5 . - 2 0 V for ; b) O I marap/>|ert.div. 
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CHAPTER THREE 
I ZING SULPHIDE FILMS ON SILICON 

3 .1 I n t r o d u c t i o n 

This chapter describes the deposition and properties 

of ZnS f i l m s on s i l i c o n . The ultimate aim of t h i s v;ork was the 

production of an electroluminescent j^for applications to display 

devices. The devices envisaged vfould contain t h e i r oim addressing 

and possibly storage c a p a b i l i t i e s i n the form of integrated c i r c u i t r y 

; i n the s i l i c o n substrate w i t h the l i g h t output being c o n t r o l l e d by 

the p o t e n t i a l of the u n d e r l y i n g s i l i c o n . ' The general considerations 

of electroluminescence relevant t o t h i n f i l m s are discussed i n Sec I.-SIS. 

These considerations shoif that h i g h - f i e l d c a r r i e r 

i n j e c t i o n at the Si-ZnS i n t e r f a c e and at the top electrode should 
to 

produce conditions which were favourable ̂ ©r the d.c e x c i t a t i o n of 

the Ixuninescent centres i n the f i l m . A phosphor f i l m was therefore 

required t h a t could sustain very high f i e l d s and the .use, of e p i t a x i a l 

f i l m of ZnS on s i l i c o n seemed to be a reasonable f i r s t objective. 

The i h t e r p l a n a r distances of s i l i c o n and cubic beta-ZnS agree to v/ithin 

0^5/^ "tiie atomic arrangement i n the basal plane of hexagonal 

j&lpha ZnS also f i t s c l o s e l y v/ith t h a t of the ( i l l ) plane i n s i l i c o n . 

I t t h erefore seemed l i k e l y that epitaxy of ZnS on single c r y s t a l s of 

s i l i c o n vTould be possible. 

The f i r s t part of t h i s chapter describes the 

experiments which were c a r r i e d out and the apparatus used i n the 
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preliminary work designed t o assess the f e a s i b i l i t y of producing 

the required display device using ZnS phosphor f i l m s . The r e s u l t s 

of t h i s work and the assessment of the f i l m s t h a t v;ere produced 

are followed i n Sec. 3 » 7 . by a discussion of the problems involved. 

3.2 Evaporated f i l m s of ZnS on s i l i c o n 

3.2 .1 The evaporator system 

The evaporator used i n t h i s work was b u i l t i n the 
conventional 

Department t o a/design. I t consisted of a 12 inch b e l l - j a r 

evacuated by an Edwards Type E03 o i l d i f f u s i o n pump used i n conjunction 

w i t h a l i q u i d nitrogen t r a p . P>ressures v/ere measxired using an 

Edwards P i r a n i gauge f o r the backing-pump pressure range and an 

EdwEirds i o n i s a t i o n gauge f o r lower pressures. The system v;as capable 

of reaching an ultimate pressure of about 10**^ t o r r . 

The e l e c t r i c a l power u n i t s f o r the evaporator comprised 

two 30ajnp a .c. supplies, a 3k7 30̂ amp H T supply for. ion bombardment 

cleaning and sp u t t e r i n g , and a 3 A electron gun filament supply capable 

of operating at -2k7 from earth. l o n i s a t i o n gauge degassing f a c i l i t i e s 

were also incorporated i n t o the system. 

Up t o fo u r temperatures could be measured i n the b e l l - j a r 

using Chromel-Alumel thermocouples v i a an 8-way instrumentation lead-

throtigh. A Pye low resistance multi-way sv/itch was used to indicate 

each temperature on e i t h e r a Honeyxirell Temperature Indi c a t o r (TypeOS-iSs) 

or a potentiometer as required. The Honeywell i n d i c a t o r could also 

be used as an on-off temperature c o n t r o l l e r f o r a resistance heater. 

A r o t a r y lead-through enabled a movable shutter t o be used w i t h i n the 

b e l l - j a r . 
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3 . 2 . 2 Evaporation sources 

ZnS sublimes at about 1050°C i n vacuum. The 

sublimation i s usually accompanied by a largo amount, of decrepit­

a t i o n . This i s due not only to the ZnS vapour being produced 

from w i t h i n the bulk of the charge but also because commercial 

luminescent grade ZnS can contain v o l a t i l e i m p u r i t i e s , usually 

ch l o r i d e s , up to 0 . 1 ^ by weight. Luminescent grade ZnS povrder 

was obtained from Levy V/est & Co. Ltd. f o r the evaporations. This 

was f u r t h e r p u r i f i e d f o r some evaporations using the flow system 

'technique described i n Sec 3 » 3 . and the small c r y s t a l s so produced 

were used as the evaporation charge. 

I n i t i a l l y a pepperpot source was used f o r evaporating 

ZnS. This consisted of a standard Edvjards molybdenum boat v/ith a 

perforated l i d of molybdenum f o i l f i t t e d over the centre dimple. 

The temperatui^e of the source was measured by a Chromel-Alujnel 

thermocouple spot-welded to the underside of the dimple." These soixrces 

v;ere simple t o construct and produced uniform f i l m s w i t h r e l a t i v e l y 

l i t t l e loss of heat to the surroundings. However, ZnS reacts slowly. • 

w i t h a l l r e f r a c t o r y metals at high temperatures so that these molybdentun 

soxirces had a very l i m i t e d l i f e and they also probably produced 

contaminated f i l m s . To prevent t h i s a quartz crucible source was 

developed. 

The c r u c i b l e consisted b a s i c a l l y of tv/o concentric 

s i l i c a tubes (Pig 3 - l a ) . The inner tube vzas sealed to contain the 

thermocouple-and i t was used as a support f o r the c r u c i b l e . A quartz 
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wool p l u ^ was inserted i n t o the b e l l e d mouth of the outer tube anl 
prevented excessive s p i t t i n g of the charge. The ZnS was sublimed 
using the radiant heat from a c o i l of molybdenum wire surrounding 
the c r u c i b l e . Tantalum tubing was used as a heat shield around 

the molybdeniun c o i l . 

A l a t e r version of the quartz source was s l i g h t l y 

d i f f e r e n t . The tube was longer and the upper part of the crucible 

was heated by a separate molybdenum c o i l t p provide a second hot-zone 

the temperature of which was measured by a second thermocouple inserted 

up the centre tube as shoiim i n Pig 3-^. This cru c i b l e was used i n 

an adaptation of the 'hot-wall b e l l - j a r method' of evaporation (Ref 3-1) 

i n which the hot w a l l of the extended s i l i c a tube prevented excessive 

condensation of the ZnS, or of one of i t s d i s s o c i a t i o n products, on 

t o the colder parts of the surroundings. This technique was used i n 

an e f f o r t t o improve the r e p r o d u c i b i l i t y of the evaporated f i l m s and 

t o improve t h e i r stoichiometry. 

3»2.3 Substrate heaters 

I n order t o grow c r y s t a l l i n e f i l m s and t o get good 

adhesion i t i s necessary to condense them on to a heated substrate. 

One e f f e c t of heating the substrate i s to change i t s state of oxidation. 

S i l i c o n forms an oxide on i t s surface very r a p i d l y even i n a vacuum 

of 1 0 " ^ t o r r (Ref 3-2) and i t was hoped that t h i s could be thermally 

etched away by heating t o about 1100°C before cooling the s i l i c o n i n 

the presence of ZnS vapour to form the phosphor f i l m . To obtain 

these r e l a t i v e l y high temperatures without contamination from a heater 
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s t r i p an electron-beam heater was developed based on the design 
of Wales (Ref 3-4) and t h i s i s shown schematically i n F i g 3-2 
The e l e c t r o n gun filament operated at a negative p o t e n t i a l w i t h 
respect t o earth. I t was made of t h o r i a t e d tungsten wire shaped 
i n the form of a f l a t zig-zag to produce a wide beam of electrons. 
The e l e c t r o n beam was focussed on to the earth tantalum substrate 
holder 2 cm beneath the filament by a tantalum tube surrounding the 
filament and at the same p o t e n t i a l as i t . To produce the maximum 
emission f o r a p a r t i c u l a r filament temperature the filament vjas 
'•flashed' before use. The gun was operated i n the temperature 
l i m i t e d region to give a t y p i c a l emission current of lOmamps at 2 kV 
and t h i s produced substrate temperatures up t o 1100°C. 

The substrate temperatiire was measured by a Chromel-

Alumel thermocouple spot-welded t o the tantalum sustrate holder next 

t o the s i l i c o n sample. The s i l i c o n v/as clipped to the top surface 

of the holder v;hich then acted as a mask f o r the evaporations from 

below.' I t i s impossible to use Ghrorael-Alurael thermocouples i n 

contact w i t h s i l i c o n at temperatures above about 300°C due to the 

chemical r e a c t i o n . 

•A r e s i s t i v e heater was used f o r heating the substrate 
) 

t o lov;er temperatures where contamination was not so l i k e l y . I t 

consisted of a O«004 inch t h i c k molybdenum s t r i p which was d i r e c t l y 

heated. The s i l i c o n substrates v;ere clipped over a hole i n a smaller 
• ft 

piece of molybdenum vjhich acted as an evaporation nsask and also 

c a r r i e d the thermocouples. This holder was then f i t t e d over a hole 
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i n the heater s t r i p , through which the evaporation took place. 
Substrate temperatures of up to 700°C could be obtained w i t h t h i s 
heater. 

3.2.4 Experimental 

The evaporation experiments consisted mainly of 

determining the e f f e c t of substrate temperature on the q u a l i t y of the 

evaporated f i l m s . Other parameters which a f f e c t f i l m growth are 

background pressure, r a t e of evaporation, the condition of the substrate and 

soiirce m a t e r i a l . I n i n v e s t i g a t i n g the e f f e c t of substrate temperature 

the other variables were kept as constant as possible by using a standard 

substrate treatment and by keeping the rate of evaporation constant. 

I d e a l l y a f i l m thickness monitor was required but, „as t h i s was not 

av a i l a b l e , i t was decided to use the source current to c o n t r o l the 

evaporation r a t e and t o use a constant quantity of source material f o r 

each experiment. I t was r e a l i s e d at the tiros that t h i s vms not a 

r e l i a b l e way of c o n t r o l l i n g the evaporation r a t e due to uncontrollable 

properties of the evaporant such as the amount of charge a c t u a l l y i n 

contact vrith the c r u c i b l e and the undefined evaporating area. However, 

f o r the i n i t i a l / ' w o r k at l e a s t , i t was decided that the simple method of 

c o n t r o l was probably s u f f i c i e n t . 

S i l i c o n substrates were etched as described i n Sec 2.2. 

El e c t r o n i c grade ZnS powder obtained from Levy-West Ltd, was used as 

the source f o r most of the evaporations. The a l t e r n a t i v e charge f o r 

some of the evaporations was the f i n e l y ground flow c r y s t a l s (Sec3.3. ) 

Extensive degassing, of the source and substrate was carried out p r i o r 
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t o the evaporation by heating the source slowly t o j u s t below 
i t s sublimation point and the substrate to a temperature higher 
than t h a t t o be used during the evaporation. Degassing was 
continued u n t i l the pressure had dropped to below 10~^ t o r r . 
During degassing a movable shutter was interposed i n the 2 , 5 cm gap 
between the substrate and the source. The evaporated areas were 
t y p i c a l l y about 5 nm'* on s i l i c o n substrates v;hich v;ere usually about 
0 . 5 cm by 1 cm. A t y p i c a l evaporation l a s t i n g 15 min vdth a source 
temperature of 1050°C produced f i l m thiclcnesses ranging from 2000 2. 
f o r substrate temperatures of 400°C to one micron f o r substrates at 
about 100°C. The deposition was terminated by interposing the 
shutter between the substrate and the source and the substrate was 
then cooled slov;ly to room temperature i n about 15 rain. Evaporations 
were i n general non-reproducible and the f i l m s v;ere often discoloured 
and non-tmiform. General conclusions can however be drav/n from the 
r e s u l t s and these are discussed i n Sec 3.7. together with the possible 
reasons f o r the lack of r e p r o d u c i b i l i t y . 
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3»3 Vapour flow deposition of ZnS on to s i l i c o n 

Single c r y s t a l s of ZnS can be grovm by sublimation 

using a f l o w technique (Ref 3 - 5 ) * An i n e r t c a r r i e r gas passed 

over subliming ZnS pov/der ca r r i e s the vapour t o cooler parts of the 

system where c r y s t a l grovrth takes place. This method v;as used f o r 

obtaining f l o w c r y s t a l s f o r use i n l a t e r experiments. I t v/as also 

decided t o use t h i s method t o t r y t o grow f i l m s of ZnS on s i l i c o n . 

The furnace used was s i m i l a r to the oxidation furnace 

described i n Sec 2 . 3 « 1 w i t h the a d d i t i o n of s i l i c a l i n e r s inside the 

fiu"nace tube to enable the c r y s t a l l i n e grovrths to be removed easily. 

A.rgon was used as the c a r r i e r gas and the o u t l e t fumes were bubbled 

through hydrochloric acid and then v;ater at the e x i t vent. 

Several flow runs were f i r s t c a r r i e d out t o determine 

the p o s i t i o n of the c r y s t a l l i n e grovrth along the furnace tube f o r a 

f i x e d source temperature and gas flow. The r e s u l t s are shown i n 

Pig 3 - 4 * The ZnS charge was positioned s l i g h t l y upstream of the point 

of maximum temperature i n the furnace to assist c r y s t a l formation. 

C r y s t a l l i n e growths appeared f i r s t at about 1100°C and consisted of 

small needles and p l a t e l e t s w i t h the occasional large c r y s t a l up to 

40 mm i n area. Moving downstream the c r y s t a l l i t e size decreased and 

the c r y s t a l s became increasingly yellow and f i n a l l y dark grey 

i n d i c a t i n g non-stoichemetric excesses of sulphur and zinc respectively. 

Growth on s i l i c o n was investigated by placing several 

f r e s h l y etched s i l i c o n chips i n small s i l i c a holders i n t o the flow 

furnace equispaced along the c r y s t a l grovrth region (Pig 3 - 4 ) • 
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A t y p i c a l flow run la s t e d 12 hrs w i t h a source temperature of 
1170°C and gas flow of O . S L m i a ^ The re s u l t s of t h i s vjork are 
described i n Sec 3 * 6 . 2 . 

3 . 4 Chemical deposition of ZnS on to s i l i c o n 

The t h i r d method of growing ZnS on s i l i c o n that v;as 

t r i e d was homogeneous p r e c i p i t a t i o n . This involves the formation 

of the sulphide from a metal s a l t s o l u t i o n at a cont r o l l e d rate 

governed by the d i s s o c i a t i o n rate of a sulphur containing compound i n 

the s o l u t i o n . I t hasbeen used f o r the grovrth of e p i t a x i a l f i l m s of 

PbS on germanium. I n t h i s the sulphide i s produced by p r e c i p i t a t i o n 

from an aqueous a l k a l i n e s o l u t i o n of a lead s a l t (Ref 3 - 6 ) . 

Homogeneous p r e c i p i t a t i o n has also been used i n the f i n a l p u r i f i c a t i o n 

process f o r CdS. I t v/as decided t o see i f f i l m s of ZnS could be 

deposited on to s i l i c o n using an adaptation of t h i s process. 

A s o l u t i o n of 20ml of 20n:l of 0 . 1 M zinc n i t r a t e and 

40 ml of 0 . 5 M sodium hydroxide was made up-. I f t h i s s o l u t i o n i s 

s u f f i c i e n t l y a l k a l i n e the Zn. ions do not p r e c i p i t a t e as the hydroxide 

but form the soluble zincate i o n . I n order t o maintain a clear 

s o l u t i o n the zinc n i t r a t e was therefore added slowly to the a l k a l i 

p a r t i c u l a r l y f o r the l a s t fev; mis which were added very slowly w i t h 

much s t i r r i n g . The s o l u t i o n was then added to a second s o l u t i o n 

c o n s i s t i n g of 20 mis of N / I thiourea and the m^ixture vjas heated to 

about 80°C. A f r e s h l y etched chip of s i l i c o n was suspended from a 

P.T.P.E. c l i p face downwards i n the l i q i i i d . A f t e r about h a l f an hour 

a f i n e white pov/der of ZnS had deposited on the surface of the s i l i c o n . 
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These deposits were hov/ever very non-uniform and had poor adhesion 
t o the substrate, probably due to the oxidation of the s i l i c o n i n 
the water. Also the ZnS seemed to have no preference to forming 
on surfaces u n l i k e FbS which produces m i r r o r - l i k e layers on any 
sxu'face i n contact w i t h the p r e c i p i t a t i n g s o l u t i o n . 

Because of the lack of success t h i s work was 

discontinued. However, more rec e n t l y Nagao and Watanabe (Ref 3-7) 

have published a method f o r the deposition of CdS using homogeneous 

p r e c i p i t a t i o n from a mixutre of Cd(N0^)2> NaOH, NĤ HÔ  thiourea, 

the ammonium s a l t apparently being necessary t o produce the soluble 

cadmium tetramine ions. The CdS f i l m s produced had very good 

adhesion t o t h e i r glass substrates and i t seems possible t h a t t h i s 

method might also be adopted f o r the production of ZnS f i l m s . 

However, because of the necessity f o r using a s i l i c o n substrate i n the 

present vfork aiid the likelyhood of i t o x i d i z i n g i n any aqueous solutio n 

i t was decided not t o attempt t h i s . 

3.5 Post-evaporation treatment 

I n order t o obtain ZnS f i l m s which have desirable 

luminescent properties i t i s necessary to incorporate the required 

e l e c t r i c a l l y and o p t i c a l l y active centres i n t o the l a t t i c e . This 

process i s c a l l e d a c t i v a t i o n and i t usually necessitates an increase i n 

c r y s t a l l i n i t y of the f i l m to locate the centres i n the correct l a t t i c e 

s i t e s . ZnS pov/der phosphors alvmys condense i n an imactivated form 

when they are evaporated, although on heated sustrates they are 

o f t e n h i g h l y c r y s t a l l i n e . This i s due to the extreme d i f f i c u l t y of 
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obtaining the required c o n t r o l over the evaporation and 
condensation rates of the host, the a c t i v a t o r and the eo-activator 
simultaneously. Some post-evaporation treatment i s therefore 
necessary t o obtain h i g h l y luminescent f i l m s . The methods used 
to date are l i s t e d belov; (Ref 3-12).. 

i ) Co-evaporation of the a c t i v a t o r ejid the host 

l a t t i c e and subsequent heat treatment, 

i i ) G i l l e s and Van Cakenber^s method (Ref 3-8) which 

involves the evaporation of the a c t i v a t o r , 

usually a metal, on to the host f i l m . I n a 

subsequent heat treatment the a c t i v a t o r d i f f u s e s 

i n t o the f i l m and also induces c i y s t a l l i s a t i o n . 

i i i ) Embedding techniques which u t i l i s e the s o l i d state 

d i f f u s i o n of the a c t i v a t o r at high temperatures 

from a phosphor.powder i n contact with the f i l m , 

i v ) The organometallic technique (Ref 3-9) which 

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

o i l bath containing the a c t i v a t o r i n the form of 

organometallic ions. 

Elsewhere ZnS f i l m s evaporated on t o glass sustrates 

have been made luminescent by a l l the methods described above. 

However, i n t h i s work the necessity f o r using s i l i c o n substrates 
cof».l"aifl 

which mayj^electrically active regions r e s t r i c t s the a c t i v a t i o n processes 

which can be used. I n order t o appreciate the problem more f u l l y 

some of the methods f o r a c t i v a t i n g evaporated f i l m s on s i l i c o n substrates 
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v;ere attempted using the Mn ion as the a c t i v a t o r , Mangainese i s 

a p a r t i c u l a r l y s u i t a b l e a c t i v a t o r f o r d.c. EL i n the I I - V I compounds 

because the luminescent t r a n s i t i o n s are i n t e r n a l t o the ion i t s e l f 

and are thus r e l a t i v e l y independent of the transport properties of the 

- surrounding host l a t t i c e . Also manganese ions are divalent l i k e 

the host metal ion-3 so that charge compensation effects are eliminated. 

I n theory, manganese ions should therefore be easily incorporated i n t o 

the host l a t t i c e . 

The simplest method v;as to activate the ZnS before evapordion. 

E l e c t r o n i c grade ZnS powder was activated w i t h ifo by weight of Hn by 

forming a s l u r r y w i t h mangahous chloride s o l u t i o n , drying i t and then 

baking at 1000°G. The r e s u l t i n g phosphors liuninesoed w i t h the t y p i c a l 

orange colour under U.V, 365O S l i g h t and also cathodoluminesced i n a 

2kV discharge. This phosphor powder was used as the soxirce f o r evaporatioi| 

on t o substrates at about 400°C. The micron t h i c k f i l m s produced were 

not luminescent. A f t e r annealing these f i l m s i n vacuo at fOO^C (Ref3-12) 

f o r 30 min they remained non-luminescent and a s i m i l a r anneal i n argon 

at 700°C was no be t t e r and i t usually caused the f i l m s t o s t a r t peeling 

from t h e i r substrates. 

The embedding technique was more successful. ZnSrMn phosphor 

powder was placed on top of a deposited ZnS f i l m which vfas then inserted 

i n t o an argon flov/ai 700°C. The f i l m produced by t h i s method showed 

weak orange luminescence under both U.V. and electron e x c i t a t i o n although 

t h e i r adhesion to the substrate was again poor. 

A t h i r d technique involved the evaporation of a t h i n layer of 

manganese on to the ZnS f i l m as i n the method of G i l l e s and Van Gakenbergk.. 
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The f i n a l f i l m however was not luminescent and i t also p a r t l y detached 
i t s e l f from the substrate during the heat treatment. 

Electroluminescence experiments were not conducted on the 

above f i l m s due t o t h e i r non-uniformity and lack of r e p r o d u c i b i l i t y 

i n t h e i r preparation. 

3.6 Results 

3 « 6 . 1 Evaporated ZnS f i l m s 

I n general the evaporated f i l m s were non-reproducible . 

Evaporations c a r r i e d out tinder apparently i d e n t i c a l conditions often 

showed wide v a r i a t i o n s i n the q u a l i t y of the f i l m s . General r e s u l t s 

can however be noted. 

i ) Films deposited on to substrates w i t h temperatures less 

than 100°C were usually transparent and amorphous as 

sho\TO by t h e i r broad d i f f u s e X-ray d i f f r a c t i o n r i n g s . 

i i ) Evaporations w i t h substrate temperatures i n the range 

100-450°G produced c r y s t a l l i n e f i l m s . The X-ray and electron 

CA J^ . .i.cdiffraction analysis of these f i l m s i s described i n Sec 3 . 6 . 3 . 

i i i ) With substrate temperatures greater than about 600°C veiy 

poor non-uniform f i l m s w.ere produced. This v;as probably 

due t o re-evaporation and the increased c o n t r i b u t i o n of 

substrate contamination. Above about 800°C ZnS vapour 

appesirs t o react w i t h s i l i c o n , 

i v ) Post-evaporation heat treatment of ZnS f i l m s described above 

usually r e s u l t e d i n the f i l m becoming detached from i t s 

substrate. 
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v) Due t o the lack of r e p r o d u c i b i l i t y of the evaporated 

f i l m s i n general, i t was impossible to ascertain vihether 

the source mat e r i a l ( i . e . Levy-Vfest powder or flow c r y s t a l s ) 

or changing the source c r u c i b l e and using th'e hot-wall b e l l -

j a r method a f f e c t e d t h e i r (^oal'ilij, 

3*6.2. Vap>our-deposited f i l m s . 

The f i l m s of ZnS deposited on t o s i l i c o n using the flow 

system v;ere also non-uniform. The f o l l o w i n g observations v;ere 

however made. 

I i ) ZnS c r y s t a l gro^dih occurs i n the temperature range 1100-800°C 

using the system described i n Sec 3.3. S i l i c o n substrates i n 

t h i s region were covered v/ith p o l y c r y s t a l l i n e deposits of 

mainly hexagonal alpha Zns and a Laue back r e f l e c t i o n X-ray 

d i f f r a c t o g r a p h of one of these f i l m s i s shown i n Pig 3 - 5 * 

Proni t h i s i t seems tha t the c r y s t a l habit favoured under these 

circumstances i s incompatable vdth the formation of single 

c r y s t a l layers on s i l i c o n , 

i i ) At temperatures higher than those i n the growth region ZnS 

vapour appears to react x^ith s i l i c o n . I t seems probable that 

p r i o r t o the p o l y c r y s t a l l i n e grovrth of ZnS on s i l i c o n , described 

above, t h i s r e a c t i o n also takes place. 

3,61,3» Physical assessment of f i l m s . 

The ZnS f i l m s vxere examined under the microscope and 

t h e i r thickness was measured i n t e r f o r o r a e t r i c a l l y as described i n 

Sec 2.3.2. ZnS vapour reacts w i t h s i l i c o n at temperatures greater 
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than about 800°C .and under favoiirable conditions i t etches the 
s i l i c o n surface t o produce t r i a n g u l a r p i t s on the ( i l l ) face 

• probably by the formation of the v o l a t i l e r eaction product SiS. 
The t r i a n g u l a r areas shovm i n F i g 3-6 were a few microns i n size 
and at f i r s t they were|^v;ith the i n i t i a l nucleations of e p i t a x i a l 
growth. To resolve t h i s problem of v;hether they v;ere p i t s or 
deposits f i l m s were metallised and examined imder a magnification of 
X 425 w i t h an interference objective made by Vicker's Ltd. 

of 

The direction^displacement of the f r i n g e s , c l a r i f i e d by the use of 

white l i g h t f r i n g e s , showed conclusively that these areas were i n f a c t 

p i t s which i n c i d e n t a l l y were ro t a t e d through l80°C with respect to the 

etch p i t s produced by the NaOH etch. 

The c r y s t a l s t r u c t u r e of the f i l m s had to be examined 

using a glancing angle X-ray d i f f r a c t i o n technique. Since the 

s c a t t e r i n g OJ^-rays by t h i n (0.5 micron) f i l m s was i n s u f f i c i e n t f o r the 

standard Laue back r e f l e c t i o n technique. The s i l i c o n substrate v;as 

mounted on a goniometer head w i t h the ZnS f i l m aligned to make a 5° angle 

w i t h the incident X-ray beam. The forviaxd d i f f r a c t e d X-rays viere 

recorded on a plate f i l m positioned about 3 cm behind the specimen. 
2 

The area o f the- X-ray beam vras about 1mm . Due to the d i f f i c u l t y of 
a 

measuring the film-specimen distancej[calibration layer was sometimes 

deposited on top of the evaporated f i l m . This could conveniently be 

produced by p a i n t i n g 'Silverdag' over the f i l m . 

ZnS evaporated on to substrates at about 300°C usually 

showed the d i f f r a c t i o n rings of the lovr temperature betar-Zns. The rings 
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were unbroken and showed no evidence of arcing due to a preferred 

o r i e n t a t i o n i n the f i l m . V/hen the f i l m was deposited on t o substrates 

at higher temperatures (about 400°C) the f i l m s condensed w i t h the 

( i l l ) axis of beta-ZnS as a preferred o r i e n t a t i o n normal to the 

substrate. Pig 3 - 8 i s a d i f f r a c t o g r a p h of one of these f i l m s 

taken w i t h a glancing angle of 5° showing arcing of the r i n g s . The 

angle subtended by the arcs at the centre of the r i n g i s a measure of 

the d e v i a t i o n of the preferred axis about the normal and t h i s i s about 

i 5° i n t h i s case. The single c r y s t a l spots are from the underlying 

s i l i c o n substrate. Pig 3-7 shows a Laue back r e f l e c t i o n X-ray 

d i f f r a c t o g r a p h of the same f i l m v/hich could be taken because i t was 

p a r t i c u l a r l y t h i c k . I t shows the randomness of the c r y s t a l l i t e s i n 

the plane of the substrate. D i f f r a c t i o n rings due to the hexagonal 

alpha-ZnS, the high temperature modification, viere also f a i n t l y v i s i b l e 

i n the glancing ajigle photographs. 

A fevj of the c r y s t a l l i n e f i l m s were also examined using 

the JEM 120 electron microscope. This microscope was acquired by the 
tk.. 

Department towards the end of tfejs work and consequently no detailed 

i n v e s t i g a t i o n was undertalcen. Films about one micron t h i c k were scraped 

from t h e i r substrates w i t h a razor blade and then thinned by f l o a t i n g 
them on d i l u t e HCl acid. A transmission electron d i f f r a c t o g r a p h of 

such a ZnS f i l m deposited on to a s i l i c o n sustrate at 200*̂ 0 i s shovm 
-5 2 

i n Fig The electron beam il l u m i n a t e s about 10 -"̂  mm and consequently 

the d i f f r a c t i o n r i n g s from the beta ZnS are more spotty than i n 

the X-ray case. The hexagonal alpha spots of a larger single 
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c r y s t a l l i t e of ZnS are also v i s i b l e on t h i s photograph and the 
d i f f r a c t o g r a p h of a perfect hexagonal c r y s t a l l i t e of Zns i s shown 
i n Pig y3i-\0.This however was not t y p i c a l of the f i l m as a vfhole 
which was ma,inly p o l y c r y s t a l l i n e beta-Zns. 
3.7 Discussion 

The vjork described i n t h i s chapter occupied approximately 

one year, and thoxigh i t was mainly of a preliminary nature several 

/ considerations had become apparant by the end of the year, vxhich led 

t o the t e r m i n a t i o n of the ZnS v?ork f o r the possible production of a 

s o l i d s t a t e display based on s i l i c o n . These considerations are discussed 

belov; w i t h emphasis mainly on the evaporated f i l m s . The reasons f o r 

d i s c o n t i n u i n g the chemical and vapour depositions are given at the end 

of t h e i r respective sections 3*3 and 3.4 though several of these 

considerations apply equally to a l l forms of deposition, 

a) R e p r o d u c i b i l i t y 

Tlio main problem encountered during the v/ork on 

evaporated f i l m s was t h e i r lack of r e p r o d u c i b i l i t y . I n order to 

produce uniform f i l m s much more precise c o n t r o l of a l l the evaporation 

and condensation parameters appears t o be necessary. Several l a t e r 

workers (Ref 3--10) have also reported s i m i l a r d i f f i c u l t i e s i n the 

evaporation of reproducible ZnS f i l m s . O i l vapour from the d i f f u s i o n 

pujnp, resistance heaters, the evaporant charge and the poor vacuum 

i t s e l f are a l l sources of uncontrollable contamination i n the system used, 
ft 

I f t h i s work had been extended then the f o l l o w i n g features vjould have 

been incorporated i n t o an improved system. 
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i ) An o i l - f r e e U.H.V. system, 

i i ) E lectron beam heating of the source and the substrate. 

i i i ) Pre-evaporation p u r i f i c a t i o n of the evaporant charge and 

c o n t r o l of the evaporation and condensation rates. 

i v ) A method f o r cleaning or etching the s i l i c o n i n high 

vacuum. Jones et a l . (Ref 3-11) using a c a r e f u l l y designed 

U.H.V, system have more rec e n t l y obtained e p i t a x i a l ZnS f i l m s 

up t o 5 microns t h i c k on s i l i c o n . A thermal etching method 

f o r cleaning the s i l i c o n i n s i t u was adopted vfhich involved 

the evaporation of the surface oxide and some of the s i l i c o n 

i t s e l f . E p i t a x i a l growth occiured at 620°after r a p i d l y cooling 

the substrate from a temperature of 920"in the presence of 

ZnS vapour. 

Although the production of e p i t a x i a l f i l m s of ZnS on 

s i l i c o n using improved methods therefore seems possible i t appears that 

t h i s would involve the use of apparatus not c u r r e n t l y available i n the 

Department. Also f o r eventually producing devices the substrate prepa3>-

a t i o n before evaporation must not be so rigorous as to prevent i t being 

applied t o s i l i c o n containing p-n junctions. The main reason f o r t r y i n g 

t o produce single c r y s t a l ZnS f i l m hov.'ever was t o make them e l e c t r o l ­

uminescent under a high f i e l d and i n t h i s context the f o l l o w i n g consider­

ations are also relevant. 

b) A c t i v a t i o n Problems. 

Thin f i l m s of ZnS always require post-evaporation heat 

treatments t o make them electroluminescent (Ref 3-12). The vrork done 
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on t h i s was not extensive, due to the problems of non-roproducibility, 
and i t was only relevant to p o l y c r y s t a l l i n e f i l m s and not the single 
c r y s t a l f i l m s v/hich might f i n a l l y have been produced. However, the 
f o l l o w i n g detrimental aspect of a c t i v a t i o n may be noted. 

i ) A c t i v a t i o n involves the c o n t r o l l e d d i f f u s i o n of c e r t a i n 

i m p u r i t i e s i n - t o the ZnS l a t t i c e . These impurities must not 

be allowed t o d i f f u s e i n t o e i t h e r the underlying s i l i c o n or the 

adjacent s i l i c o n which may contain e l e c t r i c a l l y active regions. 

This r e s t r i c t i o n , though perhaps not impossible to overcome, 

could o f f e r considerable technological d i f f i c u l t i e s , 

i i ) The c o e f f i c i e n t s of expansion of ZnS and Si d i f f e r s l i g h t l y . 

For example along the ( i l l ) d i r e c t i o n they are7.10"^/°C and 

2.5 lO"^ /°C respectively. (Ref 3-13). I t seems that i n post-

evaporation treatments w i t h f i l m s about a micron t h i c k t h i s r e s u l t s i n 

the detachment of the f i l m from i t s substrate. Jonc-ss et a l . (Ref 3-11) 

i n f a c t used the cirray of cracks appearing i n t h e i r f i l m s a f t e r deposition 

at 620°C as evidence of epitasy. The mismatch may be a fundamental 

l i m i t a t i o n t o heat treatment a f t e r evaporation, 

c) E x c i t a t i o n Problems 
iryCt, 

I n order t o produce electroluminesce^ the luminescent 

centres w i t h i n the f i l m must be excitated and f o r d.c. operation t h i s 

involyes the i n j e c t i o n of c a r r i e r s from the s i l i c o n . Although the 

exact nature of i n t e r f a c e states at heterojunctions i s not f u l l y 

understood i t i s probable that contamination ajid uncontrollable oxide 

layers at the i n t e r f a c e xvould reduce the e f f i c i e n c y of the f i e l d 
oa 

e m i t t i n g contact as envisaged f o r ZnS S i . The f o l l o w i n g points seem 
K 
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relevant t o the problem of e x c i t a t i o n of electroluminescence i n 

f i l m s of ZnS on s i l i c o n . 

i ) S i l i c o n surfaces r a p i d l y oxidise and t h i s oxide must be 

removed p r i o r t o deposition i n order to achieve an e f f i c i e n t 

contact as w e l l as promoting single c r y s t a l formation. 

i i ) ZnS dissociates on sublimation (Ref 3-14) and the vapour 

appears to react vdth s i l i c o n at temperatures greater than 

800°C. I f the r e a c t i o n products are s o l i d s at these 

temperatures the i n t e r f a c e v j i l l be contaminated w i t h the 

consequent detrimental e f f e c t s on the contact properties. 

On the other hand i f the products are v o l a t i l e i t would seem 

t o be f e a s i b l e t h a t , vrith c a r e f u l c o n t r o l of temperature, the 

ZnS i t s e l f could also be used as an etchant f o r i t s ovm substrate 

i n a s i m i l a r way to the use of SiCl^ and HCl mixture i n the 

e p i t a x i a l grovrth of s i l i c o n on s i l i c o n . 

i i i ) Single c r y s t a l s of ZnS are usually densely twinned and contain 

many defects and i t i s probable that s i m i l a r e f f e c t s would occur 

i n e p i t a x i a l f i l m s deposited on s i l i c o n . These defects would 

^ be undesirable from the point of view of sustaining a high 

f i e l d across the f i l m s and obtaining i n j e c t i o n at the s i l i c o n 

or top electrode p a r t i c u l a r l y i f a c t i v a t o r ions concentrated 

i n the;i^(as o f t e n occurs i n other materials. 
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3«3. Conclusion 

I n t h i s chapter the preparation and properties of 

ZnS t h i n f i l m s deposited on s i l i c o n have been described. Three 

methods of preparation were t r i e d but only evaporation seemed to be 

f e a s i b l e and even t h i s was i n general non-reproducible. The general 

features of f i l m s evaporated on t o substrates at d i f f e r e n t temperatures 

are described and the possible modifications necessary f o r reproducib­

i l i t y are discussed. I t also seemed to be d i f f i c u l t to incorporate 

the required a c t i v a t o r s t o obtain any form of luminescence. 

The preparation of b r i g h t d.c, electroluminescent ZnS 

f i l m s on glass has now been achieved elsewhere (Ref 3-15) also 

techniques f o r growing single c r y s t a l ZnS f i l m s on s i l i c o n have also 

been developed elsewhere (Ref 3-11) • Hov^ever, bringing these tvfo 

processes together t o produce electroluminescent ZnS on s i l i c o n introduces 
y 

several new problems which have been discxissed i n Sec 3-<5v ̂  The processes 

which appear-to be necessary to produce electroluminescent f i l m s on 

s i l i c o n seem t o be incompatible w i t h the s i l i c o n technology necessary f o r 

the d i s p l a y device o r i g i n a l l y envisaged. 

The d i f f i c u l t i e s encoimtered i n the preliminary work 

on the deposition of ZnS f i l m s on s i l i c o n and those which could be 

a n t i c i p a t e d i n the production of a display device led to the decision 
UKI5 

t o terminate the ZnS t h i n f i l m vrork. This decision^^ f o r t i f i e d by the 

f a c t t h a t electroluminescence of t h i n ZnS f i l m s v;ere being extensively 

studied i n other l a b o r a t o r i e s and, since the s t a r t of the pr o j e c t , 

considerable e f f o r t had been di r e c t e d elsev/her.e towards the production 
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of ZnS e p i t a x i a l f i l m s on s i l i c o n . Moreover the author became 
aware at about t h i s time of another luminescent material v/hich seemed 
to shov; considerable adveuitages over ZnS f o r display devices based 
on s i l i c o n . The new material w i l l e m i t e , had the added advantage 
tha t i t has scarcely been studied elsevfhere i n t h i n f i l m form. 
The rest of t h i s t hesis i s concerned v j i t h these f i l m s and the next 

chapter describes t h e i r production on s i l i c o n . 
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CHAPTER POUR 

WILLEMITE FILMS ON SILICON 

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

4ol»l General 

Willemite i s a n a t u r a l l y occurring luminescent 

mineral composed of manganese activated zinc o r t h o s i l i c a t e . As a 

photoluminescent phosphor excited mainly by 2537 1 u l t r a v i o l e t 

r a d i a t i o n i t vjas used i n one of the f i r s t fluorescent leamps, although 

i t s photoluminescent properties are very l i t t l e used now. The catho-

dolurainescent properties are hov;ever widely used f o r cathod^ay tube 

screens. The l i g h t output i s usually green, the broad structureless 

emission band centred about 5^50 ^ being t y p i c a l of the Mn^ion i n the 

rhombohedral c r y s t a l s t r u c t u r e of alpha^-Zn^SiO^, ?.nd i t i s p r a c t i c a l l y 

independent of the e x c i t a t i o n method used. W«a3c luminescence has also 

been observed i n the yellov/ ajtid red which ir , associated v;ith 5In i n a 

pseudo-rhombohedral st r u c t u r e of v/illemite c a l l e d beta-Zn2SiO^ and to an 

amorphous phase respectively. (Ref 4-1) . A s e l f - a c t i v a t e d phosphor 

ZngSiO^ :Si can also be made which luminesces a pale v i o l e t w i t h 

e l e c t r o n and X-ray e x c i t a t i o n (Ref 4-5) 

4,1,2 Electroluminescence of H i l l e m i t e 

The photoluminescent and.cathodcluminescent properties 

of w i l l e m i t e phosphors v/ere extensively studied i n the early days of 

phosphor technology. Various attempts have also been made to obtain 

electroluminesence (subsequently r e f e r r e d t o as EL) from Zn^SxO^zWn 

poviders but the output has always been quite low. Destriau i n 1947 
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gave the f i r s t report of EL from s i l i c a t e s . (Ref 4-2) . 

Bramley and Rosenthal (Ref 4-3) embedded the powder i n a low 

melting point glass and obtained EL with a.c. f i e l d s of the order 
-54 / 

of 5*10 volt/cm. The l i g h t emission occurred neeix the electrodes 

and was a t t r i b u t e d t o f i e l d emission across the electrode-phosphor 

i n t e r f a c e , 

Ueta (Ref 4-4) suspended Zn^SiO^illn i n polystyrene and 

obtained green EL w i t h 500 v o l t s at 50 Hz applied across a 20 micron 

t h i c k powder layer w i t h 40 microns of castor o i l t o form an i n s u l a t i n g 

f i l m between the phosphor and the electrode. Similar r e s u l t s were 

obtained by LuycJoc and Stokkink (Ref 4-6) who studied the brightness 

waves of the l i g h t output and observed high frequency o s c i l l a t i o n s at 

t h e i r peaks i n d i c a t i n g the approach of breakdovm. The p o t e n t i a l 

required t o produce s i m i l a r l i g h t output from ?. ZnS powder phosphor 

was only a tenth of t h a t required f o r Zn^SiO^j Mn. Hizushima (Ref 4-7) 

i n a short note, mentions the observations of both l i g h t and electron 

emission from a zinc s i l i c a t e phosphor cold cathode, 

A patent by Rulon and Butler (Ref 4-8) describes a 

method f o r achieving EL i n Zn^SiO^zlln, SnCl^ v/as sprayed over the 

phosphor powder and i n a subsequent heat treatment conducting spots on 

the phosphor p a r t i c l e s of t i n oxide ^ e formed to produce conditions 

s u i t a b l e f o r EL. The brightness achieved however was s t i l l low being 

0.015 f t - L w i t h an applied voltage of 600 v o l t s at 60Hz. 

Nicol and Kazan (Ref 4-9) observed EL i n conventional 

oathode^ay tubes. A'direct voltage was applied between the 
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aluminium backing of the phosphor screen and a transparent 

coating on the outside of the tube. EL vfas observed vjhen the 

screen was heated to allow s u f f i c i e n t current flow, A brightness 
2 

of 1.5 f t - L was obtained at a current density of 35q̂ mp/cm produced 

w i t h 200 v o l t s . This e f f e c t was observed both vjhen the tube v;as 

evacuated and when the vacuum had been destroyed. 

An explanation of the above e f f e c t v;as suggested by 

Boweil and Bate (Ref 4-10) who also obtained EL vath zinc die from 

s i l i c a t e i n vjhichj^particles were f i r s t coated w i t h an ionisable s a l t 

such as potassium s i l i c a t e , a material vjhich i s used as a binder i n 

the production of cathode ray tube screens. The emission v/as 

l o c a l i s e d at the anode f o r d.c. operation but the output decayed due 

t o p o l a r i s a t i o n e f f e c t s . Most, but not a l l photoluminescent materials 

could be made to EL i n t h i s manner. 

Kolomoitsev et a l . (Ref 4-11) obtained s i m i l a r e f f e c t s 

to Bowell and Bates when they coated Zn^BiO^: Mn phosphors w i t h Na^giO^ 
but they found that the l i g h t emission disappeared i n vacuum. They 
concluded t h a t the motion of the ions i n the powder matrix allovjs the 

build-up of a s u f f i c i e n t l y large p o t e n t i a l b a r r i e r at one of the 

electrodes t o produce a corona discharge v/ithin the powder at 

r e l a t i v e l y lovir d.c. voltages. This also explained the decrease i n 

l i g h t output that occurred v;hen the frequency was increased w i t h a.c. 
insufficient 

e x c i t a t i o n . At high frequencies there was thought to bedtime between 

cycles t o allow f o r the r e d i s t r i b u t i o n of the ions i n the powder. 
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Lehmann (Ref 4-12) showed that many photoluminescent 

but non EL phosphors, such as a ZUgSiO^: Mn pov/der, could be made 

EL by f i r s t mixing the phosphor w i t h sharp conducting p a r t i c l e s , 

usually of metal. A s l u r r y of the mixture w i t h castor o i l v/as then 

inser t e d betvjeen a conducting glass plate and a metal electrode 

covered w i t h a t h i n i n s u l a t i n g f i l m . When a.c. at a frequency of 

about 20 kHz vras applied across these c e l l s l i g h t output v;as observed 

at the contacts between the phosphor p a r t i c l e s and the conducting 

p a r t i c l e s . Light was also observed v;hen the conducting p a r t i c l e s were 
Ull ro- ru io le l ' 

of copper sulphide. Ul+fr- H o l o t e x c i t a t i o n from gas discharge was 
V — 

discounted because some phosphors showed d i f f e r e n t colours f o r U.V. 

photolurainescence and f o r contact EL. 

The most recent reference to EL i n Zn2SiO^: Hn appears 

to be a paper by Jones (Ref 4-13) who constructed three basic types of 

EL c e l l s using Zn2Si04:Mn, amongst other cathode3?ay tube phosphors. 

The Type I c e l l s xifhich v/ere s i m i l a r to Lehmann's but v/ithout the 

conducting p a r t i c l e s i n the phosphor powder exhibited a.c. EL although 

they glowed only weakly i f at a l l i n vacuum. Their Type 11 c e l l 

incorporated a layer of the semiconductor cadmium pyroantimonate 

sandv/iched next to the phosphor layer and t h i s showed a.c. EL both i n 

a i r and i n vacuxim. I n the Type 111 c e l l s he removed the i n s u l a t i n g 

f i l m from betv/een the electrodes v/hich resulted i n EL w i t h d i r e c t 

voltages applied i n vacuum. A comparison of these c e l l s w i t h a 

commercial ZnS EL panel showed tha t equal l i g h t outputs could be 

obtained f o r the same currents although 20 times more voltage was 
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required f o r the Zn2Si0^:Mn c e l l s . Jones concludes that the 

EL v;as due to the bombardment of the phosphor by electrons e i t h e r 

at. the air-phosphor i n t e r f a c e or at a semiconductor ( i n t h i s case 

cadmium antimonate) to phosphor i n t e r f a c e . Although the provision 

of the l a t t e r contacts considerably reduced the threshold voltage 

required f o r EL he does not discuss the exact nature of t h i s 

semiconductor/phosphor i n t e r f a c e . 

I t appears that the EL of ZngSiO^tMn powders requires 

much more intense f i e l d s than f o r the more-usual sulphide type 

phosphors. Many of the e a r l i e r observations of EL i n v;illemite 

phosphors can probably be a t t r i b u t e d to cathodoluminescence or 

ionolurainescence due t o corona discharges w i t h i n the powder matrix 

which could be enhanced by special phosphor treatments. The observ­

ations of EL from w i t h i n a h i g h l y evacuated cathode^ay tube by N i c o l l 

and Kazan hov;ever, means that t h i s i s perhapa not alv/ays the case. 

Considering also the vjork of Lehmann and Jones i t does not seem 

impossible t h a t some high f i e l d i n j e c t i o n mechanism v;hich excite 

EL msy also occur at a heterootmction w i t h zinc s i l i c a t e . I t appears 

t h a t both a metal and a semiconductor can f u l f i l t h i s r o l e . 

EL studies of Zn^SiO^: Mn have so f a r been devoted 

e n t i r e l y t o powders. The high f i e l d s which appear to be necessary 

t o obtain the required i n j e c t i o n phenomena i n wi l l e r a i t e can however 

be obtained most conveniently by the use of t h i n f i l m s j although 

t h i n f i l m s of w i l l e m i t e have been produced by other people no^no 

appear^ t o have considered t h e i r electroluminescent properties. 
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The production of t h i n uniform f i l m s which can also sustain 
the high f i e l d s necessary f o r EL i s described i n Sec 4.2. The next 
section describes the methods of prod\iction of v/illemite phosphors 
v/hich have been used i n the past and more s p e c i f i c a l l y those v;hich 
have been applied to the preparation of t h i n f i l m s . 

4«1»3 Willemite t h i n f i l m s 

Since Zn2SiO^ melts at 1785°C commercial phosphors are 

usually prepared by a s o l i d state reaction betvjeen a zinc compound 

and s i l i c a . The zinc compound i s often ZnO though many var i a t i o n s 

e x i s t . I n the 'hydr o f l u o r i c acid' process (Ref 4-15) more intimate 

mixing of the s o l i d state reactants i s achieved by u t i l i z i n g the 

effervescent action of the v o l a t i l e SiP^ vfhich i s produced when 

h y d r o f l u o r i c acid,ZnO, and s i l i c a are mixed. ZngSiO^is formed when 

the products of the r e a c t i o n are heated to 1000°C. The 'carbonate 

process'.relies on the c o - p r e c i p i t a t i o n of ths carbonate and s i l i c a 

i n c o l l o i d a l form from a zinc n i t r a t e and einmonium carbonate so l u t i o n . 

Again a high temperature bake i s required to produce the s i l i c a t e . 

Tho manganese a c t i v a t o r required f o r luminescence i s usually added i n 

the same way as the zinc compound i n these processes. 

Zinc s i l i c a t e phosphors are used mainly f o r cathodeVay 

tube screens. Granular screens produced from a pov;der have the 

disadvantages of v e r y poor thermal contact w i t h the glass substrate 

and of specular s c a t t e r i n g of the l i g h t output from.the cathodolumin-

escent spot v/hich r e s u l t s i n a loss of r e s o l u t i o n . The l i g h t output 

as the e l e c t r o n beam moves across the screen i s also very noisy. 
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A transparent t h i n f i l m screen should have none of these 
disadvantages and i t v/ould also give the diibious advantage of 
b i l a t e r a l viev/ing. I t was mainly f o r these reasons that t h i n 
w i l l e m i t e f i l m s have been investigated i n a number of laboratories 
and several techniques developed f o r t h e i r grov;th. 

The e a r l i e s t mention of v/illemite f i l m s i s i n the 

work of Peldman and O'Hara (Eef<h-16) v;ho evaporated Zn^SiO^x Mn from 

a tajitalum boat at 1300°C on to s i l i c a glass substrates. The f i l m s 

condensed i n a dcirkened condition due tcjihe reduction that occurs 

' during evaporation and they required f i r i n g a t 1100°C f o r 30 minutes 

i n oxygen i n order to make them green luminescent. Various heat 

treatments v/ere described i n a l a t e r paper (Ref 4-17) i n which Peldman 

and O'Hara reported the formation of r e d and yellov/ luminescent f i l m s . 

One p a r t i c u l a r haat treatment involved the d i f f x i s i o n of boron from a 

b o r o s i l i c a t e glaaEi substrate and demonstrated t h e strong reaction t h a t 

can occur betv/een these f i l m s and t h e i r glass substrates. 

A r e a c t i o n technique i n v o l v i n g a glass substrate and a 

metal f l u o r i d e f o r t h e production of transparent luminescent f i l m s was 

patented by Rottgardt (Ref 4-18). I n t h i s , a manganese activated zinc 

f l u o r i d e phosphor vjas evaporated on to t h e inside of a glass cathod^ay 

tube envelope v/hich was then baked betv/een 300°C and 650°C. The r e s u l t ­

i n g luminescent f i l m was t h e product of a reaction between the s i l i c a t e 

glass and the f l u o r i d e . K e l l e r and Coghill (Ref 4-19) vised a 

v a r i a t i o n of t h i s technique to produce s i l i c a t e phosphor f i l m s by 

evaporating ZnF^cHn on t o a high silicar-containing glass substrate 
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vrhich had been heated t o about 600°C. 

j A hot spray method V7as u t i l i z e d by K i r k and Schulman 

(Ref 4-20) v;hich also involved the reaction w i t h the substrate 

surface, A methanol s o l u t i o n of ZnCl^ containing the r e q u i s i t e 

amovuit of MnClg was sprayed on to Pyrex substrates at 500-1000°C to 

produce green cathodoluminescent f i l m s of Zn2Si0^:Mn, The r e c r y s t a l l -

i s a t i o n of a glass substrate surface v/liich r e s u l t s i n the embedding of 

w i l l e m i t e i n a vitreous matrix t o produce luminescent f i l m s i s the 

subject of a patent by Veres (Ref 4-21). 

Substrate reaction techniques f o r the preparation of 

t h i n luminescent f i l m s o f f e r several advantages over the more usual 

methods of production and these are enumerated mere s p e c i f i c a l l y i n 

Sec. 4.4, The v/ork described i n t h i s thesis i s concerned w i t h the 

preparation and properties of luminescent f i l m s on s i l i c o n w i t h a 

view to making a f u l l y integrated display device and the development 

of a substrate r e a c t i o n technique f o r the production of w i l l e m i t e 

phosphor f i l m s on a s i l i c o n rather than a glass substrate i s described 

i n the next section. 

4«2 The preparation of w i l l e m i t e j f i l m s on s i l i c o n 

The substrate r e a c t i o n methods described i n Sec 4.1.3 

have been used successfully by several workers t o produce luminescent 

v j i l l e m i t e f i l m s on b o r o s i l i c a t e and s i l i c a glasses and i t was decided t o 

t r y t o develop s i m i l a r techniques f o r s i l i c o n substrates.The xise of 

the n a t u r a l l y occurring oxide oA s i l i c o n i n the formation of a phosphor 

f i l m forms the main o r i g i n a l idea i n t h i s t hesis and i s the reason f o r 
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the choice of w i l l e m i t e as a luminescent material highly compatible 

w i t h s i l i c o n technology. Many other advantages became apparent 

l a t e r ajid these are l i s t e d i n Sec 4.4* 

The f i n a l process f o r the formation of w i l l e m i t e on 

s i l i c o n consisted b a s i c a l l y of the oxidation of the s i l i c o n surface, 

the deposition of a layer of ZnP^tMn and a subsequent heat treatment. 

The d e t a i l s of t h i s method and the d i f f e r e n t techniques that were t r i e d 

before the f i n a l process v/as adopted are described below. 

The o x i d a t i o n and preparation of the s i l i c o n sustrates 

i s described in. Sec 2.2. Oxide thicknesses of about 1000 X or less 

were generally used because t h i n f i l m s were necessary so that high 
pro(Jocfi 

f i e l d s could be purchaoed w i t h r e l a t i v e l y lovi voltages. 

Ele c t r o n i c grade ZnP^ both unactivated and activated 

w i t h 1% by weight of manganese f l u o r i d e ;;as obtained from Levy i-/est 

and Co. L t d . I t was decided to use ZnP̂ :''̂ ! because unlike other comp­

ounds t h a t could be used ( e.g. ZnCl^ .) both ZnP^ and HnP^ have very 

nearly the same vapour pressure and melting points ( 872°C and 856°C 

re s p e c t i v e l y ) so t h a t the phosphor can be evaporated and condensed 

without the loss of the a c t i v a t o r . The requirement f o r the by-products 

of the substrate r e a c t i o n ( SiP^ i n t h i s case ) to be v o l a t i l e i s also 

f u l f i l l e d w i t h ZnP^rMn. The v o l a t i l i t y of SiP^ and consequent effervesc­

ent a c t i o n was i n f a c t the basis of the • hydrofluoric acid • process 

used f o r producing w i l l e r a i t e powder as described i n Sec 4.I . 3 . 

Some of the early work used unactivated ZnP^ t o which 
manganese had been added. This a c t i v a t i o n process was ca r r i e d out by 
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making a s l u r r y of ZnPi: powder w i t h a measured s o l u t i o n of MnCl„ 
drying i t and then baking i n argon at a temperature j u s t below the 
melting point of the f l u o r i d e . I d e a l l y t h i s should be done i n a 
pla t i ^ T i u r a c r u c i b l e as ZnP2 reacts w i t h s i l i c a . I n f a c t , the use 
of a quartz boat r e s u l t s i n zinc s i l i c a t e forming on the surfaces 
of a l l the nearby glassware as ZnPg sublimes s l i g h t l y at these 
temperatures. 

Early experiments on a c t i v a t i o n i n v o l v i n g t h i s baking 

process l e d t o attempts at making wil l e r a i t e by a reaction technique 

from a gas flow, A flow method which could be used without a vacuum 

system should also have an advantage from the s i l i c o n technology point 

of vievr. Oxidised s i l i c o n chips were placed s l i g h t l y dovmstreara of 

some subliming ZnP^tMn at 800°C i n a tubular furnace w i t h an argon 

gas f l o w . S i l i c a t e f i l m s formed on the s i l i c o n g i v i n g green 

cathodiuminei5cenc3. Hovfever, the f i l m s v/ere f r o s t y and non-\uiiforra 

and excess ZnPgi Mn seemed to prevent the formation of luminescent f i l m s . 

Masking these f i l m s would be d i f f i c u l t although an adaptation of the 

standard oxide masking technique used i n s i l i c o n technology might have 

been possible, 

-In order t o have more control of the amount of ZnP2:Hn 

deposited on to the hot s i l i c o n substrates i t was decided to use a 

vacuum evaporation method instead of the gas flow. The substrates 

were heated i n the b e l l j a r system described i n Seo 3.2, using a 

molybdenum s t r i p heater and the phosphor was evaporated from a 

pepperpot boat which i s also described i n Sec 3 2. Molton ZnP^ reacts 
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v/ith molybdenum and i d e a l l y a plati^num cr u c i b l e would have been 
ions 

used but i t was found that the most reproducible evaporat-e& v/ere 

performed by subl^ing ZnP^ powder at about 825 C which i s about 50 C 

below i t s melting point and t h i s could be done using a molybdenum 

boat. Over 50 evaporations c a r r i e d out w i t h one molybdenum 

pepperpot l e d to no apparent corrosion. 

I t was essential t o thoroughly outgas the source p r i o r 

to evaporation at a temperature lower than about 450°C. The manganese 

f l u o r i d e a c t i v a t o r reacts w i t h oxygen at temperatiu'es greater than t h i s 

and the high melting point oxides produced remain i n the crucible as 

a black deposit a f t e r the evaporation. The f l u o r i d e s are also 

decomposed by any water vapour i n the system. The evaporations were 

c a r r i e d out i n the 10~^ borr pressure range. 

As the evaporating ZnPg molecules reach the substrate 

they react w i t h the hot oxidised s i l i c o n t o produce zinc s i l i c a t e . 

The f i l m s produced by t h i s process, hovfever^ were only weakly green 

cathodolurainescent and again they appeared t o be f r o s t y and non-uniform. 

The r e a c t i o n of the s i l i c a w i t h the impinging ZnP^ molecules i s determined 

t o some extent by the rate of a r r i v a l of the molecules so that too f a s t 

a r a t e of evaporation resulted i n a f i l m which shov/ed the yellow 

luminescence of xmreacted ZnPg: Ito on the surface and the weak green 

luminescence of a t h i n w i l l e m i t e layer beneath. The ZnP^: Mn could 

however be washed away w i t h ammonium hydroxide leaving the s i l i c a t e 

layer i n t a c t . 

I n the next technique t r i e d the dependence of the substrate 
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r e a c t i o n on the rate of evaporation v;as removed by evaporating 

the ZnPgSMn on to unheated oxidised substrates. These were then 

removed from the vacuum system and baked at 1100°C i n oxygen t o 

give the r e a c t i o n t h a t forms v/illemite. The approximate thickness 

of f l u o r i d e required t o react w i t h the oxide f i l m was estimated 

using the knoim density values and assuming th a t the simple 

r e a c t i o n during the baking was :-

ZnP-:Hn + SiO_ » Zn^SiO.iMn + SiP. 2 2 2 4 4 

The proporations of ZnF^zlln and s i l i c a required were 

about 1,5:1 by volume respectively so that a t y p i c a l evaporation at 

825°C produced f l u o r i d e f i l m s t h a t were about 100o£ t h i c k . When 

converted t o wil l e r a i t e these f i l m s gave b r i g h t green cathodoluminescence 

showing f o r the f i r s t time that the phosphor could be produced 

s a t i s f a c t o r i l y on s i l i c o n substrates. 

The baking procedure required to produce the brightest 

and most uniform luminescent f i l m s involved i n s e r t i n g the ZHPgrlto 

f i l m i n t o the furnace at 1100°C so that the f l u o r i d e melted before 

any appreciable r e a c t i o n w i t h the oxidised s i l i c o n surface occurred. 

Gas Bjnbients containing oxygen appeared to be necessary during the 

5-10 min bake'^because probably the oxygen allowed the formation of 

the completely oxidised s i l i c a t e necessary f o r bright luminescence. 

Peldman and O'Hara (Ref 4-l6) also found that f i l m s of Zn2SiO^:Hn 

evaporated from the powder phosphor were only luminescent a f t e r a 

30rain bake i n oxygen at 1100°C. 
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I n s p i t e of the reac t i o n equation above there 
seemed t o be a wide tolerance i n the r e l a t i v e thicknesses of 
ZnPg and s i l i c a f i l m s v/hich could be used, successfully to produce 
green luminescent f i l m s . ZnP^iHn f i l m s v;hich were of greater than 
about 5 times the thickness estimated from the above equation^were 
f r o s t y and only weakly luminescent. Greater proporations of ZnPg 
re s u l t e d i n dark non-luminescent f i l m s . 

I f only a r e l a t i v e l y small amount of ZnP2 was evaporated 

onto the oxidised s i l i c o n surface, f i l m s were obtained that 

cathodolurainesced yellow. This observation was i n agreement with 

previous workers who obtained yellow luminescent ginc s i l i c a t e povjders 

when excess s i l i c a v;as used i n t h e i r production. 

Bright green cathodoluminescent f i l m s could also be 

produced when up to lOOoS thickness of ZnP2:Mn was evaporated on to 

s i l i c o n substrates v;hich had not been thermally oxidised, though they 

probably s t i l l had a t h i n oxide coating. I n t h i s case gas used i n tho 

re a c t i o n bake probably.provided most of the oxygen required f o r the 

formation of Zn^SiO.. 
2 4 

The maximum thickness of the oxide that could be used 

was governed by the depth of penetration of the reaction. This i s 

discussed i n the next chapter together w i t h a s t r u c t u r a l assessment . 

of the w i l l e m i t e formed by the substrate reaction process. 

The process described above,involving the evaporation 

of the ZnP2:Mn on t o unheated o x i d i s e d . s i l i c o n substrates followed 

by a bake i n oxygen at about 1100°G was capable of producing uniform 
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green cefthodoluminescent f i l m s v/ith brightness comparable to 

the®© of commercial v/illemite pov/ders. Over 80 v/illeraite f i l m s 

v/ere prepared altogether and of these a l l those made by t h i s process 

w i t h i n the conditions o u t l i n e d above (about 50) showed the same 

green cathodoluminescence. The f i l m s were always uniform apart 

from a few f i l m s that iiad one or two small specks of contajiiination 

probably produced by dust pcirticles picked up dui^ing the transfer 

from the evaporator t o the furnace. 

4«3 Device preparation 

The phosphor f i l m s made by the f i n a l process described 

i n Sec 4.2 usually had dimensions of .about 0.5 x 0.2 cm on s i l i c o n 

substrates about 1 cm. by 0.5 cm. Metal top contacts were evaporated 

on t o the f i l m s a f t e r baking usually i n the form of an array of 
-3 2 

21 dots each about 10. cm i n area. Gold, aluminium and indixim were 

used as contact metals. The evaporation masks f o r the contacts were-

made by standard photolithogi^aphic techniques. Contacts were also 

evaporated on to the neighbouring oxide surface so that both HOS and 

metal-phosphor-cilicon structures v/ere available f o r e l e c t r i c & l 

measurements, the KOS devices being used f o r comparison purposes. 

A photograph of a t y p i c a l w i l l e m i t e and a schematic diagram i s shov/n 

i n Pig 4-1. 

Ohmic e l e c t r i c a l contacts v/ere made to the s i l i c o n by 

f i r s t etching the oxide from selected areas of the device and then 

bonding v/ires t o the s i l i c o n surface using the techniques described 

i n Sec 
Transparent t i n oxide contacts were used on a fev/ devices. 
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Fig 4-1 A typical willcmite device 
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These were prepared by exposing the surface, heated to about 300°C, 
to a stream of SnCl^in argon. Masking of these contacts v/as 
d i f f i c u l t as no etch f o r t i n oxide could be found that did not 
also attack the s i l i c a t e f i l m xmderneath. S t r i p s of t i n oxide 
0.010 inch v/ide v;ere f i n a l l y produced across the vfillemite by f i r s t 
evaporating aluminium on areas vfhere the t i n oxide was not required 
and a f t e r the deposition etching i t avjay w i t h NaOH solution to take 
the o v e r l y i n g t i n oxide w i t h i t . 

The devices were mounted on perspex holders and placed 

under a microscope so that the contacts could be probed i n t u r n . 

This \ias done by using tv;o micromanipulators made by Research 

Instruments Ltd. which were f i t t e d w i t h gold probes. The e l e c t r i c a l 

measurements c a r r i e d out on these devices are described i n Chapters 

6 and 7 . 

4 » 4 Discussion 

The vrilleraite f i l m s , prepeired by the substrate reaction 

technique described above, o f f e r considerable advantages over other 

possible materi£,ls f o r the eventual production of an electroluminescent 

display device based on s i l i c o n . The immediate advantages are l i s t e d 

b r i e f l y below although the v/hole subject v ; i l l be discussed i n more 

d e t a i l i n Chapter 9» 

l ) The method of production of w i l l e m i t e f i l m s i s simple and highly 

compatible w i t h modern s i l i c o n device technology i n v;hich 

c o n t r o l l e d o x i dation i s extensively used. 
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i i ) The i n t e r f a c e between the s i l i c o n and t h e phoBphor should 
j be cleaji and f r e e from contamination. The oxidatioh of 

s i l i c o n proceeds by the inward motion of the o x i d i s i n g 

species feo that the o x i d e - s i l i c o n surface i s never exposed 

t o the ambient although d i f f u s i o n of im p u r i t i e s can s t i l l 

occur during the high temperature processing, 

i i i ) The use of a uniform s i l i c o n oxide f i l m which may be grown 

by w e l l established methods f o r conversion to the phosphor 

considerably reduces the chance of obtaining pinholes. 

i v ) The f i l m s are e l e c t r i c a l l y insulated from the adjacent s i l i c o n 

surf,ace by the surrounding oxide layer and junctions i n the 

s i l i c o n remain passivated. 

v) The process appears to be capable of a high degree of 

r e p r o d u c i b i l i t y v;hich i s probably at least p e x t i a l l y due to the 

f a c t that the process parameter do not seem to be critical 

v i ) The unique feature of the phosphor ZnF^illn (used as the s t a r t i n g 

m aterial) enables i t to be evaporated and condensed' v;ithout 

loss of luminescent e f f i c i e n c y so that the manganese a c t i v a t o r 

can be easily incorporated i n t o the v/illemite f i l m during i t s 

preparation. 

v i i ) Evaporation masks can be used to clos e l y define the areas of 

w i l l e m i t e produced. 

v i i i ) By using the reactioa of the substrate to produce the phosphor 

f i l m s excellent adhesion i s assured. 
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CHAPTER FIVE 

The S t r u c t u r a l Assessment of N i l l e m i t e Films on S i l i c o n 

5*1 The Crystal Structure of Vfillemite 

The f i r s t d e t a i l e d X-ray examination of zinc 

o r t h o s i l i c a t e , w i i l e m i t e , was imdertaken by Bragg and Zachariasen 

(Ref 5 -1 ) i n 1930* The structure was shown to be based on a 

rhombohedral space l a t t i c e vriLth a u n i t c e l l of dimensions a = 8.76 £ 

and ^ = 1 0 7 ° 4 5 ' , where »a' i s the length of the sides of the 

rhombohedron and cC the obtuse angle betvreen any two of them. 

Each u n i t c e l l was composed of 4? atoms comprising s i x ZngSiO^ groups. 

S i l i c a t e s are c l a s s i f i e d , i n general, by the Si-O 

arrangement which they display. The basic b u i l d i n g block consists of 

a s i l i c o n atom surrounded by four oxygen atoms at the corners of a 

regular tetrahedron. The Si-O distance i s about 1,6 S and the 0-0 

distance 2 . 6 3, The various types of Si-O arrangements that occur are 

due t o the tendancy of these t e t r a h e d r a l (SiO^) groups to polymerise to 

form chains, networks and framev/ork structures. 

Bragg, i n h i s early c l a s s i f i c a t i o n of the s i l i c a t e s , 

included v/illemite i n the group which was characterised by the existence 

of separate (SiO^) groups ( i . e . tetrahedra w i t h oxygen atoms linked 

only to the one c e n t r a l s i l i c o n atom). Z o l t a i (Ref 5-2) i n I96O 

however attempted to r e c l a s s i f y s i l i c a t e structures by introducing an 

a d d i t i o n a l c r i t e r i o n based on the r e l a t i v e sizes of the cation and the 

anion and he included Zn^SiO^ i n the class characterised by an 

unterminated t e t r a h e d r a l framev;ork s t r u c t u r e . 
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I t i s d i f f i c u l t t o get a clear picture of the 
because 

atomic arrangement i n the w i l l e m i t e structure/of the large u n i t 

c e l l and the rhombohedral space l a t t i c e on which i t i s based. 

Pig 5 - 1 i s reproduced from Ref 5-5 i s an attempt to i l l u s t r a t e 

some aspects of the s t r u c t u r e . The structure 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^ tetrahedra w i t h ZnO^ tetrahedra around 

a t r i g o n a l a:cis i n such a way tha t each oxygen atom of the SiO^ group 

also forms part of two neighbouring tetrahedra around Zn atoms. 

Each Si atom and each Zn atom i s then surrounded by four 0 atoms and 

' each oxygen atom i s l i n k e d by two Zn atoms and one Si atom at the 

corners of an e q u i l a t e r a l t r i a n g l e ( F i g 5-la) 

The formation of the strongly bound SiO^ group i n zinc 

o r t h o s i l i c a t e i s due to the sp^ h y b r i d i s a t i o n of the Si atoms. 

The mixed covalentionic bond that occurs between the Si atom and the 

fovcr surrounding 0 atoms r e s u l t s i r i a SiO^ r a d i c a l which has a net 

charge of - 4 . The bonding of the Zn ''"'̂ 'ion t o t h i s r a d i c a l appears to 

be mainly i o n i c (Ref 5 -3) each ( s i O ^ ) " ^ r a d i c a l being balanced by 

two Zn ions. 

Zinc s i l i c a t e phosphors are made by incorporating 

manganese ions i n t o the c r y s t a l l a t t i c e . The Ito."*""*" ion enters the 

l a t t i c e as an isomorphous s u b s t i t u t i o n f o r the Zn atom. Solid solutions 

up t o 45 mol ̂  of Hn2SiO^ have been reported by Kroger (Ref 5 - 4 ) , 

the only s t r u c t u r a l change being a small expansion of the l a t t i c e due 

t o j ^ s l i g h t l y larger size of the Mn ion. /These mixed cation s i l i c a t e s 
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• I I ' ' I 
0 1 2 3 4 5A 

Fig 5-1 The crystal structure of wlllemlte - «cZnjSi04 
O - ox ygcn atom Zn atom m-^ Si atom 

a)' The local atomic configuration of each atom 

b) The atomic structure looking down the trigonal axis 
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i n f a c t occur n a t u r a l l y as the mineral t r o u s t i t e (ZnMnSiO^). 

For concentrations greater than 45^ s t r u c t u r a l changes appear 

i n the phosphor and X-ray analysis shoi/s that c r y s t a l s of the formula 

MnSiO^ are formed. These luminesce red, as does the pure LlnSiO^. 

Zinc s i l i c a t e can also c r y s t a l l i s e i n a t r i g o n a l 

form t h a t resembles a d i s t o r t e d t r i d y m i t e or c r i s t o b a l i t e structure 

(Ref 5 - 6 ) . This a l L t r o p i c form i s c a l l e d ^-Zn^SiO^ and i t s 

preparation suggests t h a t i t i s only an intermediate stage i n the 

formation of the usual oC Zn^SiO^ to which i t reverts on heating 

above 800°C. 

5 ,2 Reaction Depth Studies 

I n order to determine the depth of the substrate 

r e a c t i o n , the s i l i c a t e f i l m was dissolved p r e f e r e n t i a l l y i n 

concentrated hydrochloric acid. This l e f t both the unreacted s i l i c a 

f i l m and the underlying s i l i c o n substrate i n t a c t . The thickness of 

the s i l i c a f i l m which had been converted tc w i l l e m i t e v/as then measured 

using the multiple-beam- i n t e r f e r o m e t r i c technique described i n Sec 2 , 3 . 2 . 

The maximum thickness of oxide t h a t could be converted 

to w i l l e m i t e by the r e a c t i o n process described i n Sec 4*2 . ( i . e . the 

r e a c t i o n between an evaporated f i l m of ZnF^ and i t s underlying oxide) 

was about 1000 X. The use of oxides t h i c k e r than t h i s resulted i n a 

w i l l e r a i t e - o x i d e - s i l i c o n sandwich structure as shown by the pres0'ence 

of oxide a f t e r etching o f f the w i l l e m i t e . The thickness of w i l l e m i t e 

f i l m s produced on oxides thinner than lOOoX was determined by the 

oxide thickness, any excess ZnPg presumably being l o s t by evaporation. 
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The d i s t r i b u t i o n of the luminescent Mn"*"̂  ions throughout 
the depth of the phosphor f i l m was investigated by be v e l l i n g the 
f i l m and then observing cathodoluminescence down the bevel. The 
phosphor f i l m and4ubs t r a t e were f i r s t 'potted* i n a metallurgical 
mounting compound supplied by Worth H i l l P l a s t i c s Ltd., and then 
lapped t o the required angle, usually about 1°-,, using 600 g r i t , 3, 
1 , and 0 . 2 5 micron diamond paste i n succession follovied by a f i n a l 

p o l i s h w i t h gamma alumina pov/der. The mounting compound was then 
removed w i t h hot t r i c h l o r o e t h y l e n e . The mounting procedure p r i o r 
to lapping was necessary t o prevent excessive rounding of the bevel 

, i n the t h i n phosphor f i l m . 

The bevelled device was mounted inside a small •Spectrosil' 

U.V. absorption c e l l w i t h the phosphor f i l m close to one of the o p t i c a l 

f l a t s of the c y l i n d r i c a l c e l l . A r o t a r y pump was connected to the 

mouth of the c e l l and a needle valve i n the vacuum l i n e c o n t r o l l e d 

the u l t i m a t e pressure in'the c e l l . The f i l m was made to luminesce 

by using a glow discharge excited from outside the c e l l w i t h a Tesla 

c o i l . Maximum brightness v̂ as achieved by l o c a l i s i n g the discharge 

w i t h a small metal r i n g placed outside the c e l l above the phosphor f i l m . 

The luminescent bevel was then examined with a microscope focussed 

through the centre of the metal r i n g on to the specimen beneath. 

The l i g h t output from the phosphor f i l m was photographed 

through the microscope using no external i l l u m i n a t i o n using a f i l m , 

I l f o r d HPS, which vfas r e l a t i v e l y i n s e n s i t i v e t o the l i g h t from the 

discharge. The e i t e n t of the luminescence. down the bevel v;as 
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determined by comparing these micrographs vdth interferographs 
of the same part of the bevel a f t e r i t had been metallised. 
These photographs, together vj i t h one of the bevel under external 
i l l u m i n a t i o n and a schematic diagram o:0;he device are shown i n Fig 5 - 2 . 

The phosphor f i l m shown i n these micrographs was 

prepared from a 1000 t h i c k oxide f i l m and i t can be seen that 

w i t h i n the l i m i t s of r e s o l u t i o n of the in t e r f e r o m e t r i c technique 

(about - 200 S ) the whole length of the bevel i s luminescent. 

However, t h i s does not prove conclusively that a l l the oxide has been 

converted t o a phosphor because smearing of the luminescent centres 

down the bevel may have occurred during the lapping process. Scattering 

of the luminescence w i t h i n the f i l m may also be important. However, 

the existence of a r e l a t i v e l y sharp contrast at the interfa c e between 

the luminescent bevel and the non-luminescent oxide and s i l i c o n bevels 

seem t o ind i c a t e t h a t both smearing and l i g h t s c a t t e r i n g e f f e c t s ai-e 

n e g l i g i b l e . I t \ias concluded from these experiments that as f a r as 

could be determined the w i l l e m i t e was uniform through a thickness 

of up t o 1000 S. 
5,3 Electron microscopic examination of the Films 

5 , 3 » 1 The Microscope 

The el e c t r o n microscope v;hich was purchased on an S.R.C, 

Contract p a r t l y f o r t h i s work v;as a J.E.M. 120 made by Japan Electron 

Optic Laboratories Co. Ltd, Transmission electron micrographs and 

selected-area d i f f r a c t i o n patterns v/ere obtained i n the standard 

manner. A high r e s o l u t i o n d i f f r a c t i o n stage could also be 
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incorporated i n t o the instrument and t h i s enabled r e f l e c t i o n 
d i f f r a c t i o n patterns t o be obtained. The microscope vias normally 
operated w i t h an e l e c t r o n accelerating p o t e n t i a l of 120 k7. A l l 
the micrographs were recorded on I l f o r d N50 photographic plates. 

5 ' 3 » 2 Trs-nsmission Studies. 

Since electrons i n t e r a c t strongly with solids the 

electron microscope specimen has to be very t h i n i n order to obtain 

appreciable transmission. Samples must be of the order of lOOoS 

t h i c k f o r 120 kV electrons. Many standaxd techniques exist f o r 

t h i n n i n g bulk specimens (Ref 5-7) but..most of these v;ere unsuitable 

f o r removing t h i n (lOOO S) s i l i c a t e f i l m s from s i l i c o n substrates. 

For example, a common technique f o r t h i n n i n g Si i s j e t - e t c h i n g . 

A l l the etches v;hich v;ere t r i e d hov;ever dissolved the s i l i c a t e much 

more r a p i d l y than the s i l i c o n even i f the etch only touched the f i l m 

i n the f i n a l stages of the t h i n n i n g procedure. 

Oxide f i l m s can be removed from s i l i c o n by using 

c h l o r i n e gas as a p r e f e r e n t i a l etch (Sec 2 . 3 . 2 ) and t h i s technique 

v/as also used f o r removing the v//llemite. To do t h i s the underside 

of the s i l i c o n v/as f i r s t stripped of i t s oxide. The s i l i c o n 

together v:ith i t s surface f i l m vras then inserted i n t o a furnace at 

900°C. A f t e r about one hour i n a gas flow of argon containing a 

small amount of chlorine only the v/illemite and oxide f i l m s remained 

and these were picked up from t h e i r crucibles by using the electron 

microscope grids covered i n 'Sellotape' adhesive dissolved i n chloroform. 

The selected area d i f f r a c t i o n patterns of both the oxide 
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and the w i l l e m i t e f i l m s which had been subjected to the chlorine 
treatment were however i d e n t i c a l (Pig 5-3c) consisting of the 
d i f f u s e halos c h a r a c t e r i s t i c of an amorphous material. Fig 5-3a 
shows a micrograph of the oxide. This has a uniform appearance 
the only features being due to thickness contrast produced by 
wrinkles i n the f i l m . The f i l m s are grown at 1100°C and d i f f e r e n t i a l 
c o n t r a c t i o n between the oxide and the s i l i c o n occurs on cooling, so 
that when the substrate i s removed the strained f i l m vrrinkles. 
A micrograph of the converted oxide i s shown i n Fig 5-3b. The 
granular appearance of t h i s i s probably due to the reaction.that occurs 
during the conversion process. 

The w i l l e m i t e f i l m s v/ere not cathodoluminescent a f t e r 

t h e i r c h l o r i n e gas treatment. I t appears that e i t h e r the chlorine 

acts as a ' k i l l e r centre' f o r the luminescence vjhen the v;illemite f i l m s 

become amorphnu'C or tha t the gas reacts w i t h the w i l l e m i t e and converts 

i t t o a non-li-uninescent amorphous material, probably r e t u r n i n g i t to 

the oxide i n t h i s case. The oxide f i l m appeared to be imaffected 

by the chlorine treatment and i t could be converted to w i l l e m i t e a f t e r 

i t had been removed from i t s s i # t r a t e . The converted f i l m luminesced 

green but i t .was d i f f i c u l t to determine i t s uniformity because of the 

vrrinkled nature of the f r a g i l e surface. These f i l m s were unstable 

i n the elec t r o n beam and t h i s produced a t w i n k l i n g e f f e c t i n the 

d i f f r a c t i o n patterns vrhich were obtained. The reaction process on 

the very t h i n oxides probably introduced considerable s t r a i n i n t o the 

f i l m s and the annealing e f f e c t of the electron beam v/ould account 

f o r t h i s i n s t a b i l i t y . 
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The e l e c t r o n micrographs of oxide f i l m s converted 
to v;illemite a f t e r removal from the s i l i c o n ( F i g 5-4a and b) showed 
roundish islands o f t e n i n an othervrise uniform f i l m . These were 
probably small c r y s t a l l i t e s of converted oxide v/hich were surrounded 
by unreacted oxide i n regions where there was iknsufficient ZnFg. 
D i f f r a c t i o n patterns of the uniform areas showed them to be amorphous 
v/hereas the diffractographs of the islands ( F i g 5-4t) v/ere character­
i s t i c of a c r y s t a l l i n e material. The apparently random nature of the 
multitude of d i f f r a c t i o n spots viaa probably at least p a r t l y due to the 
i n s t a b i l i t y of the f i l m s . The selected area of d i f f r a c t i o n vfas about 
one micron square. The presence of d i f f r a c t i o n spots rather than rings 
i n d i c a t e s t h a t only a few c r y s t a l l i t e s were being ill u m i n a t e d by the 
ele c t r o n beam. A mean c r y s t a l l i t e dimension would then be about 
0.1- 0.5 microns v;hich i s consistent w i t h each island of Fig 5-4 -
being a single c r y s t a l l i t e . 
5o3»3« R e f l e c t i o n D i f f r a c t i o n Studies. 

A r e f l e c t i o n technique o f f e r s the advantage that t h i n 

surface f i l m s can be examined without removing them from t h e i r 

substrates. The d i f f r a c t i o n patterns from single c r y s t a l surfaces are 

however very d i f f i c u l t t o i n t e r p r e t . P o l y c r y s t a l l i n e arc patterns 

present d i f f i c u l t i e s i n analysis because of the ine v i t a b l e shadowing 

of the innermost arcs that occurs and the uncertainty i n the po s i t i o n 

of the c e n t r a l u n d i f f r a c t e d spot. The exact distance betv;een the 

photographic plate and that part of the specimen from which d i f f r a c t i o n 

occurs i s also d i f f i c u l t t o determine. 



a) b) 

F i g 5~4 Transmission e l e c t r o n d i f f r a c t i o n patterns and 

corresponding e l e c t r o n micrographs of two willeraite f i l u B 

prepared from oxide l a y e r s whioh had f i r s t been detached from 

the s i l i c o n 
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Por r e f l e c t i o n microscopy the s i l i c o n specimens 

were stuck to the r e f l e c t i o n stage w i t h 'Aquadag' to prevent 

excessive charging of the specimen. Nevertheless charging 

sometimes occurred f o r specimens vxith oxide coating greater than 

about 0.5 micron which could not therefore be studied. This could 

have been overcome v;ith a charge n e u t r a l i z e r f o r the microscope but 

t h i s was not available at the time. 

The r e f l e c t i o n stage was capable of movement i n tvro 

d i r e c t i o n s perpendicular to the electron beam and i t could also be 

t i l t e d about one of these d i r e c t i o n s and r o t a t e d about an axis normal 

t o the specimen surface. I n t h i s way the specimen v/as positioned 

at a te\i degrees glancing angle to the electron beam so that the 

forward d i f f r a c t e d electrons v/ere focussed on t o the fluorescent screen 

or a photographic p l a t e as required. 

The r e f l e c t i o n d i f f r a c t i o n p a t tern from a bare ( i l l ) 

surface of s i l i c o n i s shown i n Pig 5-6. The Kikuchi l i n e s produced 

are representative of a perfect single c r y s t a l . For a l l the thermally 

oxidised s i l i c o n surfaces which v/ere examined a d i f f u s e halo 

d i f f r a c t i o n pattern ( F i g 5-7) c h a r a c t e r i s t i c of an amorphous structure 

was obtained. The v/illemite f i l m s produced d i f f r a c t i o n r i n g patterns 

which w i l l be described l a t e r . These are c h a r a c t e r i s t i c of a 
p o l y c r y s t a l l i n e m aterial. 

The area of the specimen from v/hich r e f l e c t i o n d i f r a c t i o n 
2 

occurs i a of the order of 1 mm due to the grazing incidence of the 

beam. This i s extremely large compared w i t h selected area transmission 



Fig 5-6 Heflection electron 

diffraction pattern from the 

( i l l ) sTirface of s i l i c o n 

Pig 5-7 Reflection electron 

diffraction pattern from the 

oxidised surface of a 

s i l i c o n substrate 
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d i f f r a c t i o n vrhere specimen areas as small as one'micron square 
can be defined by the use of apertures. A specimen vjhich produces 
a spotty d i f f r a c t i o n pattern i n transmission ( c h a r a c t e r i s t i c of 
d i f f r a c t i o n s from only a few c r y s t a l l i t e s ) ^rould produce broad 
ring s i n r e f l e c t i o n because as many as 10^ times more c r y s t a l l i t e s 
would be i l l i u n i n a t e d by the beam. 

The thickness of f i l m vjhich i s examined i n r e f l e c t i o n 

i s undefined because of the uncertainty involved i n assessing the 

depth of penetration of the electrons normal to the surface. Some 

idea however can be obtained from the f a c t that 200 S t h i c k s i l i c a t e 

f i l m s o f t e n shovrod f a i n t Kikuchi l i n e s from the underlying s i l i c o n 

i n r e f l e c t i o n vfhen examined. 

Because of the d i f f i c u l t i e s (described i n Sec 5 » 4 . 2 ) 

w i t h f i l m s removed from s i l i c o n the r e f l e c t i o n d i f f r a c t i o n technique 

was the p r i m a r i l y method used f o r the i d e n t i f i c a t i o n and analysis of 

the v;illeraite xilms. The r i n g pattern i s analysed by a combination 

of Bragg's Taw and a simple geometrical construction v;hich f o r small 

angles leads to the standard formula f o r the interplanar distance 
nXL 

d = r 5-1 

where L i s the distance between the photographic plate and the 

d i f f r a c t i n g part of the specimen, X i s the wavelength of the 

electrons ( 0 . 0334 2 f o r energies of 120 keV ) , r i s the radius of 

the d i f f r a c t i o n r i n g and n i s an integer, , 

D i f f r a c t i o n patterns of several specimens are shown i n 

Pig 5 .8 .and 9 together w i t h microdensitometer traces corresponding 



int. T 

dl i t . from c e n t r e 

F i g 5-8 R e f l e c t i o n e l e c t r o n d i f f r a c t i o n p a t t e r n s of willcmite 
f i lm* and the c o r r e s p o n d i n g m i c r o d e n s i t o m e t e r t r a c e s . The 
spec imen number , s i l i con t y p e » o x i d e th ickness and firing conditions 
are g i v e n below for e a c h film. 

^) EW 118. n - S I , I 2 O O A . ISmIn a t l I O O * C In O a . 
b] EW I 0 7 . p -S i , l O O O A , 5min at I I O O ' C in Ox. no Mn InZnF^. 
cj EW I 0 4 , p-Si , 8OOA. 5min at l l O O ' C in 0 » 



d f » t . from centre 

F i g 5-8 c o n t ) 

dl E W 7 6 , p - S I , l O O O A . I O O O ^ ' C In O2-
e] E W I 0 3 , p - S i . n o o « l d e , 1 1 0 0 * C In Ox-

f) E W 1 I 9 , n - S j , 1000 A, 9 d O ® C in a i r . 
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t o a scan scross the plate through the c e n t r a l spot. The o v e r a l l 
shape of each densitometer trace changes due to v a r i a t i o n s i n the 
background density of the plates because of d i f f e r e n t amounts of 

i n e l a s t i c s c a t t e r i n g from the specimen surface and the varying 

degrees of plate exposure. Some of the rings were also s l i g h t l y 

spotty. . I n s p i t e of t h i s the agreement between the r e l a t i v e 

p o s i t i o n s of the peaks, corresponding to d i f f r a c t i o n r i n g s , i s very 

good. 

Due to the uncertainty i n the l o c a t i o n of the central spot 

of each d i f f r a c t o g r a p h , the positions(s) of the peaks i n a l l the 

traces were measured r e l a t i v e t o a common poi n t , an unknown distance 

(x) from the exact centre of the r i n g s . A f t e r allowing f o r the 

s c a l i n g f a c t o r betv/een the microdensitometer chart and the plate 

( 1 . 5 inches = 1 mm/ respectively i n t h i s case) the radius of the rings 

i s given by 

r a s + X 5-2 

and rearranging Eqn 5-1 

nXL 

s => d - X 5-3 

A graph of s against the r e c i p r o c a l of the d-values 

obtained from the A.S.T.M.. X-ray index card 8-492 foroC Zn^SiO 
4 

i s shown i n F i g 5-10* The d-values are shovm on the abscissa w i t h 

the r e l a t i v e i n t e n s i t i e s as obtained from the X-ray index, expressed 

on a l i n e a r . s c a l e 1-100. The s t r a i g h t l i n e r e l a t i o n s h i p obtained 

indi c a t e s that the positions of the d i f f r a c t i o n rings are consistent 

w i t h d i f f r a c t i o n from d-Zn^^^^^^ The gradient of the s t r a i g h t 

\ 



ring 

radius 

(mm) 

5 . nAL . :x 
d 

gradient C L ) = 3 3 2 mm. 

A S T M values of l / d ( A " ) 
for o c Z n S i O ^ 

re lat ive intensities of 
A S T M lines 

97 47 S 36 10 D 9 ,30 
lOO 9 10 II 

F i g 5-IO G r a p h of l / d forftZn^SiOj^ obtained from the ASTM index 
o g a i n s t the ring radi i measured from the electron diffraction 
re f l ec t ion pattern of a typical willernlte film. 
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l i n e (n \ L) was measured and f o r \ =0.0334 S and n = 1 gives 

a value f o r the camera length, L, of 332 mm. The intercept on 

the ordinate represents x the difference betvjeen the estimated 

and t r u e p o s i t i o n of the centre spot. A c a l i b r a t i o n d i f f r a c t i o n , 

using an evaporated gold f i l m and adopting the same analysis 

procedure as described above, gave a value of 336 mm. f o r the 

camera length vath n = 1, i n good agreement \j±th that obtained 

above. This v:as also consistent w i t h JEOL information. Several 

w i l l e m i t e f i l m s vfhich had been prepared under s l i g h t l y d i f f e r e n t 

( conditions were examined by r e f l e c t i o n d i f f r a c t i o n and the fo l l o w i n g 

general considerations about t h e i r structures can be noted. 

i ) Films which had been f i r e d at temperatures between 900^0 and 

1100°C always showed the same general d i f f r a c t i o n pattern. Pig 5-8 

and 9 shovjs a representative number of these. 

i i ) Pilias f i r e d below the melting'point of ZnF^ produced a much 

more granular looking d i f f r a c t i o n pattern which was probably due to 

the l a r g e r but more i r r e g u l a r c r y s t a l l i t e grovrth l i k e l y i n a s o l i d 

state r e a c t i o n . 

i i i ) Films prepared on oxide-free s i l i c o n surfaces showed d i f f r a c t i o n 

patterns which were ind i s t i n g u i s h a b l e from those of i ) above. 

i v ) Manganese-free s i l i c a t e f i l m s vfere non-luminescent but showed 

d i f f r a c t i o n patterns s i m i l a r to i ) above. 

v) No structura . 1 e f f e c t s could be distinguished betvjeen f i l m s v/hich 
» 

had been produced on B-doped p-type and As doped n-type s i l i c o n . 
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v i ) Films vfhich had been grovm on oxides t h i c k e r than about 
0 . 5 ^ ( and these were usually produced by steam oxidation) showed 
much more d i f f u s ^ ^ a t t e r n s , probably due to excess s i l i c a i n the 
f i l m s and the consequent increase i n the amorphous c h a r a c t e r i s t i c s 
of the d i f f r a c t i o n p a t t e r n . 

v i i ) A few phosphor f i l m s vjere produced which gave yellow 

cathodoluminescence (see Sec S.I. ) . These were prepared by using 

very t h i n ZnP^: Mn f i l m s i n the reaction process. The d i f f r a c t i o n 

patterns from these f i l m s vxere very d i f f u s e and c h a r a c t e r i s t i c of 

an amorphous mat e r i a l . 

v i i i ) Apart from those mentioned i n v i i ) a l l the f i l m s v/hich were 

examined gave green cathodoluminescence i n the electron beam. 

5 .4 X-Ra.y D i f f r a c t i o n Studies 

Although the electron d i f f r a c t i o n v;ork described i n 

Sec 5«3 showed that the reaction f i l m s had the general features of 

w i l l e m i t e , i t could not be used to determiae the interface spacing 

d, w i t h very high accuracy. The minimum spacing ^ d, between two 

d-values d^ and d^ ( corresponding to r i n g r a d i i r^^ and r ^ ) 

which can be resolved by d i f f r a c t i o n i n a perfect electron microscope 

can be estimated from Sqn 5-1 which gives 

Ad = d. - d = XL ( ^ - 4 ) = 5-4 
1 2 ^1 ^2 ^1^2 

For the J.E.M. 120 high r e s o l u t i o n d i f f r a c t i o n stage and 120 W electrons 

X l = 11 S-mm and an average value of r was about 10 mm. The 

accuracy w i t h which the radius of the rings could be measured, A r , 
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was about 0 . 1 mm. S u b s t i t u t i n g these values i n the above equation 

gives a value f o r A d of about 0 . 0 5 ^ which i s at least an order 

of magnitude greater than that obtainable' w i t h conventionaJ X-ray 

d i f f r a c t i o n . Consequently i n order to absolutely i d e n t i f y a material 

such as v j i l l e m i t e ( which has many closely spaced d-values) an X-ray 

d i f f r a c t i o n experiment i s required. 

The v j i l l e m i t e f i l m s produced on s i l i c o n substrates v;ere 

too t h i n t o produce any measurable d i f f r a c t i o n e f f e c t s v/ith X-rays 

and therefore a powder technique v;as adopted. A mixture of 99*9999^ 

SiOg (obtained from Koch Light Ltd.) and ZnP2:Mn i n the appropriate 

molar proportions v;as f i n e l y ground together ajid baked i n exactly the 

same racinner as i n the preparation of wi l l e r a i t e f i l m s on s i l i c o n . 

X-ray powder photographs were taken, using the standard Debye-Sherrer 

technique, both before and a f t e r f i r i n g the mixture and these are 

Bhqxm i n f i g . 5 - 1 1 together w i t h a reference powder photograph of some 

commercial w i l l e m i t e powder phosphor (Type PI obtained from Derby 

Luminescents L t d ) . The d i f f r a c t i o n l i n e s from the f i r e d powder agreed 

exactly w i t h those of the reference and f u r t h e r confirmation that these 

l i n e s v/ere due t o v f i l l e m i t e v/as c a r r i e d out by the standard X-ray 

d i f f r a c t i o n analysis techniques. The f i r e d powder mixture was green 

cathodoluminescent l i k e the commercial phosphor 

5 , 5 Observations vrith the scanning electron microscope and the microprobe 

5.5*1 I n t r o d u c t i o n 

Scanning electron instruments employ a finely.focussed 

beam of electrons (about 1-2 microns i n diameter) which i s . scanned i n a 



a) 

c) 

mm 

Fig 5-11 x-ray powder photographs of :-

a) a fflixturo of ZaF^tVSa and SiOg i n the proportions of 

2:1 by weight 

b) the same mixture after a bake at 1100*̂ 0 i n o:i^gen 

for 10 rain 

o) a commercial willemite phosphor powder (Pl) 
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r a s t e r across the surface of the specimen. The scan generator 
which c o n t r o l s t h i s r a s t e r also generates a ra s t e r on an oscilloscope, 
i n sychronisra v/ith the primary beam. The various signals which are 
produced by the i n t e r a c t i o n of the primary electrons w i t h the specimen 
are then used to incensity modulate the oscilloscope spot, so that 
pictures of the s p a t i a l d i s t r i b u t i o n of these signals throughout 
the specimen are obtained. This information i s usually photographed 
on Polaroid f i l m . Line scans of the primary beam along the X-direction 
can also be obtained. I n t h i s case the d e f l e c t i o n of the oscilloscope 
spot i n the Y-d i r e c t i o n i s c o n t r o l l e d by the i n t e n s i t y of the besim-
induced s i g n a l from the sample. A chart output i s possible v/ith 
t h i s method. 

The modes of operation of these instruments,depending on 

the various types of i n t e r a c t i o n of the primary beam with the specimen, 

are as follow,? 

i ) Secondarj'-. and r e f l e c t e d primary electrons can be used to 

obtain information about the sxarface of the specimen. The emitted 

electrons are c o l l e c t e d and axjcelerated i n t o a s c i n t i l l a t o r v/hich emits 

l i g h t . This l i g h t i s then fed by a l i g h t pipe t o a photomultiplier 

and a f t e r a m p l i f i c a t i o n t h i s signal i s used to i n t e n s i t y modulate the 

oscilloscope spot. The mechanisms of electron emission enable contrast 

i n the micrograph t o be obtained from topographical features and from 

the composition of the surface. The p o t e n t i a l of the surface can also 
> 

e f f e c t the i n t e n s i t y of electron emission. 

i i ) Fluorescent X-rays, excited by the primary beam and character-
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i s t i c of the elements w i t h i n the specimen, can be used t o determine 
the chemical composition of the specimen and i t s v a r i a t i o n throughout 
the specimen, A Bragg spectrometer i s used to select the wavelength 
which i s required and the i n t e n s i t y of these X-rays i s then used to 
co n t r o l e i t h e r the brightness of the oscilloscope spot or the ordinate 
of the chart output. Instruments designed p r i m a r i l y f o r t h i s mode 
of operation are c a l l e d electron probe microanalysers. 

i i i ) The recombination r a d i a t i o n induced by the primary beam can 

be used i n the study of luminescent materials, A photomultiplier 

can be used t o measure the i n t e n s i t y of the l i g h t output as the 

electrons scan the specimen. A l t e r n a t i v e l y , the electron beam can be 

l e f t unscanned and unfocussed. The cathodoluminescence i s then 

photographed through the specimen-viewing microscope. This method i s 

not possible i n instruments w i t h concentric electron and optic axes. 

i v ) Beam induced currents provide information about charge 

c a r r i e r mechani^jras and those properties of the specimen that either 

enhance or impede the charge c o l l e c t i o n . This mode i s often used i n 

the study of semi-conductor devices where the depletion layers of 

p-n junctions provide sui t a b l e contrast e f f e c t s . 

The properties of w i l l e m i t e f i l m s on s i l i c o n corresponding 

t o the f i r s t three modes of operation described above have been studied. 

I n a d d i t i o n , both the cathodoluminescent and fluorescent X-ray modes 

have been used i n conjunction w i t h interferometry to assess the 

thickness of the phosphor f i l m s . 
A scanning electron instrument vias not available i n the 
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Department, and therefore a prolonged study of the above features 
could not be undertaken. Three instruments at various other 
places were used and these are described b r i e f l y below :-

a) The Stereoscan (Cambridge Instruments Ltd.) i s used p r i m a r i l y 

t o d i splay r e f l e c t e d and secondary electron images of specimen 

surfaces. The instrument at the Research Laboratories of 

J. J o b l i n g Ltd. was used. 

b) The Geoscan (Cambridge Instruments Ltd.) i s an electron probe 

microanalyser v/hich enables both X-ray and electron images t o be 

obtained. The observation of cathodolurainescence was hov/ever, not 

possible v/ith t h i s instrument v/hich belonged t o the Geology Department, 

U n i v e r s i t y of Durham. 

c) The JXA-3A (Japan Electron Optic Laboratories Ltd.) i s a 

microprobe s i m i l a r t o the Geoscan but w i t h the added f a c i l i t y f o r the 

observation of cathcdoluminescence. This instrument was used at the 

School of Engineering Science at Bangor. 

5 . 5 . 2 ' Results. 

Pig 5-12 shows the r e f l e c t e d electron images of two 

luminescent w i l l e m i t e f i l m s obtained w i t h the Stereoscan using electron 

energies of 20 M, One of the f i l m s EW102 was produced from oxide 

1000 2 t h i c k whereas the other EWlOO was produced on the bare s i l i c o n . 

surface. Tho roaotivo melt process employed i n the preparation of tho 

f i l m o i o evident from tho miorographo. The globule formation of the 

s i l i c a t e on the bare s i l i c o n and at the edges of EW102 are presumably 

due t o the s c a r c i t y of one of the constituents of the reaction i n these 

regions. 



a) 
5^ 

b) 

o) 

Pig 5-12 S,E.M. scattered 

electron images of willeraite 

fikns 

a) Specimen EWie2 produced 

from 1000 %. thick oxide 

b) A close-up of the edge 

of EW102 

c) Specimen EWlOO formed on 

a bare s i l i c o n surface* 
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Most of EVfl02 appeared uniform i n the electron image. 
The 'crater' i n the lower part of the micrograph was not t y p i c a l of 
the f i l m as a whole and was probably due to some contamination 
of the oxide surface p r i o r t o f i l m formation. Globule formation 
can also be seen aroimd t h i s defect. Lack of contrast between the 
oxide ( t h e upper regions of F i g 5-12 a and b) and the phosphor was 
probably due to the thinness of the f i l m s and also tq^he f a c t that t h e i r 
secondary emission c o e f f i c i e n t s are probably comparable (both have a 
s i m i l a r s t r u c t u r e and are i n s u l a t o r s ) . 

The cathodoluminescent ima,̂ e shown i n Pig §-3 v/as 

obtained w i t h the JXA-3A using a beam current of 3»10~^amp at 25 kV 

w i t h the beam unfocussed and unscanned. The photograph was taken w i t h 

a colour negative f i l m (Kodacolor X ) and prir^ted to give a colour 

reproduction which was s l i g h t l y blue compared w i t h visual observations. 

The cathodoluminescent 'islands' are at the oxide-phosphor inter f a c e 

and correspond t o the globules i n the electron image described above. 

The green cathodolurainescence of the f i l m s was generally uniform v/ith the 

occasional non-luminescent spots presumably due to some form of contam­

i n a t i o n . A blue luminescent spot i s v i s i b l e i n the micrograph v/hich i s 

probably due to a luminescent contaminant. This luminescence and 

that of the f i l m s generally i s discussed more f u l l y i n Sec 8.2. 

The depth of the phosphor f i l m s was assessed using the 

Geoscan elec t r o n microprobe aJid a technique s i m i l a r to the o p t i c a l one 

described i n Sec 5-2. Instead of measuring the extent of the 

cathodoluminescence down a bevel fluorescent X-rays ch.^ir act e r i s t i c of 
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the Zn KoC r a d i a t i o n vrere excited by a l i n e scan across the bevel 
i n the microprobe. Film EWII5 (prepared from 1000 2. t h i c k oxide) 
was bevelled to l°and the length of the bevel,as measured by the 
X-rays, was compared v/ith the length measured by the interference 
technique described i n Sec 2 , 3 . Within the l i m i t s of the interference 
technique ( + 200 S ) both lengths were the same and t h i s showed that 
a l l the oxide had been converted to a compound containing Zn atoms, 
presumably Zn^SiO^. The r e s o l u t i o n of t h i s technique i s greater than 
v/ith cathodoluminescence because of the fineness of the electron probe 
(about 1 micron). Light s c a t t e r i n g e f f e c t s w i t h i n the f i l m are also 
.eliminated. Any smearing of the s i l i c a t e down the bevel however, 
would s t i l l obscTure t h e true depth of the phosphor f i l m , 

A cathodoluminescent image of the bevel v;as also obtained 

w i t h the JXA-3A. A comparison of the length of the luminescent bevel 

w i t h the X-ray scan confirmed the assessment of the phosphor depth 

given above. 

The X-ray l i n e scan also provided information about the 

s p a t i a l d i s t r i b u t i o n of the zinc s i l i c a t e i n the f i l m . Large var i a t i o n s 

i n the i n t e n s i t y of the fluorescent X-rays appear to occur as the 

electron beam scans the f i l m (30/.min" ) and these could be interpreted 

as v a r i a t i o n s i n the d i s t r i b u t i o n of Zn^SiO^ w i t h i n the f i l m . 

The s i g n a l from the small number of Zn atoms i n the t h i n f i l m was 

hov/ever r e l a t i v e l y vxeak and most of the v a r i a t i o n s on the trace are 

comparable w i t h the r e l a t i v e noise l e v e l on the Zn d e f i c i e n t part 

of the trace ( i . e . the bare, s i l i c o n . ) . V a r i a t i o n s larger than t h i s 
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could be duo to damage i n the surface of the f i l m introduced by 

the b e v e l l i n g procedure. 

5»6- I n f r a - r e d absorption studie^s 

Thin f i l m s of infrar-red active materials on s i l i c o n 

can conveniently be examined by transmission infrar-red spectroscopy 

because of the r e l a t i v e transparency of the s i l i c o n substrates to 

infrar-red l i g h t . The SiO^ tetraliedra found i n most gLasses, 

s i l i c a t e s and s i l i c o n oxides r e t a i n t h e i r i d e n t i t y independently 

of the r e s t of the s t r u c t u r e and absorb strongly i n the infrar-red 

due to the polar nature of the S i -0 bond. The constraining nature 

of the s t r u c t u r e surrounding these r a d i c a l s and the degree of 

polymerisation of the tetrahedra produce absorption spectra which are 

c h a r a c t e r i s t i c of the material. The i d e n t i f i c a t i o n of zi n c o r t h o s i l -

i c a t e f i l m s on s i l i c o n was therefore attempted using t h i s method, 

A Grubb-Parsons double beam infra^-red spectrometer i n 

the Chemistry Department at Durham was used for these measurements. 
0 

Specimens consisted of oxide and willemite f i l m s about 1500 A t h i c k 

grown on s i l i c o n s u bstrates 200 microns t h i c k vxith r e s i s t i v i t i e s of 

about 2-3 ohm-ora. The absorption of these substrates was appreciable 

and to obtain a workable d i f f e r e n t i a l between the two beams and to 

reduce substrate e f f e c t s an unoxidised s i l i c o n chip was in s e r t e d i n 

one of the beams. Interf e r e n c e e f f e c t s within the s i l i c o n s l i c e s 

produced o s c i l l a t i o n s i n the output of the spectrometer and these have 

been averaged out i n the spectra shovm. 

F i g 5r l4 shows the infrar-red absorption spectra of a 
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Fig 5-14 Inf ra red absorpt ion s p e c t r a of a typical willemite 
film and the oxide layer from which it was made. 
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thermal oxide both before and a f t e r conversion. Unfortunately, 
the converted oxide s t i l l r etained an oxide coating on one of i t s 
s i d e s . The strong absorption c h a r a c t e r i s t i c of the Si - 0 v i b r a t i o n s 
for thermal oxides (9«2 microns and 12.5 microns) (Ref 5-8) are 
therefore v i s i b l e i n both spectra. I n a molecule containing N atoms 
there are 3N - 6 independent degress of freedom but, f or the regular 
t e t r a h e d r a l configuration of the SiO^ r a d i c a l (l l = 5)» of "the 9 possible 
degrees of freedom tvjo are t r i p l y degenerate and one doubly degenerate, 
producing four separate v i b r a t i o n s (Ref 5-9)* These have been 

' i d e n t i f i e d f o r the mineral vfillemite most r e c e n t l y by Saskena (Ref 5-10 ) 
at 10.2 , 10.7 > 11.1 and 11.5 microns. These valiies agree very 
c l o s e l y with those obtained from the spectra of the v/illemite films 
on s i l i c o n . An absorption band f o r v/illemite at about 17^ has also 
been i d e n t i f i e d as being due to v i b r a t i o n s of the ZnO^ tetrahedra i n 
the l a t t i c e (F.ef J - l i ) . This could not hov/ever be resolved, due to the 
i n s e n s i t i v i t y c f the i n f r a - r e d spectrometer at these longer v/avelengths. 
5.7 Conclusions 

The product of the rea c t i o n between s i l i c a and ZnP^ ^a^s 

been c o n c l u s i v e l y i d e n t i f i e d by the X-ray powder technique as 

oC-Zn2 SiO^. • Confirmation that vfilleraite i s also produced i n the 

s l i g h t l y d i f f e r e n t conditions of t h i n f i l m formation has been achieved 

by using r e f l e c t i o n e l e c t r o n d i f f r a c t i o n and infra/-red absorption. 

The f i l m s are p o l y c r y s t a l l i n e c o n s i s t i n g of a randomly oriented array 

of small c r y s t a l l i t e s with a mean dimension of about 0.1 - 0.5 microns. 



-97-
A substrate r e a c t i o n technique i s capable of 

producing f i l m s which are t h i n ajid v/hich have very good adhesion 
with t h e i r substrates which of n e c e s s i t y are chemically s i m i l a r 
to the f i l m s themselves. These properties, although advantageous 
from the device point of view, increase the d i f f i c u l t i e s i n assessing 
the s t r u c t u r e of the f i l m s because neither X-ray d i f f r a c t i o n nor the 
conventional e l e c t r o n d i f f r a c t i o n techniques can be used. 

R e f l e c t i o n electron d i f f r a c t i o n vias used as a non­

d e s t r u c t i v e method of i d e n t i f i c a t i o n . The ne c e s s i t y f or the examinat­

ion of large areas vjith t h i s method and the reduction i n res o l u t i o n due 

to the small c r y s t a l l i t e s i z e make absolute i d e n t i f i c a t i o n d i f f i c u l t 

p a r t i c u l a r l y for complex substances with many c l o s e l y spaced d-values. 

I n f r a - r e d spectroscopy however does not r e l y on the c r y s t a l l i n e nature 

of the specimen but looks at the c h a r a c t e r i s t i c v i b r a t i o n a l modes of 

the moleculos involved. I t i s partifcularly convenient for the exajninat-

ion of t h i n f i l m s on s i l i c o n substrates because the transparency of 

high r e s i s t a n c e s i l i c o n enables the simpler transmission technique 

to be used. 

The microscopic mechsjiisms involved i n the substrate 

r e a c t i o n are not very c l e a r but i t seems that the reaction must be 

accompanied by the evolution of the gas SiP^. Whether t h i s seeps 

through from the deepest parts of the nascent phosphor f i l m or whether 

gas evolution occurs on the surface and the s i l i c a t e i s formed i n some 
» 

metastable and perhaps molten form such as jS -Zn^SiO^ before i t 

f i n a l l y c r y s t a l l i s e s into the small c r y s t a l l i t e s , are obviously very 
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d i f f i c u l t things to a s s e s s . However, i t seems reasonable to 
assume that the evolution of t h i s gas contributes to the formation 
of such small rajidomly oriented phosphor c r y s t a l l i t e s . 

•Depth studies have shoira that t h i s r eaction can occur 

to depths of up to 1000 S and that the Mn"*"*" ion i n t h i s part of the 

f i l m i s s i t u a t e d i n a c r y s t a l l i n e f i e l d s u i t a b l e for luminescence. 

The transmission e l e c t r o n d i f f r a c t i o n studies indicate that c r y s t a l l i t e s 

of the s i l i c a t e can e x i s t surrounded by a matrix of amorphous s i l i c a . 

The s i m i l a r i t i e s which e x i s t betvreen the s t r u c t u r e of s i l i c a glass 

( i . e . a random array of i n t e r l i n k e d SiO^ tetrahedra) and the s i l i c a t e 

i t s e l f do not preclude the p o s s i b i l i t y of some form of s i l i c a t e - o x i d e 

i n t e r f a c e bonding. The r e s o l u t i o n of both the fluorescent X-ray and 

the cathodoluminescent microprobe techniques which were used hov/ever, 

was i n s u f f i c i e n t to d i s t i n g u i s h between these small s i l i c a t e c r y s t a l l i t e ? 

i n the phosphor f i l m . 
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CHAPTER SIX 

THE CAPACITAI^CE-VOLTAGE CH/iRACTERISTICS OF WILLEMITE DEVICES 

6.1 Introduction 

The capacitance-voltage (C - 7 ) c h c i r a c t e r i s t i c s of 

met a l - i n s u l a t o r - s i l i c o n (MS) s t r u c t u r e s can be used to assess the 

q u a l i t y of the i n s u l a t o r and the semiconductor-insulator i n t e r f a c e . 

The essence of the technique l i e s i n the comparison of experimental 

observations with i d e a l i s e d c h a r a c t e r i s t i c s which are ca l c u l a t e d on 

the b a s i s of a simple model i n v o l v i n g space charge regions i n the 

surface of the semiconductor (Sec 6,2 ) . 

Deviations from t h i s simple theory a r i s e , hov/ever, 

when the i n s u l a t o r and the i n t e r f a c e s are not perfect. For example, 

the i n s u l a t o r may contain charges of one kind or another and charge 

transport may also occur across the i n t e r f a c e s . The C-V curves are 

modified by these e f f e c t s and t h i s enables c e r t a i n properties of the 

i n s u l a t o r - s u b s t r a t e s t r u c t u r e to be deduced (Sec 6,3 ) . 

Willemite f i l m s on s i l i c o n are s u f f i c i e n t l y i n s u l a t i n g 

( the current-voltage c h a r a c t e r i s t i c s are discussed i n Chap 7) to 

enable them to be used as the d i e l e c t r i c i n HIS devices and the C-V 

c h a r a c t e r i s t i c s obtained with these devices are discussed i n Section 

6 . 5 . HOS s t r u c t u r e s made with unconverted oxide adjacent to the 

wi l l e m i t e f i l m s were also measixred f o r comparison purposes. The 

properties of the s i l i c o n o x i d e - s i l i c o n systen> are so well-knovm that 

they were used to e s t a b l i s h the r e l i a b i l i t y of the measurement 

technique vjhich i s described i n Section 6 . 4 . 
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6.2 The I d e a l MIS Capacitor and i t s C-V C h a r a o t e r i s t i c a 
6,2,1 Introduction 

The theory of the i d e a l MIS capacitor, based on the 

formation of surface space charge regions i n the semiconductor i s 

now w e l l e s t a b l i s h e d . The e f f e c t s of a d i s t r i b u t i o n of charge at 

a semiconductor surface were f i r s t considered by Shockley i n 1949 

(Ref 6 - I ) . The mathematical r e l a t i o n s h i p s cannot be evaluated 

e x p l i c i t l y and l a t e r works (Ref 6-2 and 3) extended the treatment by 

using numerical methods. 

The development of s i l i c o n technology and p a r t i c u l a r l y 

of methods f o r growing c o n t r o l l e d surface oxides on s i l i c o n led to the 

production of MOS s t r u c t u r e s . I t was soon a f t e r these were proposed 

as voltage v a r i a b l e c a p a c i t o r s (Ref 6-4 and 5) that they were f i r s t 

used i n the study of the s i l i c o n o x i d e - s i l i c o n i n t e r f a c e (Ref 6-6,7 
1 • 

and 1 0 ) . More r e c e n t l y the theory of the KI3 capacitor has been 

developed by Grove et a l . (Ref 6-9) to bring out the p h y s i c a l s i g n i f ­

icance of the mathematical r e s u l t s . 

The theory i s b r i e f l y presented here i n order to 

e s t a b l i s h the p h y s i c a l model and to develop the formulae and notation 

which w i l l be used i n the i n t e r p r e t a t i o n of the experimental C-V r e s u l t s 

(Sec 6 -5 ) . The theory i s based on a p-type cemiconductor but i t can 

be extended to n-type material by the appropriate changes i n signs and 

p o l a r i t i e s of the parameters involved. 
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6.2.2 The p h y s i c a l model 

The energy band diagraju of an i d e a l MIS structure 

with a p-type semiconductor i s shown i n F i g 6-1, f o r three d i f f e r e n t 

b i a s conditions. fhe diagram incorporates the following assumptions:-

i ) The work f\mctions of the metal electrode and the 

semiconductor are equal. 

i i ) The i n s u l a t o r and i t s i n t e r f a c e are perfect and free 

from space chaxges. 

i i i ) There i s equilibrium i n the semiconductor so that i t s 

Fermi l e v e l (EJ,) remains constant constant regardless 

of the applied voltage V . 
S 

i v ) The charge l a y e r s are of xmiform density through t h e i r 

t h i c k n e s s . 

The s'irface p o t e n t i a l , <Pj, i s represented by the bending 

of the bands from the flatr-band condition ( a t w h i c h 0 )and i s 

measured p o s i t i v e dovmwards. The position of the Fermi l e v e l i n the 

bulk of the s e m i c o n d u c t o r , , i s measured with respect to E^, the 

i n t r i n s i c Fermi energy and i s p o s i t i v e i n t h i s case. A l l capacitances 

Eire r e l a t e d to unit area. 

With a negative voltage applied to the gate, holes 

accumulate at the surface ( F i g l a ) and imder these conditions the 

capacitance of the device i s s o l e l y that of the oxide, 

For a s l i g h t p o s i t i v e bias ( F i g lb) holes are re p e l l e d 

from the surface l e a v i n g behind a negative space charge of \incompensated 

acceptor ions. As the concentration of electrons (n^) t h i s 
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s t r u c t u r e , for var ious bios condi t ions 
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region i s so small that i t can be neglected the surfax)e i s 
depleted of c a r r i e r s and the chajrge per imit area i n the space 
charge region i s 

Qs = • ̂ •̂ '̂ '̂̂  6-1 

where N i s the density of acceptor ions, e the e l e c t r o n i c charge a 
and the width of the depletion region. 

I f l a r g e r p o s i t i v e voltages are applied to the 

gate (Fig6-lc) the bending of the bands increases u n t i l , as the 

conduction band approaches the Fermi l e v e l , the surface i n v e r t s to 

n-type, i . e . the concentration of electrons at the surface (n^) i s 

greater than n^, the i n t r i n s i c c a r r i e r concentration. l/ith a small 

amount of i n v e r s i o n the spaxje charge i n the semiconductor i s s t i l l 

dominated by the exposed acceptor ions but, with increasing voltage 

more and more elec t r o n s occupy the conduction band and a point i s 

reached when n « N . The i n t r i n s i c Fermi l e v e l i s then as f a r P a 
below Ep as, i n equilibrium, i t was above and 

4), > 2 f F 6-2 

For higher applied voltages the additional space 

charge induced i n the semiconductor i s accommodated l a r g e l y by the 

e l e c t r o n s i n the narrow i n v e r s i o n region and not by any appreciable 

i n c r e a s e i n the space charge of the depletion l a y e r . This i s because 

of the very rapid r i s e of n^ with energy due to the Boltzmanarelation. 

The width of the depletion region therefore reaches a maximum 
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and the space charge i n the semiconduotor, ' 
Qs = e.Na.JCW 6-3 

where i s the charge per unit area of electrons i n the inv e r s i o n 

region. 

The t o t a l capacitance,C, of the MIS struct u r e i n 

the depletion and i n v e r s i o n regions i s the capaoitance due to the 

space charge region C i n s e r i e s with that of the i n s u l a t o r , i . e . 

1 - 1 + i 6-4 
C • Co Cs 

where 
Cs = jcp s 

6-5 

and Co = Ko. Go = Qs 
oco Vo 

6-6 

€ois the p e r m i t t i v i t y of f r e e space , the d i e l e c t r i c constant of 

the oxide x i s the oxide thickness and 7 i s that part of V which o o g 
appears across the oxide so that 

Vo ^ 4>. 

6.2.3 The net surface space charge 

The t o t a l space charge i n the semiconductor i s 

oo. . / \ I 6-8 

9, 
Us 
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where i s the charge d i s t r i b u t i o n i n a d i r e c t i o n normal to 

the surface and u i s the reduced e l e c t r o s t a t i c potential i n the 

semiconductor (e.g. u.s = ^i^/\C[ vihere k i s Boltzraann's constant 

and T the absolute temperature). 

Poisson's equation gives 

d a / - pC^) 6-9 

1̂  Ks e 0 

where K„ i s the d i e l e c t r i c constant of the semiconduotor. The 

Boltzmann d i s t r i b u t i o n s of electrons and holes are r e s p e c t i v e l y 

^ ac exp (ilF - U. ) 6-11 

I n the bulk of the semiconductor ( where u = 0 ) charge n e u t r a l i t y 

e x i s t s 

and with Eqn 6-10, 6-11 end 6-13 t h i s gives 

No. = Xai Stall (ap) 6-13 

Assuming th a t P. > ^ p then 

I n general, from Eqn 6-10, 6-11 and 6-13 

I n t e g r a t i n g Poisson's equation once provides du/dx which can than 

be s u s t i t u t e d i n Eqns 6-8 with 6-15 "to give a f t e r integration 
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where the i n t r i n s i c Debye length, 

6-17 

and 
'fx 

6-18 

The part of Q which i s due to electrons i n the s 
i n v e r s i o n region can a l s o be c a l c u l a t e d i n a s i m i l a r manner to give 

3Cv UF, 

0^ lis' 

6-19 

where i s the depth of the i n v e r s i o n region inside the surface as 

defined by the i n t r i n s i c boundaiy where u = Uj, . 

The capacitance of the i d e a l MIS device i n the 

depletion and i n v e r s i o n regions can be obtained exactly by d i f f e r e n t ­

i a t i n g the charge r e l a t i o n s , Eqns 6-l6 and 6-1? together vdth Eqns 6-5 

and 6-4. The process i s complicated due to the e x p l i c i t nature of 

the functions involved and numerical methods are necessary. Fortimately, 

g r a p h i c a l representations, obtained by computer, are a v a i l a b l e (Ref6 - 8 ) . 

6.2.4 The depletion approximation 

A good approximation to the exact c a l c u l a t i o n of the 

capacitance i s possible f o r the range of applied voltages i n which 

the surface i s depleted. I n the depletion region Eqn 6-1 provides 

a r e a l i s t i c value f o r Q which can be used with Poisson's equation 
s 

to give a value f o r the surface p o t e n t i a l 

J) = 6-20 

2.Ks £o -

A combination of t h i s with Eqns 6-4, 6-5, 6-6 and 6-7, a f t e r some 
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manipulation gives 

C 
Co 

4- ^ ^ CQVQ 
•X 

6-21 

This equation shows that the capacitance of the 

MIS s t r u c t u r e w i l l f a l l v;ith a p o s i t i v e voltage on the top contact 

i n c r e a s i n g from zero. This f a l l w i l l stop as soon as the surface 

s t a r t s to become inv e r t e d , beyond v;hich the depletion l a y e r width 

villi remain constant. The t h e o r e t i c a l capacitance v a r i a t i o n i s 

shovm i n P i g 6-2. 

6.2.5 V a r i a t i o n of capacitance with frequency 

The capacitance of the MIS structu r e v a r i e s v/ith 

frequency vrhen i t i s biased into the in v e r s i o n region. The computer 

c a l c u l a t i o n of capacitance i n the in v e r s i o n region, described above, 

assumesthat a l l the charges contributing to tho space charge take 

part i n the measurement process and that they are capable of moving 

at the same frequency as the a.c. measurement s i g n a l . At high 

frequencies t h i s i s only possible f o r the majority c a r r i e r s vrhich 
-9 

have d i e l e c t r i c r e l a x a t i o n times of about 10 -^sec. The a b i l i t y of 

the minority c a r r i e r s to follow the measurement s i g n a l i s governed by 

t h e i r generation-recombination r a t e s and by t h e i r mobility as they 

move i n and out of the i n v e r s i o n region passing from the c a r r i e r r i c h 

bulk of the semiconductor tlirough the surrounding depletion l a y e r . 

These processes are too slovj f o r the minority c a r r i e r s to contribute 

to the a.c, capacitance at high frequencies. The minority c a r r i e r s 

do, however, l i m i t the width of the depletion l a y e r to a maximum. 



Accumulat ion Inversion Co Depletion 

Eqn 6-21 

bias voltage 

F i g 6-2 I d e a l i s e d C-V c h a r a c t e r i s t i c s of an M O S st ructure 
on p-type s i l i c o n 
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•̂ dmax* "bQen explained above. This means that the 

capacitance of the MIS device, a f ter the onset of strong inversion, 

levels out to a minimum (Cĵ jjî ĵ ) which i s independent of 7^. 

Using Eqns 6-5 and 6-20, the high frequency-

capacitance per unit area of the space charge layer in the inversion 

bias region i s 

(CA . = ^ - i ^ ' 6-22 

Substituting for from Eqn 6-20 and applying Eqn 6-2 as the 

onset condition for inversion 

, i f go ^Ng. 1̂ ^ 6-23 

where 

from Eqn 6-14 a^d 6-13. This can then be combined with Eqn 6-4 to 

give the mininura capacitance of the device 

Co. (Cs) mift 6-24 

(,Co + (Cs)ria ) 

At low frequencies, usually less than about 100 Hz, 

the minority c a r r i e r s can follow the measurement s ignal , V/ith 

increasing positive bias more and more electrons then f i l l the 

inversion layer and C therefore increases again so that the total 
s 

ft 
capacitance of the device (the ser ies combination of C and C ) 

s o 
increases to C . 

o 
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The low frequency C-V character is t ics are also 

observed at higher frequencies than normal when the minority 

c a r r i e r generation-recombination rates are increased either "by 

l ight or heat. Pig 6-3 shows such an effect in an experimental 

C-7 plot , obtained by the author, for an MOS device at 15?2Hz. 

The low frequency type character i s t i cs were obtained v/hen the 

structure was illuminated but reverted to the high frequency type 

i n the dark, 

6.2.6 The f lat-band capacitance 

The f lat-band capacitance, C„-,, i s the capacitance 
J? i j 

of the device when no potential appears across the space charge region. 

The energy bands are then f l a t andc)^a 0. Further information on 

the space charge properties of the insulator and the interface can 

be obtained by measuring the voltage (Vj^) required to bring about 

f lat-band conditions. I n the ideal case discussed above - O 

However, i n practice non-ideal character i s t ics are usually observed 

and rare ly equals zero. 

6.3 Non-ideal C-V oharaoteristios 

6.3.1 The f lat-band capacitance 

I t i s convenient to discuss here a pract ica l method 

of ca lculat ing C_,_ from an experimental C-V curve (Sec 6-5) based on 

the measurement of the maximum capacitance (C^) and the minimum high 

frequency capacitance (Cj^^^)* This follows tiJie treatment by 

Lehovec (Ref 6-11). 



sample EW80 
Al-oxide-p Si 

measurement freq. 1592 Hz 

•12 -8 -4 4 8 12 
bias voltage ( W ) 

Fig 6-3 C V curves for an MOS device i) Illuminated 
ii) In darl< 
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In the flat-band region, the surface i s not 
depleted and the to ta l surface charge in the semiconductor must bo 
considered by means of Eqn 6-I6. I f Pp» n^ in the bulk (and thic; 
i s usual ly the case for a p-type semi-conductor at room temperatur.]; 
then Eqn 6-13 and 6-I4 hold and substituting these Eqn 6-I6 yields. 

The capacitance of the space charge region in the v i c i n i t y of the 

f lat-band condition i s given by Eqn 6-5 which, in terms of reduced 

potentials gives 

6-26 

Dif ferent iat ion of Q , in the l imit as u tends to zero, can be 
s 

accomplished hy using the series expansion of the exponentials 

( u « 0) .Substituting th i s in Eqn 6-26 above gives 

and from Eqn 6-23 and 6-24 th i s becomes 

/ • / / V \K l Co.Ctiiia 6-28 

The capacitance of the device at f lat-band in obtained by inserting 

t h i s equation into Eqn 6-4. The result ing expression can be vrritUn 

i n the form 

(Co - C F 5 ) Co 6-29 

(Co - Cmla ) Co 4 Cmi^^^(kCN,^^)f^ - r 
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In th i s express ion r l[W{Ua/^^)f^ 1 • 

i s r e l a t i v e l y insensi t ive to the value of N , ranging from 6,3 

for l iL-cra and p-type s i l i c o n at room temperature, to 5*8 for 10-a-cm 

material (taking /U= 1V5. 10 an at room temperature). The above 

expression for Cp^ can then be approximated to within an accuracy 

of a few per cent to 

Co - C F B ^ Co 6-30 

Co ~ Cmitt Co + 6 Cmia 

This provides a very convenient way of measuring C„_, and V__ v/hich 
b a: if U 

does not depend on an accurate knowledge of N , so that effects 
a 

such as the redistr ibution of impurities during oxidation, can be 

neglected. 

^.3 Non=tdw:i.l e=4?-Gh.--U'm) Lt.ii'lu L^gs 

6.3.2 I'Jork ftmction differences and chgjges in the insulator 

As discussed in Sec 6-2 space charge can be induced 

within the surface of a semiconductor by the application of a suitable 

bias to the gate of a MIS structure. However, such space charges 

can also be produced by charges inside the insulator or by a work 

function difference ^^c^ between the gate electrode and the 

semiconductor. The effect of these sidds to that of V and i t results 
g 

i n a s h i f t of the C-V character i s t ics along the voltage axis . This 

s h i f t i s represented by the value of the flat-band voltage 7̂ ,̂  

(Yy^= 0 for the ideal case above). 

Pig 6-4 shov;s the energy bands of an MIS structure 
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for flat band condition Vg = Vpĵ  ^p^.- = <P̂ 5 
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Fig 6-4 The energy bands and charge distribution of an 
M IS structure d) the effect of work function difference 4̂ rAs 
b) the effect of a fixed charge G ŝs and an arbitrary one ^(x) dx. 
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•with the effect of cP^^included together with the effects of an 

interface charge +Qgg and an arbitrary space charge p(^) distributed 

throughout the insulator . I t can be shorn by the use of Gauss' Lav; 

from the superposition of elemental charges of the arbitrary 

d is tr ibut ion that 

6-31 
Co 

0 

A posit ive space charge therefore produces a negative sh i f t in V„_, 
PB 

and vice versa . 

The exact nature of the space charge in the insulator 

and the ef fect of charge movement on V^^ w i l l be discussed together, 

with the experimental results in Sec 6.5. A value for V„„ can be 
J? a 

obtained from an experimental C-V curve by using Eqn 6-30 to calculate 

Cpg, from 0^^^ and C^, and reading V^^ off the voltage scale . Eqn 6-31 

can then be used with C^ to obtain a measure of the effect ive charge 

(Qgg)^j^ at the s i l i con- insu la tor interface. 

(Q^'leff = ( V f b Co, C>'-

Values of <P/ŷ s for various metal /s i l icon combinations are given in 

Table 6-1. 

6.3.3 Surface states 

The charges considered above have been assumed to be 

constrained within the insulator. We w i l l now consider the effects 

of i n t e r f a c i a l surface states or traps that are* capable of interchang­

ing charge with the semiconductor. Since the charge in these states 

i s governed by the ir proximity to the Permi level i t depends greatly 



' HS eV 

Metal p-̂ type n-type 

eV 10 ohm-cm 1 ohm-om 0.1 ohm-cm 1 ohin-cra 

Gold 4.8 -0.08 -0.18 +0.6 -• +0.5 

Iridium 4.0 . -0.88 -0.98 -0.2 -0 .3 

Aluminium 4.2 -0.68 -0.78 0 -0.1 

Table 6-1 Vara^us metal / s i l i c o n work function differences 

( The work functions have been obtained from Ref 6-28 and 6-29 

respectively and ^^w„ calculated from Eqn 6-38 ) 
Mo 
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on the amount of band bending that occurs at the surface. 

I f the capacitsjice of the structure i s measured at 

a s u f f i c i e n t l y high frequency the surface states cannot respond to 

the measurement s ignal so that they can be considered as f ixed 

charges whose only effect i s to a l t er the amount of space charge in 

the depletion layer . As the energy bands bend dovmwards with 

increasing bias the amount of charge in the surface states varies and 

th i s produces sh i f t in the C-? curve which i t s e l f varies with applied 

b ias . The result i s to distort the shape of the characterist ics i n 

a way which i s governed by the distr ibution of surface states within 

that energy range swept by the Fermi level at the surface. (Prom the 

onset of depletion to strong inversion th i s i s about 2<̂ .p, ) . Per a 

continpn of states i n th i s range a continual change in the slope of 

the character i s t i c s i s therefore observed. 

3y measuring the slope of the C-V curve at 7^^ i t i s 

possible to obtain a value for the effect ive density of surface states 

—2 —1 

(D cm" eV" ) . The procedure for th i s i s outlined br i e f ly below, 

following an extension of the theory in Sec 6.2.6, 

Assuming that" the surface states are of the accepter 

type ( i . e , negative when occupied by an electron and neutral otherv/ise) 

and that the surface potential increases from the f l a t band position 

to a value y then the increase in the interface charge i s 

An extension of Eqns 6-7 and 6-6 to include th is then gives 
w _ Qs/ _ t).eVT.u, o k l + coast ^33 
^3 /Co O, e 
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where the constant includes any i n t e r f a c i a l charge at f l a t band 
and a l l other contributions to V not dependent on u. 

O 
Di f ferent ia t ing th i s y ie lds 

4̂ 3 = f - D.ekT 1/ + k j 6-34 

Dif ferent ia t ing Eqn 6-4 with respect to V and using Eqn 6-34 to 
S 

change the variable from dV^ to du gives 

J C (Co - C ) ^ J C , 

av^ - c.^ • • CJ' L Ju. e 
6-35 

This can then be evaluated in the l imi t s where u-?0 ( i . e . f l a t band) 

using Eqn 6-26 and 6-27, and substituting C^^ for C^ using Eqn 6-4 

to give 
12) r ( C o - C F B ) . C F B _ Cô  . eV cm 

^ ekT ( C o - C F B ) e: 

where 0̂ ,̂  oan be obtained from the experimental C-V curves using 

Eqn 6-30 and (dC/dV^Vp^ i s the slope of these curves at the point 

(Cpg, Vpg). The value of D obtained, together with the effect ive 

density of charge at the interface (Q^)^^^ can then be used to 

characterise the quality of the interface and of the insulator. 

Apart from the fast stirface states described above, 

traps can occur within the insulator v;hich are suf f i c i ent ly close to 

the interface to allow ceirrier exchajige between the s i l i c o n (or the 

metal electrode) and the insulator, either by tunnelling (Ref 6-21) 

or by a hopping mechcinism (Ref 6-15). These exchanges take place 

r e l a t i v e l y slowly and do not effect the slope of the C-V curve but 
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can lead to d r i f t of with time at a part icular temperature. 
Also, due to the dif ferent probabil i t ies for emptying and f i l l i n g 
the traps and the different tunnelling range of the electrons and 
holes, h y s t e r i s i s e f fects can be produced i n a C-7 curve, as the 
bias increases and then decreases. 

6,3,3 Minority c a r r i e r extraction 

Sec 6,2,2 described the l imit ing effect of the. 

formation of an inversion layer on the width of the depletion region 

and the consequent l eve l l ing off of the C-7 curve to C^^^, at high 

frequencies. However, i f the minority carr i er s in the inversion 

layer cannot ax5cumulate at the surface because of conditions favouring 

inject ion into the insulator, then the capacitance goes on decreasing 

at a rate governed by the Schottky depletion capacitance given in 

Eqn 6-23. A plateau region at 0^^^ i s also possible i f these condit­

ions occur only a f ter the formation of the inversion layer. 

VJith increasing bias the depletion region extends even 

further into the semiconductor so that an increasing proportion of 

the applied voltage appears across i t and a point i s eventually reached 

where the current through the device i s governed not by the insulator 

or i t s interface properties but by the generation of minority carr i ers 

i n the semiconductor. This provides a l imit to the current capable 

of flowing through the device. These effects have been observed in 

pyro ly t i ca l l y deposited f i lms of Si^N^, Si02 and AlgO^ on s i l i c ? : c f L 

(Ref 6-12). 
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I n the above treatment, current flow v;as assumed 

to be r e s t r i c t e d to the semi-conductor sdnority carr i er s because 

_ the Perrai leve l i s c loser to the conduction band (for p-type) than 

the valence band for depleting voltages. I f current flovjs through 

the insulator by mechanisms involving the inject ion of majority 

c a r r i e r s from the s i l i c o n however, no change can be expected in the 

C-V curves provided that the measurement apparatus i s capable of 

measuring only pure capacitance and that the currents are not excessive. 

6.4 Experimental 

C-V measurements have been made on a large number of 

Willemite f i lms produced on s i l i c o n substrates as described in Chap 4. 

—3 2 

C i r c u l a r dot contacts (2. 10 cm in area) were evaporated on to both 

the willemite and the adjacent unconverted oxide (Sec 4-3) and e lec tr ­

i c a l contact to the s i l i c o n was made as described in Sec 2 .4 .3 . 

Aluminium, gold and indium dot contacts were iised. The resultant MIS 

structures were then mounted under a microscope and the dot contacts 

v êre probed in turn with a gold probe held i n a micromanipulator 

(Sec 4 -3 ) . 

The C-V character i s t ics were usually obtained at room 

temperature i n the dark, and vrere automatically recorded on an X-Y 

plot ter . Preliminary measurements were, hox^ever, made point by point 

using a V/ayne-Kerr B.221 bridge operating at 1592 Hz with the applied 

bias adjusted step by step manually. Pig 6— 3 shows a typ ica l C-V 

plot obtained in th i s manner. This method was very tedious and i f 

the number of measurements was not su f f i c i en t ly high s ignif icant data 
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could be overlooked. Also, due to the time required to balance 
the bridge at each point i t v;as very d i f f i c u l t to measure any d r i f t 
that may have occurred i n the C-7 character i s t i c s . For these 
reasons i t was decided to use an automatic C-7 plotter. 

Several designs of automatic C-7 plotters have been 

published which use either phase sensit ive detection (Ref 6-13) or 

automatic bridge balajicing techniques. However, because the 

e lectronic equipment for these was not available in the Department a 

beat frequency method was developed (Ref 6 - I 4 ) . Pig 6-5 shows a 

schematic diagram of the system. A continuously variable bias was 

, applied to the HIS structure using a Feedback waveform generator 

• Type TVIG300 and the device was included as a voltage variable 

capacitor i n the LC c i r c u i t of a stable Prankln^sci l lator designed to 

o s c i l l a t e at a frequency, f =s 350 kHz. The voltage across the device 

was kept as small as possible (about 200m7). V/ith a to ta l capacitance, 

C , in the resonant LC c i r c u i t of the o sc i l l a tor . 
CSC ' 

= ( coast.) / 

On d i f ferent ia t ing th i s gives 

so that provided, df-̂ ^̂ f and dC«C , df i s proportional to dC, the 
osc 

change i n the capacitance of the device. The small changes in 

o s c i l l a t o r frequency (df ) were detected by beating the osc i l l a tor 

s ignal with the s ignal from the beat frequency osc i l la tor (B.F.O) 

of an Eddy stone 830/7 coraraiinications receiver to give an audio signal 

the frequency of vrhich was proportional to the capacitance of the device 
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F i g 6-5 Blocl« diagram of the system used for the automatic 
plotting of C-V c h a r a c t e r i s t i c s 
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A l inear frequency-to-voltage converter was then used to display 
the capacitance as the Y variable on a Bryan's X-Y recorder 
(itodel 21001 ) . The bias voltage on the device was simultaneously 
applied to the X-input of the recorder. The sweep rate ;*as typ ica l ly 
about 50 sec /cycle . Cal ibrat ion of the C-V plots was achieved by 
using standard capacitances in place of the device. The sample 
holder capacitance was eliminated by s l ight ly adjusting the B.P.O. 
frequency. A 10 kohm res i s tor was placed i n para l l e l with the device 
to ensxire that any variat ions i n sample resistance did not effect the 
o s c i l l a t o r frequency, although th i s v/ould only be a second order effect. 

The C-V character i s t ics of several devices were 

measured a f t er bias-temperature ( BT ) treatments in order to ascertain 

the properties of charge redistr ibution within the willemite. The 

devices were heated to temperatures of up to 150°C vfhilst s t i l l in 

contact with the probe, by mounting them on a s i l i c a plate which was 

arranged on a small s ta inless s tee l support so that i t could be"ieated 

from beneath by a c o i l of Kanthol resistance wire. .The temperature 

was measured by a Chrorael-Alumel thermocouple in contact with the a l i c a 

plate and adjacent to the s i l i c o n . The complete heating stage was 

enclosed i n a metal box through which a steadj'- stream of argon was 

maintained. After the heat treatment (about 5-10 rain) the device 

was cooled quickly to room temperature with the bias s t i l l applied 

and the C-V character i s t i c s were then measured. This process i s 

usually referred to as the BT test in the l i terature and th i s 

abbreviation w i l l be adopted here. 
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6.5 Experimental resu l t s and discussion 

6.5.1 General observations on oxide structures 

A typ ica l C-7 obtained curve for an aluminium/thermal 

oxide/p-type s i l i c o n structure i s shown i n Pig 6-9, The theoretical 

curve for a s imilar device but with a perfect oxide and interface 

(Ref 6-8) i s also included in the f igure. The negative sh i f t of the 

experimental curve with respect to the ideal case indicates the 

11 ' ' presence of 3.10 /^positive charges ref lected at the interface 

(see 6.3.2). The two curves have the same gradients (about 6 pP/7) 

and th i s shows that there are very few fast states at the interface. 

Substituting th is gradient into Eqn 6-36 with the experimental values 
12 -1 -2 

for C and C„_ gives D = 10 e7 • cm which represents approximately 
O J? u » 

the lowest detection l imit for th i s technique. 

The resu l t s of BT measurements on the oxide devices 

are summarised in Pig 6-7. I t can be seen that the application of a 

posit ive b ias , at temperatures of about 150°C, sh i f t s 7pg i n the 

negative voltage direct ion. The i n i t i a l character is t ics can be 

recovered by applying a negative b ias . With continuing negative bias 

s h i f t s of 7™ in the positive direction were usually small and the 
a D 

f i n a l value of 7__, was always negative, corresponding approximately to 

the above number of interface charges. These BT d r i f t e f fects are 

typ ica l of positive ion migration i n the oxide which i s usually 

attributed to sodium or hydrogen ion contamination of the oxide (Ref 6-15) 

Although the oxides ivere prepared in a controlled 

manner (Chap 2 ) no special precautions were taken to eliminate 
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sodiura contamination which can occur extensively when oxides 
are grown i n s i l i c a glassxvare using r o s i s t i v e l y heated furnaces 
(Ref 6 - 1 6 ) . Traces of hydrocarbon solvents and water can also 
produce hydrogen i o n contamination of the oxide (Ref 6 - I 5 ) . I t 
i s t h e r e f o r e reasonable to assume that the thermal oxides grown 
here were exposed t o varying and vmcontrollable amounts of t h i s 
sort of contamination and t h i s was confirmed by the varying extents 
of d r i f t t h a t occurred f o r the several devices that were examined. 

The d i s t r i b u t i o n of the contaminant ions v r i t h i n 

the oxide was also v a r i a b l e and t h i s led t o varying amounts of 

p o s i t i v e V ™ s h i f t from the i n i t i a l C-V curve. For example i f the 

contamination xfas introduced j u s t p r i o r to the evaporation of the 

contacts the p o s i t i v e ions v:ould i n i t i a l l y reside at the metal-oxide 

i n t e r f a c e and a negative bias would not s h i f t 7^^ (Ref 6 - I 7 ) . On 

the other hand, contamination t h a t i s d i s t r i b u t e d throughout the oxide 

can be swept to the metal-oxide i n t e r f a c e by a negative bias and 

produce a small p o s i t i v e s h i f t i n V^g. 

A negative value of V„_ a f t e r prolonged negative BT 
r a 

treatment indicates a f i x e d p o s i t i v e charge near the silicon-oxide 

i n t e r f a c e . This i s generally a t t r i b u t e d t o excess s i l i c o n i n t h i s 

region and i t s extent depends only on the f i n a l heat treatment or 

o x i d a t i o n conditions of the device, f o r a p a r t i c u l a r s i l i c o n o r i e n t ­

a t i o n (Ref 6 - 1 8 ) , I n the oxides considered here the f i n a l heat 

treatment was the bajce required f o r the conversion of the adjacent 

oxide i n t o w i l l e m i t e . I n s p i t e of t h i s a d d i t i o n a l heat treatment the 

value of f i x e d surface charge given above compares favourably w i t h 
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values given i n the l i t e r a t u r e f o r s i m i l a r oxides. 

The tendency of the capacitance to increase on 

the i n v e r s i o n aide ( t-VQ) of the C-7 curve as shovm i n F i g 6-7 i s 

thought to be due to the accummulation of p o s i t i v e charges on the 

oxide surface around the metal electrode. This e f f e c t i v e l y increases 

the capacitance of the space charge i n the imderlying s i l i c o n by 

increasing i t s surface area so t h a t the series capacitance of the 

oxide and the s i l i c o n tends t o increase t o a maximum of C • This 
o 

e f f e c t was more noticeable at higher temperatwes when presumably the 

increase i n surface conduction allowed the charge to accumulate over 

a l a r g e r surface sirea (Ref 6 - 6 ) . 

The general r e s u l t s described above f o r oxides grown 

on p-type s i l i c o n were also observed with n-type s i l i c o n . As expected, 

the C-V curves (Pig 6-8) v/ere a mir r o r image of the p-type character­

i s t i c s but retained a negative s h i f t i n V^^ due to the f i x e d p o s i t i v e 

charge near the s i l i c o n . BT t e s t s showed q u a l i t a t i v e l y s i m i l a r 

e f f e c t s which could again be a t t r i b u t e d to p o s i t i v e ion contamination. 

The C-V measurements were usually c a r r i e d out i n the 

dark. At the measurement frequency used (350kHz), the ambient 

l i g h t i n g i n the laboratory had no e f f e c t on the c h a r a c t e r i s t i c s and 

even a focussed microscope lamp only increased C . s l i g h t l y . This 
mm 

i s consistent vrith an increase of n^ produced by the l i g h t (Eqn 6 - 2 3 ) . 

The thickness of the oxides rapged from 50O-I5OO 2 

as measured by an interference method (Sec 2.3«2) and was i n agree­

ment w i t h oxide capacitance measurements i n the accumulation region 
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(when no space charge capacitance i s present) using the known 

value of 3*4 f o r the d i e l e c t r i c constant of thermal oxide (Ref 6-I9) 

and the measured contact area. The largest error was i n measuring 

the exact area because the contact was sometimes scratched by the 

gold probe. 

The conclusion reached on the C-7 measurements on 

s i l i c o n oxide was tha t they were a l l i n perfect agreement v^ith findings 

reported i n the l i t e r a t u r e and w i t h the theory f o r f i l m s containing 

a p o s i t i v e ion impurity v;hich was to be expected i n the growth 

conditions used. This agreement gave confidence i n the new measure­

ments made on the adjacent v;illeraite f i l m s . 

6,5.2 Willemite MIS devices 

The C-V measurements made on the w i l l e m i t e f i l m s could 

be d i v i d e d i n t o tvfc groups depending on the thickness of the reacted 

la y e r . This was determined by p r e f e r e n t i a l etching and interferoraetry 

a f t e r the C-7 measurements had been completed (Sec 5»2) I t was found 

t h a t penetration of the oxide by the reaction was generally about 

500 S producing v;illemite f i l m s which had a t o t a l thickness of about 

750 S approximately 25O £ of which was raised above the surrounding 

oxide surface* The d i e l e c t r i c constant of w i l l e m i t e does not appear 

t o have been measured i n the past and i t was d i f f i c u l t t o calculate 

from the capacitance measurements because of the l i m i t e d r e s o l u t i o n 
of the interference technique {* 25O 1 ) f o r the thickness. 

The approximate value of 6 + 2 was as good as could be estimated. 

The w i l l e m i t e devices were categorised i n t o the tv?o general types :-
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(a) those made from t h i c k (150O S ) oxides which resulted i n a 
met a l - w i l l e m i t e - o x i d e - s i l i c o n structure (MOS device) and 

(b) those which were made from t h i n (5OO S) oxides so that no 

oxide ( o r at least only a very t h i n f i l m ) was present at the 

s i l i c o n i n t e r f a c e (MS device). 

a) TWOS structures 

Pig 6-8 shows the C-V curve f o r an M,-I03 device made 

by converting about 5 0 0 o f the 1200 2 t h i c k oxide i n t o w i l l e m i t e 

(curve iv")). The imconverted oxide adjacent t o the v;illemite has 

been used t o form the JDS device v/ith the c h a r a c t e r i s t i c s shovm i n 

curve v). I t can be seen th a t the conversion of the outer layer of 

the oxide i n t o w i l l e r a i t e has s h i f t e d Vp^ i n a positive d i r e c t i o n . 

A l l the vr i l l e m i t e devices that were measured on both p-tjrpe and 

n-type s i l i c o n ^ : showed a s i m i l a r s h i f t so tha t Vj,g was often about 

zero as i n the case above. 

I t i s thought l i k e l y that t h i s positive s h i f t i n Vp^ 

i s due to the formation of a negative space charge i n the oxide next 

t o the s i l i c o n and t h a t t h i s neutralizes the f i x e d p o s i t i v e charge 

normally found i n thermal oxides. This negative space charge i s 

probably due to the d i f f u s i o n of Zn̂ "*" ions i n the w i l l e m i t e moving 

away from i t s i n t e r f a c e w i t h the oxide during the high temperature 

bake (1100°C) required i n i t s preparation. The evidence f o r t h i s 

hypothesis i s discussed below. 

Using values obtained from Ref 5-3 i t i s found that 
2+ 0 the Zn i o n has a radius of O.38 A which i s comparable v/ith the 
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radius of the netv;ork-forming the Si^"*" ion (O.39S ) i n the oxide 

(the radius of the netv/ork-bridging ion i s 1,36 S). The 

zinc i o n can therefore replace the s i l i c o n s u b s t i t u t i o n a l l y to 

produce an e f f e c t i v e negative space charge. This i s i n agreement 

w i t h Chang and Tsao (Ref 6-20)who have rec e n t l y investigated the 

C-V propei*ties of d i f f u s e d zinc(frora an evaporated metal f i l m ) i n 

thermal s i l i c o n oxide. 

The w i l l e m i t e used f o r the WS structures was 

luminescent and contained about 1^ by weight of manganese. Hov;ever, 
2+ 

the Mn i o n occupies a s i m i l a r place i n the w i l l e m i t e l a t t i c e as 
2+ 

the Zn i o n (Seo 5*1) and i t also has the same valency. I t was 

there f o r e considered t h a t i t would behave i n exactly the same way as 

the zinc i o n as f a r as the C-V measurements are concerned. For t h i s 

reason none of the e f f e c t s observed are thought to be influenced 

d i r e c t l y by the manganese impurity. 

The range of values of V ™ t h a t were observed f o r 
r a 

d i f f e r e n t N̂OS devices vrere probably due to the d i f f e r e n t degrees of 
zinc d i f f u s i o n as r e l a t e d t o the q u a l i t y and thickness of the oxide 

2+ 

through vjhioh the Zn ions d i f f u s e . Hovfever, the f a c t t h a t V„t, 

was o f t e n zero and never p o s i t i v e seems to indicate that the region 

of disorder i n the oxide ( i . e . the region of f i x e d p o s i t i v e space 

charge due to the excess s i l i c o n ) allows the Zn̂ "*" ions to be easily 

accommodated, i n the netv7ork w i t h an e f f e c t i v e negative charge. 

When the disorder has been removed and the space charge neutralised, 

i t i s more d i f f i c u l t f o r the Zn̂ "*" ions t o be accommodated w i t h a 
negative charge so t h a t a p o s i t i v e V^g corresponding to a net negative 
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space charge i n the oxide was never observed. 

The slopes of curves 1 and 2 i n Pig 6-9 are very 

s i m i l a r and t h i s indicates that no f a s t surface states have been 

introduced at the s i l i c o n - o x i d e i n t e r f a c e by the f a b r i c a t i o n of 

the JMOS device. Hovfever a fev; anomalous C-V curves were obtained 

such as t h a t shoira i n Pig 6-10. I n t h i s i t can be seen that there 

i s a considerable d i f f e r e n c e between the slopes of the MOS device 

and the MOS device, although Vp^ i s s t i l l about zero f o r the 

w i l l e m i t e device. The e f f e c t i v e density of f a s t surface states f o r 
13 - 2 - 1 

t h i s KITOS device was 1.0 .10 cm eV as calculated from Eqn 6-36 
whereas the slope of the MOS curve corresponded to a density of less 

12 —2 — 1 12 —2 —1 than 2. 10 cm eV . An extra 8.0 .10 cm eV states were 

therefore added at the i n t e r f a c e i n t h i s device. 

An explanation of t h i s could be t h a t , although the 

oxide seems incapable of supporting aji o v e r a l l negative space charge 

due t o the zinc ions some of the ions d i f f u s e r i g h t through these 

p a r t i c u l a r oxides and act as f a s t acceptor traps at the silicon-oxide 
2+ 

i n t e r f a c e . Zn i s an acceptor impurity i n s i l i c o n so that any 

f u r t h e r d i f f u s i o n of the zinc i n t o the s i l i c o n i t s e l f should produce 

an increase i n the c o n d u c t i v i t y of the p-type s i l i c o n or a decrease 

f o r the n-type s i l i c o n . This e f f e c t was never observed w i t h the 

anomalous devices, probably because the bake was r e l a t i v e l y short 

( u s u a l l y about 5 roin) but also because i t was -^ery d i f f i c u l t t o 

ascertain how much of C . v/as due to the i n s u l a t o r capacitance 
raxn 

( i n t h i s case the v/illemite and the oxide) and how much was due to 
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the space charge capacitance i n the s i l i c o n . 

Support f o r t h i s explanation of the"anomalous 

C-V curves was also given by f u r t h e r anomalous c h a r a c t e r i s t i c s 

showh i n P i g 6 - 1 0 . I n t h i s graph several sweeps of bias have been 

recorded w i t h curve 1 corresponding to the c h a r a c t e r i s t i c s of the 

v i r g i n device. With every p o s i t i v e excursion of the bias more and 

more f a s t states seem to be created as indicated by the continuing 

decrease i n the slope of the curve. This i s consistent w i t h Zn̂ "*" 

ions being swept to the i n t e r f a c e v/here they are trapped to form 

f a s t surface states. The continual d r i f t of the C-V c h a r a c t e r i s t i c s 

w i t h increasing number of bias sweeps was only observed wi t h some 

of the anomalous devices presumably because a p a r t i c u l a r l y open 

st r u c t u r e or poor q u a l i t y oxide i s required t o allow the ions to 

d r i f t through i t comparitively r a p i d l y . 

A l l the C-V c h a r a c t e r i s t i c s of the v;illemite devices 

t h a t were measured showed at least some hysteresis w i t h applied bias. 

The hysteresis v;as alv;ays i n such a sense as to make V_^ more negative 

a f t e r the maximum p o s i t i v e excursion of applied bias. This i s 

opposite t o that which would be obtained i f successive c a r r i e r trapping 

and r e t r a p p i n g occurred at the s i l i c o n - o x i d e i n t e r f a c e (Ref 6-21) 

and i t was a t t r i b u t e d t o ion migration i n the w i l l e m i t e . The 

p o s s i b i l i t i e s of p o l a r i s a t i o n or c a r r i e r trapping at the metal-

w i l l e m i t e i n t e r f a c e are discussed l a t e r . 

. Typical C-V curves obtained a f t e r BT experiments 
to 

are summarised i n Pig 6 - 1 2 . They show a s i m i l a r e f f e c t the 
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room temperature hysteresis, namely that a p o s i t i v e bias, at 

temperatures of about 150°C, produced a negative s h i f t i n 

Vpg and a negative BT treatment produced a p o s i t i v e s h i f t i n Vpg 

The l a t t e r was even s u f f i c i e n t t o make V_„ po s i t i v e and i t could 

be a t t r i b u t e d to mobile p o s i t i v e ions (probably Zn̂ "*")• moving i n 

a r e l a t i v e l y immobile negative matrix so that w i t h -V̂  applied the 

p o s i t i v e ions migrate to the top contact and leave behind a f i x e d 
4-

negative space charge due to the larger SiO^ r a d i c a l . The po s i t i v e 

ions r e f l e c t most of t h e i r charge i n t o the adjacent metal and do 

not a f f e c t V_^ whereas at least part of the negative space charge 

i s r e f l e c t e d i n the s i l i c o n t o produce a p o s i t i v e value of Vp^* 

Simi l a r a f f e c t s t o t h i s have been observed i n lead s i l i c a t e glasses 

"by Snow and Duraesnij (Ref 6-22). I t i s also possible f o r the 

p o s i t i v e ions or e^©- at l e a s t ^ t o discharge at the metal and the 

r e s u l t s of the I-V work showed that t h i s was probably the case 

(chap 7) . With the C-V experiments alone i t i s not possible t o 

determine whether the ions discharge or not at the metal because the 

e f f e c t s of the space charge closest t o the s i l i c o n always predominate. 

However, the C-V experiments do show conclusively that p o s i t i v e ions 

do not discharge t o the s i l i c o n when they pile-up w i t h p o s i t i v e bias 

and t h i s i s i n agreement w i t h the conduction model proposed i n Chap7. 

The f a c t t h a t the BT curves i n F i g 6-12 show a much 

la r g e r negative than p o s i t i v e s h i f t was probably p a r t l y due to an 

a d d i t i o n a l p o s i t i v e ion component from sodium ion contamination and 

p a r t l y t o the f a c t t h a t the mobile p o s i t i v e ions can move close t o 
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the s i l i c o n surface and a f f e c t Vp^ more than the d i s t r i b u t e d charge 
of the immobile negative ions (Eqn 6 - 3 1 ) . 

During the BT experiments i t wad assumed that no 

i o n i c t r a n s f e r occurred between the w i l l e m i t e and the oxide and t h a t 

any zinc which had d i f f u s e d i n t o the oxide during the bake remained 

there. This i s i n a^eement w i t h the f a c t t h a t a f t e r zero bias 

temperature treatment the curve relaxed to i t s i n i t i a l p o s i t i o n showing 

t h a t there was no change i n the number of zinc ions i n the oxide. 

I t should also be noted t h a t a p o s i t i v e B.T. treatment produces a 

negative Vp^ s h i f t due to the accumulation of p o s i t i v e ions at the 

w i l l e m i t e - o x i d e i n t e r f a c e , whereas zinc ions act u a l l y inside the oxide 

have an e f f e c t i v e negative charge th a t produces the opposite s h i f t 

i n Vpg, i . e . i n the p o s i t i v e d i r e c t i o n . 

Hysteresis and BT s h i f t s v/hich make V„_ more negative 

aXter a p o s i t i v e bias excursion and vice versa can also be a t t r i b u t e d , 

i n theory, t o two other e f f e c t s besides the migration of p o s i t i v e 

ions described above. These are ( l ) c a r r i e r exchange at the metal-

i n s u l a t o r i n t e r f a c e and ( 2 ) p o l a r i s a t i o n of the i n s u l a t o r . The 

reasons why these e f f e c t s are not considered t o be s i g n i f i c a n t here 

are b r i e f l y discussed below. 

( l ) I t i s usually assumed that interchange of charge at 

a metal-insulator i n t e r f a c e involves short range penetration of the 

i n s u l a t o r because the c a r r i e r s e i t h e r tunnel i n t o t r a p states w i t h i n 

the i n s u l a t o r (Ref 6 -21) or the p o t e n t i a l wells of the t r a p overlap 

w i t h the electrode so t h a t c a r r i e r hopping can occur (Ref 6-I5) 
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I t t h erefore seems reasonable t o assume that the space charge 

regions produced by these processes l i e close to the metal electrode 

and t h a t they r e f l e c t very l i t t l e of t h e i r charge i n t o the s i l i c o n 

BO t h a t only small s h i f t s i n occur (x « x^ i n Eqn 6 - 3 1 ) . 

This was not observed i n pra c t i c e . 

( 2 ) P o l a r i s a t i o n phenomena i n i n s u l a t o r s are due to one 
(a) 

or more of the f o l l o w i n g mechanisms :- the displacement of the 

e l e c t r o n i c charge surrounding the molecule (b) the displacement of 

the ions w i t h i n the molecule (o) the alignment of dipolar molecules 

i n the applied e l e c t r i c f i e l d or (d) to i n t e r f a c i a l p o l a r i s a t i o n -

a process t h a t involves the separation of opposite charges inside 

some MBcroscopic conducting phase w i t h i n the i n s u l a t o r . 

The f i r s t two of these mechanisms contribute to the 

high frequency d i e l e c t r i c constant of the ins^xlator. They are too 

f a s t t o contribute t o any hysteresis or BT e f f e c t s and they are also 

independent oP temperature. The alignment of dipolar molecules 

w i t h i n a c r y s t a l l i n e l a t t i c e i s u n l i k e l y and again the correct 

temperature dependence f o r t h i s i s not observed. (As the thermal 

energy of the molecules increases the amount of alignment should 

decrease v;hich i s contrary to what was observed.) 

I n t e r f a c i a l p o l a r i s a t i o n due to a non-uniform d i e l e c t r i c 

seems t o be the only l i k e l y p o l a r i s a t i o n mechanism f o r the h y s t e r i s i s 

and BT e f f e c t s i n the w i l l e m i t e f i l m s because i n t h i s case the e f f e c t 

increases w i t h temperature as the m o b i l i t y of the charges increases. 
c 

This form of p o l a r i s a t i o n has been observed by Snow and Deal (Ref 6-23) 
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i n phosphosilicate glasses on s i l i c o n . Their s h i f t s i n V,,-, 
were however small and always less than the p o l a r i s i n g voltage 
un l i k e the s h i f t s shown i n Pig 6-11 and they were a t t r i b u t e d t o 
about 6^ by volume of conducting material i n the glass. I t i s 
possible t h a t i n t e r f a c i a l p o l a r i s a t i o n may be occurring, at least 
p a r t l y , i n the v/illeraite f i l m s but i t probably occurs by ion 
migration w i t h i n some macroscopic phase i n the c r y s t a l such as a 
small c r y s t a l l i t e and as such i t i s p r a c t i c a l l y indistinguishable 
from ion migration across the f i l m , 

b) MS structures 

A t y p i c a l C-V curve f o r a t h i n MS device i s shovm 

i n P i g 6-13. I n t h i s device the w i l l e m i t e f i l m was made from oxide 

th a t was about 5OO 2 t h i c k and i t was shovm by p r e f e r e n t i a l etching 

of the w i l l e m i t e t h a t no detectable oxide ( i . e . < lOoS ) remained at 

the s i l i c o n i n t e r f a c e a f t e r the conversion proceEt!. The C-V. 

c h a r a c t e r i s t i c s of the MOS device made from xmconverted oxide adjaccr.' 

t o the w i l l e r a i t e are also given i n Pig 6-13. 

The voltage hysteresis of MS devices can be seen to 

be r e l a t i v e l y greater than f o r the t h i c k e r MOS devices. This i s 

because the ions t h a t give r i s e t o the hysteresis are now much closer 

t o the s i l i c o n so t h a t they r e f l e c t more of t h e i r charge i n the semi­

conductor and also the structures are much thinner which considerably 

increases the f a c t o r x/x^ i n Eqn 6-31 r e l a t i n g Vp^ with the p o s i t i o n 

of charges i n the i n s u l a t o r . 



sample EWIIO 
n-type silicon 
indium top contact 
thickness 750 A 
max. capac.75pF 

8 10 

gold top contact 
thickness 750 A 
max.capac 84pF 

2 0 2 4 
bias voltage (V) 

Fig6*13 and Fig 6-14(bottom) C-V curve for two MWS devices 
(top^ and adjacent MOS structures. 
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BT experiments on MS devices v/ere q u a l i t a t i v e l y 

s i m i l a r t o the miOS ones although the s h i f t s i n V„„ were again 
J} a 

r e l a t i v e l y larger than f o r the Ml-fOS devices a f t e r s i m i l a r BT . 

treatment. This i s probably f o r the same reasons as those given 

above f o r the increased hysteresis e f f e c t s . I n the MS devices 

the p o s i t i o n of the i n i t i a l C-V curve was however found to depend 

on the type of metal t h a t was used f o r the top contact and t h i s 

e f f e c t w i l l now bo discussed. 

Although indium, gold and aluminium were used as 

top contacts f o r the MOS experiments w i t h both n and p-type s i l i c o n 

no s i g n i f i c a n t differences were observed between them ( i . e . v;ithin 

the l i m i t s of r e p r o d u c i b i l i t y ) . However, f o r the thinner MWS 

stru c t u r e s which were a l l made of n-type s i l i c o n , a considerable 

d i f f e r e n c e was observed i n the i n i t i a l C-V curves f o r devices w i t h 

gold and indium top. contacts. These c h a r a c t e r i s t i c s shown i n 

Pigs 6-13 and 6-14 were obtained p r i o r t o any BT treatment. The 

d i f f e r e n t values f o r V„_ i n these two curves can be a t t r i b u t e d t o 

the same p o s i t i v e i o n d r i f t as discussed e a r l i e r f o r the BT case 

but t h i s time the ions must d r i f t a-̂ room temperature i n the e l e c t r i c 

f i e l d set up by the difference i n work functions (^Ais) between the 

s i l i c o n and the metal. This d r i f t presumably occurs i n the time 

between the contacts being applied and the C-V curves being measured 

which was usually a few days. Ion d r i f t i n the contact p o t e n t i a l 

f i e l d would be expected t o be much greater i n the t h i n MS devices 
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than i n the comparitively t h i c k MOS case, as observed. 

' Pig 6-15 shows the energy l e v e l s of an MIS device 

w i t h zero applied-voltage. The values of *f j^g f o r the three 

raetals and f o r s i l i c o n of various r e s i s t i v i t i e s have been calculated 

using Eqns 6-13 and 6-I4 and these are l i s t e d i n Table 6 -1 , This 

t a b l e shows that only a gold contact w i t h n-type s i l i c o n produces 

a negative voltage on the metal ( i . e . positive<^jg). This i s i n 

agreement w i t h the p o s i t i v e s h i f t i n 7̂ ,̂  that was observed f o r t h i s 

combination only. This s h i f t would correspond t o the accumulation 
2+ 

of the Zn ions at the metal and the formation of a negative space 

charge of (SiO^)'^~ r a d i c a l s near the s i l i c o n surface. I f the Zn̂ "*" 

ions discharge to the metal however (and there i s evidence f o r t h i s 

i n the I-V work) t h i s could not be detected i n the C-V s h i f t s . 
The existence of an e l e c t r i c f i e l d due solely t o and of 

MS 

s u f f i c i e n t magnitude t o cause i o n migration, i s f u r t h e r substantiated 

by the increase i n capacitance on the inversion side of the 

c h a r a c t e r i s t i c s i n Pig 6-I4 due t o the accumulation of negative ions 

on the surface of the device. This e f f e c t i s also shovm i n Pig 6-7 

f o r a MOS device but here i t occurs ohly during BT treatment. 

Negative values f o r 7^^ were observed f o r a l l the devices 

t h a t were made w i t h the other m e t a l / s i l i c o n combinations shoxm i n 

Table 6 -1 , and t h i s could be a t t r i b u t e d t o ion d r i f t i n the reverse 

d i r e c t i o n due t o the e l e c t r i c f i e l d s set up by the negative values 

Although the p o l a r i t y of V^^, as indicated by the 



J 
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^^\\\\\\\\\\\ 

El 

S u s t i t u t i n g f o r from Eqn 6-13 
J? 

MS ~ TM 
X 10_ -31 T a k i n g ^ = 4.O5 eV ( Ref 6-2? ) , E ^ 1.1 eV and n. = 1.45. 10 cm o S 1 

at 27 G then 
6-38 

Pig 6-IS The contact p o t e n t i a l difference of an ideal MIS device at 
zero bias 
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sign of jj2> was maintained from device t o device, i t s exact 
value u s u a l l y varied. This seems reasonable because the precise 
h i s t o r y of each device p r i o r t o measurement was usually d i f f e r e n t 
and t h i s would allow d i f f e r e n t degrees of ion migration to occur 
before V^g. was a c t u a l l y measured. 

The r a t e of zero-bias ion migration also depends 

on the value of and the magnitude of the resultant e l e c t r i c 

f i e l d i n the w i l l e m i t e . I n the t h i c k e r M'iOS devices, where the 

f i e l d s were smaller and the amount of ion migration correspondingly 

less, t h i s would account f o r the f a c t that no zero bias e f f e c t s were-

, observed. Another reason f o r t h i s was probably that charge movement 

i n the w i l l e m i t e has a smaller e f f e c t on 7^^ i n the t h i c k e r f i l m s 

which also have a r e l a t i v e l y t h i c k oxide layer between the s i l i c o n 

and the w i l l e m i t e . 

When no ion d r i f t e f f e c t s occtu: at zero bias the only 

e f f e c t of d i f f e r e n t contact metals i s t o s h i f t the C-7 ciirve by an 

amount equal t o „„ (Eqn 6 - 3 1 ) . This can be seen i n Pig 6-I4 

where, the c h a r a c t e r i s t i c s of the HOS device made from the unconverted 

oxide of device EVfllO are shown f o r both gold and indimn electrodes. 

The s h i f t i n V„-, between these two curves represents the difference 
0 

i n Y '1'̂ ® "two devices (assuming that other charges are the same 

f o r both oxides) and equals about 1.0 v o l t i n good agreement wi t h the 

t h e o r e t i c a l value of 0.87 obtained from Table 6 -1 . 

The formation of a negative space charge i n the 

i n s u l a t o r near the s i l i c o n appears t o favour the i n t r o d u c t i o n of f a s t 
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surface states at the i n t e r f a c e . This can be seen i n Pigs 6 - I 4 

and 6 - I 3 v;here the C-V curve of the device v;ith the indium top 

contact has a Vp^ = 2.0 7 (corresponding to an e f f e c t i v e density 
11 —2 

of 5*10 era p o s i t i v e charges at the i n t e r f a c e ^ ) and a slope 
which i s s i m i l a r to t h a t of the unconverted oxide, whereas the 

device w i t h a gold electrode has a C-7 curve w i t h 7̂ ,̂ = +5 7 
1*5 —2 

( 1 . 4 . 10 cm" negative charges at the in t e r f a c e ) and a much 
smaller gradient corresponding to an e f f e c t i v e density of f a s t 

12 —1 —2 

surface states of 1.7 . 10 e7 cm as calculated from Eqn 6-36. 

This i s i n agreement w i t h the C-7 curves of the anomalous LMOS 

devices shovm i n P i g 6-10 where a s i m i l a r density of f a s t surface 

states was a t t r i b u t e d t o a negative space charge at the i n t e r f a c e 

due t o zinc ions i n the oxide. 

I t has been shovm by several authors (Ref 6-23) 

t h a t electro/orming e f f e c t s can occur i r t h i n d i e l e c t r i c f i l m s and 

these can be a t t r i b u t e d t o the f i e l d i n j e c t i o n of metal ions from 

the contacts i n t o the d i e l e c t r i c . These e f f e c t s seem to occur 

mainly w i t h gold electrodes and apparently devices can only be 

electroformed i n a vacuum of less than about 10~^ t o r r . I n spite 

of the f a c t that the C-7 measurements described above were a l l 

c a r r i e d out at atmospheric pressure, the difference between the C-7 

curves of gold and indium contacted MS devices could possibly have 

been due t o an electroforming e f f e c t v i z . gold ion i n j e c t i o n i n t o 

the w i l l e m i t e under the influence of the e l e c t r i c f i e l d set up by 
^ MS. ^ 
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Ca.^ina and Snow (Ref 6-25) have investigated 
gold d i f f u s i o n i n q|old/thermal-oxide/silicon structures using the 
C-7 technique and found no evidence f o r e i t h e r gold i n j e c t i o n v;ith 
f i e l d s o f up t o about 10^ 7 cm"^ ( a t atmospheric pressure) or f o r 
gold d i f f u s i o n i n t o the oxide f o r temperatures up to about 250°C. 
At temperatures higher than t h i s they found t h a t gold entered the 

. oxides w i t h an e f f e c t i v e p o s i t i v e charge i n a s i m i l a r way t o sodivun 
ions ( the i o n i c r a d i i of gold and sodium are 1.37 S and. 0.98i' 
r e s p e c t i v e l y and e i t h e r can therefore replace the network bridging 
oxygen i o n x^hich has a radius of I . 3 6 1 ). 

The e f f e c t i v e charge of the gold ion i n vj i l l e m i t e 

i s not known, but i t i s l i k e l y t o be po s i t i v e as i t i s i n the oxide 

and i n most other oxygen containing d i e l e c t r i c s . I f t h i s v^ere so, 

the p o s i t i v e space charge produced by the gold ions i n the w i l l e m i t e 

would produce a negative s h i f t i n 7„_ which i s opposite to what was 

observed. Also i n order t o f i e l d i n j e c t p o s i t i v e gold ions <̂  „^ 
rib 

would have t o be negative whereas f o r the gold-n-type s i l i c o n 

combination i t i s i n f a c t p o s i t i v e . For these reasons i t seems 

T i n l i k e l y t h a t i n j e c t i o n of ions of the contact metal can account f o r 

the obseoTved contact dependance i n the MI-/S devices. 

C a r r i e r t r a n s f e r mechanisms at the metal-willemite 

i n t e r f a c e could also accoimt f o r the contact e f f e c t s that occur w i t i 

MWS devices. I t was considered above, e a r l i e r i n t h i s Section, that 

any interchange of c a r r i e r s at t h i s i n t e r f a c e would probably involve 

space charge formation close t o the metal electrode and t h i s vjould 
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have only a small e f f e c t on the C-7 curves. Even i f the 
measurements were s e n s i t i v e t o charge i n j e c t i o n from the metal 
t h i s could not account f o r the p o s i t i v e s h i f t i n 7_, f o r gold 

CD 

electrodes ( w i t h n-type s i l i c a ) and the negative s h i f t f o r indijrn 

electrodes, because electrons would have to be injected by the gold 

and holes by the indium (both under the influence of ^ ^ , , 3 ) . Prom a 

consideration of the v/ork functions of these two raetals i t would 

however seem more reasonable i f the opposite occurred and i n fa c t 

gold i s generally considered to be a blocking electrode compared t o 

indium. Also i f charge i n j e c t i o n occurred at the metal contact then 

the hysteresis e f f e c t s would also probably^be due to t h i s and the 

amoimt of hysteresis would ^hon be dependent on the s h i f t of 7_„ 

which v7ould then be an i n d i c a t i o n of the ease w i t h v:hich charge occurs 

at the i n t e r f a c e . Hov/ever, from Pigs 6-13 and 6-I4 i t caji be seen 

th a t the hysteresis i s approximately the same f o r both the indium 

curve w i t h 7 ™ = - Z.O 7 and f o r the gold curve w i t h 7„_ = 5 V, so 
CO CO 

t h a t once again charge i n j e c t i o n seems to be eliminated as en 

important process. 

Prom the above considerations i t i s considered that 

n e i t h e r electroforming e f f e c t s nor c a r r i e r i n j e c t i o n can account f o r 

the contact e f f e c t s obtained i n the C-7 curves of the MS devices, 

and t h a t charge movement i n the contact p o t e n t i a l f i e l d i s much 

more probable. » 
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6.6 Conclusion 

The C-7 c h a r a c t e r i s t i c s of w i l l e m i t e f i l m s on 

s i l i c o n have been studied and compared v^ith these of MOS devices 

made from unconverted oxide surrounding the vf i l l e r a i t e . The MOS 

devices have standard C-7 c h a r a c t e r i s t i c s t h a t cam be explained i n 

terms of the theory presented i n Sec 6 , 2 , w i t h the addition of two 

space charge components i n the oxide nejnely, a mobile p o s i t i v e 

charge and a f i x e d p o s i t i v e charge near the s i l i c o n . Other workers 

have i d e n t i f i e d s i m i l a r charges as being due t o sodium or hydrogen 

io n contamination of the oxide and excess s i l i c o n at the s i l i c o n -

oxide i n t e r f a c e r e s p e c t i v e l y , and both these are l i k e l y v/ith the 

f a b r i c a t i o n processes used here. I t appears that the vf i l l e m i t e 

conversion process introduces no f u r t h e r contamination i n t o the 

surroujniding oxide. 

The C-7 c h a r a c t e r i s t i c s of v.-illeraite f i l m s depended 

on the depth of oxide t h a t was used up i n the conversion process, so 

t h a t e i t h e r metal-v;illeraite-oxide-silicon (iWOS) or metal-willemite-

s i l i c o n (M'/S) structures r e s u l t e d . The t h i c k e r WOS devices displayed 

c h a r a c t e r i s t i c s t h a t v/ere consistent v;ith a reduction i n the amount of 

f i x e d p o s i t i v e charge i n the oxide sandwich. This has been a t t r i b u t e d 

t o zinc d i f f u s i n g from the w i l l e r a i t e i n t o the underlying oxide during 

the high temperature conversion process. The silicon-oxide i n t e r f a c e 

hoi^ever, usually remains free from f a s t surface states, as indicated 

by the slope of the C-7 curve. 7oltage hysteresis and bias-

temperature experiments on these devices indicated that ion migration 



- 1 3 9 -

oocurs i n the v;illemite probably i n the form of Zn̂ "*" ions 

moving i n a matrix of (SiO^)'^'" r a d i c a l s . The e f f e c t s of both 

p o l a r i s a t i o n and c a r r i e r exchange at the interfaces have been 

discounted. 

The C-7 curves of the thinner MS devices were 

more s e n s i t i v e t o charge movement i n the w i l l e m i t e and t h i s enabled 

a contact e f f e c t t o be seen i n these devices that was not observed 

w i t h the MTOS struc t u r e s . MWS devices vrith top contacts of 

difi^erent metals displayed c h a r a c t e r i s t i c s having varying s h i f t s i n 

both d i r e c t i o n s along the voltage axis. This has been a t t r i b u t e d 

t o i o n migration occuring under the influence of the zero bias f i e l d 

set up by the difference i n work functions between the s i l i c o n and 

the metal. Possible a l t e r n a t i v e explanations i n terms of e i t h e r 

electroforming eff*3cts of c a r r i e r exchange at the metal-willemite 

i n t e r f a c e have been shown to be inconsistent with the experimental 

r e s u l t s . I t has been possible t o produce MWS devices w i t h no extra 

f a s t siirface states at the w i l l e m i t e - s i l i c o n i n t e r f a c e , as shown by 

the slope of the C7 curve, i n comparison w i t h the c h a r a c t e r i s t i c s 

of the unconverted oxide. 

The theory shows th a t the hypothesis of i o n i c 

movement i n the contact p o t e n t i a l f i e l d i n the MS devices could be 

confirmed by f i i r t h e r experiments using p-type substrates, and i t was 

u n f o r t u n a t e that there was no time available f o r the f u r t h e r vjork 

required. Table 1 shows that the contact p o t e n t i a l f i e l d s w i t h 

gold and indium contacts are i n the same d i r e c t i o n w i t h p-type s i l i c o n 
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80 t h a t the s h i f t s of should also be i n the same d i r e c t i o n 
u n l i k e the case wi t h the n-type substrates. 

M i n o r i t y c a r r i e r i n j e c t i o n from the s i l i c o n i n t o 

the V 7 i l l e r a i t e produces a c h a r a c t e r i s t i c change i n shape of the 

C-7 curve, although t h i s was not observed i n any of the devices 

that were examined. I t seems reasonable t o assume that cxirrent 

mechanisms through the wi l l e r a i t e v ; i l l therefore involve majority 

c a r r i e r e f f e c t s . The current-voltage c h a r a c t e r i s t i c s of w i l l e m i t e 

f i l m s w i l l be considered i n the next chapter. 
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GHAPTER SE7EN I 

MEASUREMENTS OF COMDUCTIOH CURREI-TTS I I I IJILLSICTTE DE7ICES 
7.1 I n t r o d u c t i o n 

This chapter describes the conduction measurements • 

tha t have been made f o r w i l l e m i t e f i l m s on s i l i c o n . The conduction 

mechanisms tha t a r e - t h e o r e t i c a l l y possible f o r a perfect metal-

insulator-metal ( MIM ) structure are discussed b r i e f l y i n Sec 7,2. 

The q u a n t i t a t i v e a p p l i c a t i o n of these theories to experimental 

r e s u l t s i s noto r i o u s l y d i f f i c u l t and t h i s i s p a r t i c u l a r l y the case 

w i t h w i l l e r a i t e because of. the i o n i c movement t h a t has been shown to 

occur w i t h i n the f i l m s by the C-7 work described i n Chapter 6 and 

the d i s t o r t i o n of the i n t e r n a l e l e c t r i c f i e l d that t h i s produces. 

The s t r u c t u r a l assessment of the f i l m s (Chapter 5) shovm that 

they have a f i n e p o l y c r y s t a l l i n e texture and t h i s , together w i t h the 

ra t h e r unknovm nature of the s i l i c o n - v / i l l e m i t e i n t e r f a c e due to the 

substrate reactive preparation (Chapter 4), leads to f u r t h e r departures 

from an i d e a l s t r u c t u r e . Complications also arise because one of 

the electrodes i s s i l i c o n vjhich i s capable ( i n i t s non-degenerate 

form)of sustaining space charges at the surface with the r e s u l t that 

the f i e l d penetrates the electrode t o a c e r t a i n extent. This has been 

discussed extensively i n Chap 6 w i t h respect t o the MIS structure and 

e f f e c t s t h a t t h i s may have on the conduction mechanisms are discussed 

i n Sec 7•2,4 

Electroluminescence (EL) has been observed from 

v r i l l e m i t e f i l m s under c e r t a i n conditions vath very high d.c. f i e l d s 

and t h i s i s discussed i n Ch.?.pter 8 w i t h other luminescent properties 
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of the f i l m s and the simple theories of d i e l e c t r i c breakdovm 
which are p a r t l y relevant. 

Current measurements have not been extensive, 

l a r g e l y because of lack of time, and i t i s not possible to be 

c e r t a i n about the conduction mechanism. I n order to elucidate the 

exact mechanism i n t h i n f i l m s i t i s usually necessary to measure 1-7 

curves w i t h both the temperatiire and the f i l m thickness as a parameter. 

Although t h i s has not been possible i n t h i s case, c e r t a i n i n t e r e s t i n g 

p o l a r i t y r e s u l t s have emerged from the simple 1-7 measurements and 

these are discussed v:ith the r e s u l t s i n Sec 7»4« 

B a r r i e r heights at the electrode interfaces can be 

inv e s t i g a t e d by using the photoemission of c a r r i e r s from the electrodes 

i n t o the i n s u l a t o r . This type of measiirement was attempted f o r a 

v/illemite f i l m but w i t h inconclusive r e s u l t s although i n t r i n s i c 

photoconductivity of the w i l l e m i t e was found as described i n Soc 7»4«2 

7.2. Conduction Mechanisms i n I n s u l a t i n g Films. 

7.2.1 General considerations 

According to the band theory of so l i d s , insulators 

are characterised by a f u l l valence band separated from an empty 

conduction band by a forbidden gap of a few electron v o l t s . For 

s i g n i f i c a n t e l e c t r o n i c conduction t o take place additional c a r r i e r s 

must theref o r e be introduced i n t o the i n s u l a t o r . The r e s u l t i n g 

current i s then c o n t r o l l e d by the region of highest resistance 

which i s e i t h e r at the electrodes or i n the bulk of the material, . 

This leads to theories of i n j e c t i o n l i m i t e d currents and bulk l i m i t e d 
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currents. 7arious mechanisms are possible v;ithin t h i s class­
i f i c a t i o n and these are i l l u s t r a t e d schematically i n Pig 7-1. 
The theory v ; i l l be only b r i e f l y discussed here as several reviews 
have appeared on the subject (Ref 7-1, 7-2 ) . 

^ .7*2.2 I n j e c t i o n - l i m i t e d conduction 

Thermal emission of electrons from the contact 

electrode t o a conduction l e v e l i n the i n s u l a t o r takes place when 

electrons moving i n the required d i r e c t i o n have s u f f i c i e n t thermal 

energy t o surmount the i n t e r f a c e b a r r i e r . 4̂  . Once in j e c t e d i n t o 

the conduction band of the d i e l e c t r i c as shovm i n Pig 7-la they are 

swept away t o the anode under the. action of the applied f i e l d . 

The b a r r i e r height i s reduced by the imngo fovop on tho olootasans 

leaving the electrode and t h i s introduces the f i e l d dependant term 

i n t o Richardson's thermionic emission equation to give the Schottky 

r e l a t i o n f o r current density. 

7-1 

Where T i s the absolute temperature. A* "tl^e e f f e c t i v e Richardson 

c o e f f i c i e n t , E the e l e c t r i c f i e l d strength and K the d i e l e c t r i c 

constant of the i n s u l a t o r . 

F i e l d emission occurs w i t h large applied f i e l d s 

which produce a p o t e n t i a l b a r r i e r s u f f i c i e n t l y t h i n to alloxf electrons 

t o tunnel through i t i n t o the conduction band of the i n s u l a t o r as 

Bho\m_±n Pig 7-1^. For very t h i n i n s u l a t o r f i l m s (less than about 

100 2 ) electrons can also tunnel completely through the i n s u l a t o r 
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F i g 7 - 1 Schematic energy diagram of aa Ideal MIM 
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a) Schottky emission b) field emission c ) ' d i r e c t * 
tunnelling from cathode toanode. d) impurity hopping^ 
conduction e) Poole- Frcnkel mecKanrsm via traps 
whfch can dominate spocc-charge ef fects . 
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t o reach the electrode as 'hot electrons'. Ciirrent densities 
f o r quantum mechanical t u n n e l l i n g mechanisms can be obtained by 
i n t e g r a t i o n from the expression 

J - [ e M(T E) D(E) J E 7-2 

where N(T.E) i s the number of electrons which are incident on 

the b a r r i e r per second per u n i t area having energy w i t h i n the range 

E t o E + dE and D(E) i s the t u n n e l l i n g p r o b a b i l i t y . The i n t e g r a t ­

ion i s taken from the e f f e c t i v e constant p o t e n t i a l inside the 

source electrode t o i n f i n i t y . This equation can be worked out to 

various degrees of s o p h i s t i c a t i o n and the simplest gives the 

Powler-Nordheim equation. 

T 
3i^eE J 

7-3 

Other treatments (Ref 7-3) take i n t o accoiint the image force b a r r i e r 

lowering, the e f f e c t i v e mass of the electrou i n the i n s u l a t o r and a 

term which takes i n t o account the small temperature dependence of 

N(T,E), A l l of them however, r e t a i n the same general f u n c t i o n a l 

behaviour as the Powler-Nordheim equation. 

At high temperatures and comparitively low f i e l d s 

Sohottky emission usually predominates, v;hile at high f i e l d s tunnel 

emission takes over. Hovfever, between these two there i s an i n t e r ­

mediate region where thermally assisted t u n n e l l i n g occurs. The 

complete treatment f o r a l l three regions i s given i n Refs (7-4f7-5) 
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7»2.3 Bulk-limited conduction 

So f a r only those current mechanisms governed 

p r i m a r i l y by the properties of the electrode have been considered. 

However, when i n j e c t i o n into the i n s u l a t o r i s not the rate 

l i m i t i n g process bulk e f f e c t s predominate. 

When the i n j e c t i n g electrode can supply c a r r i e r s 

at a r a t e which i s greater than the rate at which they flow away 

through the i n s u l a t o r space charge build-up occurs e i t h e r i n the 

conduction band or at trapping centres i n the i n s u l a t o r . The 

a b i l i t y of a contact to i n j e c t c a r r i e r s into a semi-insulator i s 

u s u a l l y c h a r a c t e r i s e d by the work function ( ^ ^ j j ) of t̂ i® contact 

m a t e r i a l , and the e l e c t r o n a f f i n i t y ^ , the band gap (E ) and the 

work f u n c t i o n c) of the semi-insulator. (Ref 7-6). I n theory s 
ohmio and blocking contacts r e s u l t f o r p-type material when 

>/ \ and > 

r e s p e c t i v e l y . For n-type material these contacts r e s u l t vfhen 

<j)„ > Y ; and < c p ^ 

r e s p e c t i v e l y . However, the extension of these c r i t e r i a to large 

band gap s o l i d s i s of doubtful v a l i d i t y and a l s o there i s the d i f f i c u l t y 

of determining the values '^^^^ and ^ which a c t u a l l y occur at the 

i n t e r f a c e , so that i n p r a c t i s e i t i s u s u a l l y d i f f i c u l t to decide 

t h e o r e t i c a l l y whether a contact w i l l be ohmic or blocking. 

Nevertheless i f a low impedance contact i s e s t a b l i ^ e d 

s e v e r a l 1-7 r e l a t i o n s operate depending on the space charge condit­

ions, the t r a p density and the c a r r i e r trapping k i n e t i c s within the 
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i n s u l a t o r . These have been reviev:ed by Wright (Ref 7-7). 

For a simple s i n g l e c a r r i e r model the I-V curve with i n c r e a s i n g 

applied b i a s i s i n i t i a l l y ohraic followed by a c l a s s i c a l space 
2 

charge region, with I proporation to V , u n t i l a trap f i l l e d 

l i m i t i s reached when the current r i s e s sharply to a trap free 

space charge region. 

Double i n j e c t i o n , i . e . of electrons at the cathode 

and holes at the anode, can also occur. I n t h i s case the transport 

and trapping k i n e t i c s of the electrons and holes then determine the 

type of I-V c h a r a c t e r i s t i c s which are obtained and a wide v a r i e t y 

of I-V curves i s found. 

Another bulk-limited conduction mechanism i s due to 

e l e c t r o n s that are trapped at centres i n the i n s u l a t o r themselves 

a c t i n g as a source of c a r r i e r s . The process by which t h i s occurs 

i s c a l l e d the Poole-Prenkel or ' i n t e r n a l ' Schottk;r e f f e c t . S i m i l a r 

considerations apply as for the emission of electrons from the 

e l e c t r o d e s but with s l i g h t d i f f e r e n c e s because the number of electrons 

a v a i l a b l e f o r emission i s reduced and because the imago force- lowering 

of the p o t e n t i a l b a r r i e r surrounding the t r a p i s twice as large i n 

t h i s case due tc^he immobility of the p o s i t i v e chaxge. The t h e o r e t i c a l 

current density f o r thermally a s s i s t e d emission of trapped electrons 

into the conduction band of the i n s u l a t o r i s given by eE T - coast. E eap [ ~ ̂  ̂  4>k " ( J ^ j ' ) 7-4a 

kT 

where i s the height of the p o t e n t i a l b a r r i e r airoimd the trap. 
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I f the concentration of the impurity centres i s 
large so that a c e r t a i n amount of overlap occurs between the wave 
fuJictions of the centres then the electrons can tunnel or hop 
between the centres instead of being excited into the conduction 
band as i n the Poole-Prenkel e f f e c t . This process i s c a l l e d 
impurity conduction. Several q u a n t i t a t i v e treatments e x i s t f o r 
t h i s s i t u a t i o n and one of these has been given by Simmons. (Ref 7-8) 
and applied to lOT s t r u c t u r e s of AlgO^ and SiO, T̂ he f i e l d dependence 
of t h i s mechanism i s given by 

3 - coast, sidk const.V 7-4b 

The impurity centres described above are immobile 

and a c t as"stepping stones" f o r electrons passing through the 

i n s u l a t o r . However, i f the impurity centres are ionised and t h e i r 

mobility i s s u f f i c i e n t l y large then i o n i c conduction occurs. The 

ions move by way of dofect s i t e s ( o r vacancies) i a a manner analagous 

to s o l i d s t a t e d i f f u s i o n and the i o n i c current density has a s i m i l a r 

f u n c t i o n a l form which f o r large f i e l d s ( 10^ v/cm) can be expressed by 

- e E l l T-5 
kT -

where ^\ i s the height of the p o t e n t i a l b a r r i e r between defect s i t e s 

J = J o o ^ p ^ - -

'1' i s t h e ^ r spacing and i s a constant. 

Although the i o n i c current given by 7-5 i s deter.niined 

by the prope r t i e s ofjthe bulk, electrode processes can also influence 

ion c u r r e n t s i n a way that depends on the nature of the charge 

t r a n s f e r at the electrode. I f elec t r o n t r a n s f e r occurs r e a d i l y at 
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the electrodes then 7-5 i s obeyed and s o l i d s t a t e e l e c t r o l y s i s 
occurs. F a i l u r e of the ions to discharge r e s u l t s i n the b u i l d ­
up of i o n i c space charge at the electrodes and a gradual decrease 
i n the current due to p o l a r i s a t i o n e f f e c t s . I n j e c t i o n of ions 
of the electrode metal i s also possible as an electrode t r a n s f e r 
process (Ref 7-9). 

The f a c t o r s that determine whether or not an ion 

discharges at an electrode include not only the v/ork function of 

the electrode and the electrode p o t e n t i a l of the discharging ions 

but a l s o the p h y s i c a l nature of the electrode surface and i n 

p a r t i c u l a r i t s a b i l i t y to absorb the ion on i t s surface 

( e l e c t r o c a t a l y s i s ) . I n e l e c t r o l y t i c solutions the p o t e n t i a l 

required, i n excess of the t h e o r e t i c a l value (as obtained from the 

electromotive s e r i e s ) to electrodeposit ions at the electrode i s 

termed the overvoltage, a term vjhich must be determined e m p i r i c a l l y . 

I n sec 7.4.3 i t i s concluded that Zn"*"*" ions moving i n the willemite 

f i l m s discharge at the metal ( i . e . I n , Au on Al ) electrode ..of the 

MIS device w h i l s t remaining i o n i s e d i n front of the s i l i c o n 

e l ectrode. I n view of the above f a c t o r s t h i s w i l l be shoi-m to be 

a reasonable deduction. 

7»2.4 Conclusions 

The follov/ing conduction mechanisms i n t h i n 

i n s u l a t i n g f i l m s have been discussed 

i ) Schottky emission In- ̂  V 1 ) <^ E 

i i ) F i e l d emission . W C t / E ^ ) ' / E 

i i i ) Space charge l i m i t e d currents a)Single c a r r i e r i n j e c t i o n . 

b)Double c a r r i e r i n j e c t i o n 
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i v ) Poole-Prenkel conduction — W ( T / E ) cC E'^*' 

v) I o n i c c o n d u c t i o n — l a ( T ) , oC E / j 

I n s p i t e of the f a c t that a l l these processes 

have d i f f e r e n t f i e l d dependencies i t i s very d i f f i c u l t to 

d i s t i n g u i s h between them on t h i s b a s i s , p a r t i c u l a r l y as over a 

small range of 7 most w i l l produce st r a i g h t l i n e s on a log plot 

and a l s o some of the constants i n the r e l a t i o n s are very d i f f i c u l t 

to measure (e.g. the emitting area and the e f f e c t i v e work function) 

(Ref 7-13). 

A f u r t h e r complication i s that although the 

p o s s i b l e conduction mechanisms discussed above usually occur i n t h i n 

i n s u l a t o r f i l m s i n i s o l a t i o n they can be i n t e r - r e l a t e d i n c e r t a i n 

conditions. Several examples of t h i s have been reported by other 

workers. For example electroforming e f f e c t s i n t h i n f i l m s of SiO 

and the subsequent voltage c o n t r o l l e d negative r e s i s t a n c e phenomena 

(Ref 7- 8) have been ascribed to ion i n j e c t i o n at the anode followed 

by impurity conduction with a 'memory' e f f e c t attributed to space 

charge ^uild-up i n c e r t a i n voltage ranges. S i m i l a r l y s i l i c o n 

n i t r i d e f i l m s on s i l i c o n have been shoivn (Ref 7-10) to exhibit three 

conduction mechanisms f o r p a r t i c u l a r voltage or temperature ranges 

depending on whether trapped e l e c t r o n s are f i e l d emitted to the 

conduction band (with or v^ithout thermal a s s i s t a n c e ) or whether they 

simply tunnel between the trap centres (Ref 7-10) Also thermal 

s i l i c o n oxide HIS s t r u c t u r e s have been shown to exhibit Fov;lei^ 

Nordheim emission from e i t h e r of the electrodes (Ref 7-11) w h i l s t 
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double sandwiches of both Si^N^ and SiO^ (Ref 7-12) give r i s e to 
f u r t h e r charge memory effectsj^to the d i f f e r e n t conduction mechanisms 
of the constituent l a y e r s . 

The above two examples of conduction processes 

i n t h i n f i l m s are p a r t i c u l a r l y relevant because they used s i l i c o n 

as one of the electrodes compared v;ith the HIM structures described 

i n the t h e o r e t i c a l d i s c u s s i o n . Space charge e f f e c t s i n the surface 

of the s i l i c o n of an MIS s t r u c t u r e have been discussed i n the previous 

chapter. Electrode c o n t r o l l e d conduction i n t h i n f i l m s i s predom­

i n a t e l y concerned with the i n j e c t i o n of electrons at the contacts and 

i t can be shovm that f o r a p o s i t i v e bias on the metal contact electrode 

of a MIS s t r u c t u r e both p-type and n-type s i l i c o n provide a degenerate 

supply of e l e c t r o n s . For the p-type s i l i c o n t h i s occurs only a f t e r 

the i n v e r s i o n of the surface. The voltage drop across the s i l i c o n 

space charge i n t h i s case can,hovrever,never be greater than the energy 

gap because of the e f f e c t i v e l i m i t to the width of the depletion 

l a y e r i n the surface (Sec 6.22 Eqn 6-2 and 6-20). I t follows that 

f o r a moderate bias ( g r e a t e r than about 10 v o l t s j o n l y a small part of 

the voltage i s dropped i n the depletion l a y e r and the f i e l d i n the 

t h i n f i l m i s approximately equal to the applied voltage divided by 

the f i l m t h i c k n e s s . 

7.3 Experimental Procedure 

The w i l l e m i t e devices used f o r the conduction measure-

ments vfere the same as those used f o r the C-V v/ork and t h e i r preparation 

i s described i n Sec 4»3 (Pij? 4»l). Gold, indium and aluminium top 
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contacts were used. The currents i n the vjillemite devices were 

u s u a l l y l e s s the.n 10~'''̂ amp f o r most of the bias range. These were 

measured v;ith a Modol A-33G Vibron vibrating-reed electrometer 
12 

which had b u i l t - i n measuring r e s i s t o r s of up to 10 ohm to give 

f u l l s c a l e d e f l e c t i o n f o r currents of 10''"'̂  amp to 10~^amp. The 

devices vfere mounted on a -g- inch t h i c k block of Perspez vjhich was 

f i x e d on to the movable stage, of a microscope so that the top 

contacts could be s e l e c t e d i n turn using a gold probe held i n a 

micromanipulator and the whole arrangement was enclosed i n an 

earthed metal box to prevent pick-up. A schematic diagram of the 

apparatus i s given i n F i g 7-2. 

Apart from the samples with dot contact? ( F i g 4.1) 

on which most of the experiments were performed, a guard r i n g 

contact arrangement was used on o n ^ e v i c e to see i f there was any 

lealcage across the surface of the wil l e m i t e . With the guard r i n g 

at the same p o t e n t i a l as the dot i n s i d e the ring, leakage current 

cannot flow. Hovjever, f o r a l l the contacts on t h i s device the 

guard r i n g p o t e n t i a l did not a f f e c t the current. This showed that 

leakage currents across the surface vfere n e g l i g i b l e probably due to 

the thinness of the d i e l e c t r i c compared with the long paths f o r 

any surface currents. 

Photocurrents measurements were c a r r i e d out by 

suspending the device i n the monochromatic l i g l j t beam of an Optica 

spectrophotometer Type CF4 which used a hydrogen lamp source. The 

device was mounted normal to the hor i z o n t a l l i g h t beam and positioned 
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F i g 7 - 2 A s c h e m o t i c d iagram of the appara tus used 

for the c u r r e n t - v o l t a g e meqsurements 
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using a X-T microscope stage i n a v e r t i c a l plane. A microprobe 

was also attached to the X-Y movement so that the device could be 

contacted before being positioned i n the li.ght beam. 

For the photocurrent experiment transparent gold 
—3 2 

top contacts (about 10 era i n area) were evaporated on to the 

v/illemite i n the standard manner. The degree of transparency v/as 

assessed by a simultaneous evaporation on to a s i l i c a substrate next 

to the device. Any absorption of l i g h t , i n the gold could then be 

acooiinted f o r by measuring the absorption spectrum of the gold on 

transparent s i l i c a . 

The wavelength of the monochromatic l i g h t from the 

O p t i c a was automatically scanned at a rate of 65 S rain s t a r t i n g at 

1800 S and the photocurrents were measured with the Vibron as 

described above. T h i s was repeated f or a few set bias voltages of 

both p o s i t i v e and negative p o l a r i t y . 

7 .4 . R e s u l t s and Discus s i o n 

7 . 4 . 1 Experimental I-Y curves 

C^irrsnt. r.^asurements v/ere c a r r i e d out on both KVOS 

and MWS devices. The MOS devices had f i l m s t h i c k e r than about 

1000 S ^^ith a detectable oxide f i l m at the v ; i l l e m i t e - s i l i c o n i n t e r f a c e 

and the MS type had thinner f i l m s i n v;hich a l l the oxide had been 

converted to w i l l e m i t e . Both p-type and n-type s i l i c o n s u s t r a t e s 

were used f o r the MV.'OS samples but the l a t e r MS ones were r e s t r i c t e d 

to n-type s i l i c o n due to the la c k of time. I t was found that the 

substrate type and r e s i s t i v i t y ( i n the range 1-10 ohm CM) did not 
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a f f e c t the I-V curves op the MOS devices. This was probably 

due to the formation of degenerate inversion l a y e r s at the s i l i c o n 

s u rfaces which provided contacts that were e f f e c t i v e l y m e t a l l i c . 

T h i s i s described i n more d e t a i l l a t e r . S i m i l a r lack of substrate• 

dependence i s also expected for the MV/S devices. 

The t y p i c a l I-V c h a r a c t e r i s t i c s for a IWO/p-Si 

device (EW73) and a Ml//n-Si device (EWllO) are shown i n P i ^ 7 - 3 

7-4 and 7-5 f o r both negative and p o s i t i v e voltages applied to the 

top contact. ( A l l voltages r e f e r to the p o l a r i t y of the top contact 

with respect to the s i l i c o n ) . Several top contacts vxere tested on 

each device and they a l l showed very s i m i l a r c h a r a c t e r i s t i c s . 

Both types of devicejj! s'h.o\-i a broadly s i m i l a r 1-7 behaviour with l a r g e r 

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

s t r e n ^ h has been reached, although the increase was greater for the 

MS devices and the c r i t i c a l f i e l d about one h a l f that of the MOS 

devices. 

The experimental uncertainty on a p a r t i c u l a r I-V 

plot i s p r i m a r i l y due to the varying current. Two d i s t i n c t types 

of v a r i a t i o n vrere evident corresponding to d i f f e r e n t regions of the 

1-7 curves. These were ( i ) p o l a r i s a t i o n e f f e c t s ( i . e . the current 

decaying slowly with time) which occurred throughout the negative 

b i a s range and i n low p o s i t i v e bias regions and ( i i ) spiky and 

r e l a t i v e l y high frequency v a r i a t i o n s i n the current foa^he high 

p o s i t i v e f i e l d region. I n the p o l a r i s a t i o n region a rough estimate 

of the e r r o r on the current measurements was made by noting the 
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current values 5 min and 10 min a f t e r the s t a r t of each 
measurement. Exiperimontal e r r o r s i n the high p o s i t i v e bias 
region were estimated from the recorder t r a c e over a period of 
about 10 min. These are indicated by a v e r t i c a l l i n e i n the I-V 
curves. Aluminiiun, gold and indium top contacts were used i n the 
experiments but no d i f f e r e n c e i n the general shape of the I-V 
c h a r a c t e r i s t i c s was observed. T h i s can be seen from Pigs 7-3)7-4 
and 7 -5 . 

For values of p o s i t i v e bias greater than the maximum 

shown i n the above graphs f u r t h e r increases i n current occurred, but 

these are not included because they were very e r r a t i c and d i f f i c u l t 

to measure so that only a few readings were possible. At f i r s t 

these even higher currents were, confused with breakdown of the device 

but i t l a t e r proved possible to reproduce the readings on the same 

device when the experiments were repeated. A t y p i c a l value was about 

lOO^mp at 15 V f o r the device used i n P i g 7-4 and t h i s provided 

an approximate order of magnitude agreement v/ith a/Aotraight l i n o 

extension of the p o s i t i v e bias curve shown i n the graph. Because 

of t h i s and because these much higher currents occurred only for 

p o s i t i v e b i a s i t seemed l i k e l y that the conduction mechanism was the 

same throughout the whole high p o s i t i v e bias region. 

Dot contacts on the unconverted thermal oxide next 

to the w i l l e m i t e f i l m ( P i g 4.1) were also used ftocurrent measurements. 

The oxides always showed p o l a r i s a t i o n e f f e c t s for both negative and 

p o s i t i v e b i a s throughout the f u l l voltage range, and the I-V curves 
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were e s s e n t i a l l y symmetrical and s i m i l a r to the negatively biased 
wi l l e r a i t e devices. Only a few. 1-7 measurements vfere made on the 
MOS devices as these s t r u c t u r e s have been the subject of extensive 
study elsev/here (Ref 7-11). The i r prime use here was as a rough 
comparison with s i m i l a r measurements made on the willeraite. 

The most important observation from the 1-7 

measurements i s the rap i d increase i n the high f i e l d current i n the 

wi l l e m i t e which occurs f o r a p o s i t i v e bias only and which i s not 

found i n s i l i c o n oxide. This increase v ; i l l l a t e r be seen to be 

important f o r possible EL application^^Sec 8.3) 

7»4»2 Photoconduction measurements. 

Measurements of photoconduction were i n i t i a t e d to 

see i f c a r r i e r s i n the contact material could be photoexcited over 

the p o t e n t i a l b a r r i e r at e i t h e r electrode oxid into the wil l e m i t e . 

The r e l a t i o n s h i p between the r e s u l t a n t . photccTirrents and the vmve-

length of the incident l i g h t could then be expected to y i e l d values 

f o r the b a r r i e r heights at the i n t e r f a c e s . This has been done 

s u c c e s s f u l l y by V^illiaras using SiO^ (Ref 7-1'V) and by Goodman 

(Ref 7-15) with Si^N^ . I t was expected that a knowledge of the 

b a r r i e r heights obtained by t h i s method, and p a r t i c u l a r l y t h e i r 

v a r i a t i o n v;ith d i f f e r e n t contact materials, v;ould help to elucidate 
c 

the conduction mechanisms i n va l l e m i t e f i l m s . I n practigfe t h i s 

e f f e c t was swamped by the bulk photoconduction of the willeraite 

which, as v ; i l l be seen, i n c i d e n t a l l y produced information that 

helped to confirm, the conduction model proposed i n Sec 7«4«2f̂ 3-
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F i g 7-6a shows the photoresponse of a lOOoS t h i c k 

w i l l e m i t e f i l m (EW 97) with 20V applied. This curve was i d e n t i c a l 

fo r both p o s i t i v e and negative bias voltages. I n these measurements 

the vjavelength of the l i g h t v;as automatically scanned at a rate of 

65 X / min. P i g 7-6b shovis the response curve f o r both bias p o l a i t i e s 

plotted together a f t e r a c o r r e c t i o n f a c t o r has been applied to talce 

account of the s p e c t r a l response of the hydrogen lamp. 

P o l a r i s a t i o n of the currents occurred when the 

wavelength scan xvas stopped at any part of the e x c i t i n g region. 

Negative currents flowed i n the measuring c i r c u i t vAen e i t h e r the 

voltage was reduced to zero or the spectrophotometer s l i t s vrere closed. 

These phenomena were consistent vfith the r e d i s t r i b u t i o n of space charge 

i n the w i l l e m i t e fiim.3. 

The space charge i n tho f i l m could, have been produced 

by photoinjection from the contact of electrons which were subsequently 

trapped i n the wil l e m i t e but t h i s would have meant that the b a r r i e r s 

at both electrodes would have to be exactly the same height to account 

f o r the symet r i c a l photoresponse. I t was more reasonable to a t t r i b u t e 

the photocurrents to i n t r i n s i c photoconduction within the willeraite 

and t h i s was substantiated by tv;o further points. F i r s t l y , Kroger 

i n 1939 (Ref 7-16) found the absorption edge i n a willemite phosphor 

to be 2200S which i s very s i m i l a r to the response shown i n F i g 7-6 

(2250 S), and secondly photocurrents were not observed i n the thermal 

oxide t e s t points next to the wi l l e m i t e as they should have been 

according to Williams (the i n i t i a l photoresponse was at 290O S i n h i s 

experiment on SlOg ) 
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This lack of photocurrents i n the SiOg also rulad 
out the p o s s i b i l i t y t h a t photoeraission from the contact i n t o the 
a i r might account f o r the photocurrent because the photoeraission 
from gold contacts on the w i l l e r a i t e and on the oxide would then 
be the same. Photovoltaic e f f e c t s were also discounted as the 
source of the observed currents because any voltage induced i n the 
device as a r e s u l t of the l i g h t would then be divided between the 
high resistance of the device and the r e l a t i v e l y low measuring 
resistance i n the Vibron c i r c u i t so that only a very small part 
would be recorded. 

I t was therefore concluded that the monochromatic 

u l t r a v i o l e t l i g h t t h a t was used i n these experiments v/as too weak to 

produce any measurable photoexcitation from the contacts and that 

the photoeffects were due to i n t r i n s i c photo-conduct ion (Ref 7-17) 

i n the w i l l e m i t e . Au estimate of the o p t i c a l band gap of the 

w i l l e m i t e f i l m s obtained from the c u t - o f f of the photocurrent vjas 

5»5— 0.1. eV. which v;as i n very good agreement v;ith previous workjjf. 

Transient photo-effects were also observed when 

the s l i t s of the Optica v;ere f i r s t opened at any wavelength from 

3200 % t o about one micron, but these were a t t r i b u t e d to the creation 

of electron-hole pairs i n the s i l i c o n substrate and t h e i r subsequent 

recombination. This e f f e c t could easily be distinguished from that 

described above. . 

J The f a c t that the h i g h - f i e l d photocurrent was indep­

endent of p o l a r i t y whereas the dark current was considerably greater 
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w i t h a p o s i t i v e bias i s confirmation of the conduction model 
proposed i n the next section, 

7o4»3 A model f o r the conduction process 

A model f o r the conduction of wi l l e m i t e f i l m s on 

s i l i c o n must explain the observations described i n Sees 7»4»lj 

7»4»2 and 6.6. These are summarised b r i e f l y below 

i ) R e l a t i v e l y large and noisy ciirrents flow across 

the device when high p o s i t i v e voltages are applied to the top 

electrode. 

i i ) Throughout the negative bias region and f o r a low 

, p o s i t i v e bias the currents are comparatively small and they show 

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

i i i ) These c h a r a c t e r i s t i c s are, i n general, unaffected 

by the metal of the top contact and also the conductivity type of 

the s i l i c o n . I t i s of p a r t i c u l a r i n t e r e s t that both indiujn and 

gold contacts v:ith IW ri-Si devices produce a s i m i l a r 1-7 curve 

because indium has a smaller work f u n c t i o n than the electron a f f i n i t y 

of s i l i c o n and vice versa f o r gold. The thermal properties of the 

top contacts do however e f f e c t the breakdown properties of MIS 

stru o t t i r e s ( i . e . t h e i r a b i l i t y f o r self-healing) and t h i s i s discussed 

i n Chap 8. 

i v ) The photocurrents produced by i r r a d i a t i n g the 

w i l l e m i t e device under bias iirith u l t r a - v i o l e t l i g h t are about the 

same f o r both p o l a r i t i e s and show no increase i n the high p o s i t i v e 

bias region. 
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v) The C-V work described i n Chap 6 showed that ion d r i f t 

was occurring i n the v;illemit© f i l m s under bias. An estimate of 

the i o n i c conduction can be obtained from the C-V curves by 

assuming t h a t i n each sweep of the applied voltage a l l the charge 

movement i s r e f l e c t e d i n the hysteresis of the C-7 curve (Sec 6.5«2). 

I n Pig 6-13 the hysteresis voltage i s 2 v o l t and the capacitazice 

about 80 pP so that w i t h a sweep time of 25 sec t h i s gives a value 
-12 

f o r i o n i c current of about 5»10 amp, which i s i n approximate 
agreement w i t h the currents observed i n s i m i l a r devices w i t h negative 

and/^low p o a i t i v e ^ o l t ; ^ ^applied. 

When the I-V r e s u l t s were p l o t t e d i n accordance with 

the simple conduction r e l a t i o n s h i p s described i n Sec 7*2 i t was 

foiind t h a t s t r a i g h t l i n e s were obtained f o r most of the mechanisms 

i n the negative and lev; p o s i t i v e bias ranges and o i m i l a r l y i n the 

high p o s i t i v e f i e l d region. The i n a b i l i t y t o d i s t i n g u i s h a single 

mechanism i n t h i s way was mainly due to the small voltage ranges 

involved and to the experimental error on the r e s u l t s . Nevertheless 

not one of the simple conduction mechanisms could explain a l l the 

f a c t s described above f o r a l l the voltage range and because of t h i s 

a model was necessary that incorporated a combination of processes. 

Consideration of these points led to the f o l l o w i n g 

simple model f o r the conduction process v/hich appears to f i t a l l the 

f a c t s . I t i s proposed that i n the negative bias region the very 

small currents are mainly i o n i c and due to the transport of Zn̂ "*" 

ions i n the w i l l e m i t e f i l m s , via defect s i t e s . Under the influence 
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of the negative f i e l d these iona move towaTds the cathode where 

at least some of them viill discharge because the cathode i s metal. 

Ionic conduction produces some s o l i d state e l e c t r o l y s i s i n the 

w i l l e m i t e but t h i s need not a f f e c t the f i l i a grea-tly because of 

the small currents involved, 

V/ith p o s i t i v e bias the ions move tovfards the 

s i l i c o n electrode where, i n contrast to the metal electrode, i t i s 

proposed they do not discharge but instead form a pos i t i v e space 

charge t h a t builds up i n f r o n t of the s i l i c o n . The size and 

d i s t r i b u t i o n of t h i s space charge i s governed by the rate of a r r i v a l 

• of ions at the i n t e r f a c e and the opposite f l u x of ions due to t h e i r 

e l e c t r o s t a t i c s e l f - r e p u l s i o n and s e l f - d i f f u s i o n . For low posi t i v e 

f i e l d s ho^vever, the space charge i s small and currents are due to 

the i o n i c conduction i t s e l f . 

P o l a r i s a t i o n e f f e c t s i n the negative and low po s i t i v e 

bias region are probably due to the ion i c nature of the currents. 

I n a d d i t i o n , some electrons may be thermally emitted from the 

electrodes and contribute t o p o l a r i s a t i o n e f f e c t s by becoming trapped 

i n the w i l l e r a i t e . However, the f a c t that no work function dependence 

was noted shows tha t currents due t o t h i s mechanism are probably 

n e g l i g i b l e . 

With a high p o s i t i v e bias, space charge enhances the 

e l e c t r i c f i e l d at the cathode (Pig 7-7) u n t i l t h i s i s s u f f i c i e n t l y 

large t o alloiv electrons from the s i l i c o n t o tunnel through i t . The 

current then increases r a p i d l y v:ith voltage , i n accordance wi t h the 
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Fowlor-Nordheim r e l a t i o n (Sec 7-2). However, any attempt to 
i n t e r p r e t the constants i n t h i s equation i n terms of b a r r i e r 
heights and e f f e c t i v e masses w i l l be very d i f f i c u l t . I n general 
w i t h high f i e l d conduction'it i s not easy to attach any significance 
t o these values because of un c e r t a i n t i e s involved i n d e f i n i n g the 
e m i t t i n g area and because of 'patch e f f e c t s ' but i n t h i s case i t 
i s p a r t i c u l a r l y d i f f i c u l t because of the f i e l d i n t e n s i f i c a t i o n that 
i s thought t o occur so t h a t the actual f i e l d value i s not easily 
estimated. 

I n the txinneling process i t i s proposed that the 

electrons passing through the p o s i t i v e space charge do not combine 

w i t h the oppositely chaxged i o n i c space charge because the time 

taken f o r them to tunnel i s much smaller than the recombination time 

of an e l e c t r o n vdth a p o s i t i v e i o n . N e u t r a l i z a t i o n of the space 

charge probably does occur however v/hen electron-hole pairs are 

generated i n the w i l l e r a i t e as a r e s u l t of the u l t r a - v i o l e t l i g h t . 

This accounts f o r the photocurrents being about the same f o r both 
6 

bias p o l a r i t i e s ( P i g \-/hereas the dark current i s considerably 

greater at high f i e l d s j u s t f o r the positive/^where the build-up of 

space charge alloxvs tunnel emission to occur. 

The f a c t that the p o s i t i v e ions do not discharge 

to the s i l i c o n can be explained by assuming th a t a t h i n oxide layer 

e x i s t s at the i n t e r f a c e . This layer would be^ greater ths j i about 

100 S t h i c k f o r the MHOS devices and less than t h i s or even only a 

monolayer i n the Ml-fS device. The ions then crowd up against the 
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oxide and are unable to discharge. They therefore enhance the 
e l e c t r i c f i e l d which reaches a c r i t i c a l strength when electrons 
can tunnel through the oxide layer i n t o the conduction band of 
the w i l l e r a i t e , i n much the same viay as they do i n a hot electron 
t r i o d e (Ref 7-2 p 109.) -^^rP-, An a l t e r n a t i v e explanation of the lack 
of i o n i c discharge at the s i l i c o n as opposed to the metal i n t e r f a c e 
i s t h a t the ions can be thought of as having energy levels i n the 

forbidden gap of w i l l e r a i t e and th a t these emiM correspond to 
energies i n the forbidden gap of the s i l i c o n . This v;ould mean that 
an ion d r i f t i n g up to s i l i c o n i n t e r f a c e would have a very small 
chance of f i n d i n g an electron i n the s i l i c o n t o neutralise i t . 
Hovrever, the C-V curves have sho\fn the presence of sui'face states 
at the i n t e r f a c e and these could e f f e c t the n e u t r a l i s a t i o n process. 
I n view of t h i s , t h e f i r s t explanation given above seems more probable 
although both processes could contribute to the e f f e c t i v e i n s u l a t i o n 
of the ions from.the s i l i c o n . 

The p o s s i b i l i t y of the enhancement of the e l e c t r i c 

f i e l d at a contact by mobile p o s i t i v e charges has often been used i n 

the explanation of d i e l e c t r i c brealcdotra, e.g. i n NaCl by Seitz i n 

1949, and more recently (Ref 7-19) i n thermal oxide f i l m s on s i l i c o n 

which have been found to show d i f f e r e n t breakdown properties 

depending on v/hether the s i l i c o n i s pos i t i v e or negative. With a 

p o s i t i v e bias on the top electrode the breakdovjn of s i l i c o n oxide 

obeys Peek's law v;hich. states that the breakdown voltage i s proportional 

t o t where t i s . t h e time that elapses a f t e r the i n i t i a l application 



-165-

of the bias. On the' other hand f o r negative bias the 

breakdovm i s abrupt and occurs at a constant voltage independent 

of time. These observations could only be explained i n terms 

of p o s i t i v e ions d r i f t i n g under the influence of the applied 

f i e l d but discharging only at the metal. The ions i n t h i s 

case are presumably provided by some -form of contamination 

(e,g. Na"̂  ) but the above observations of Peek's Law would then 

lend support t o the model proposed above f o r the conduction 

mechanisms i n t h i n w i l l e r a i t e f i l m s i 

7»5« Conclusion^ 

The I-V c h a r a c t e r i s t i c s of w i l l e m i t e f i l m s on 

s i l i c o n have been investigated and a model i s proposed f o r the 

conduction mechaiiisra. This involves mair.lj'- i o n i c conduction 

f o r the whole of the negative voltage range and f o r low po s i t i v e 

bias values. The mobile p o s i t i v e ions are thought t o dische-rge 

only v;hen the cathode i s the metal. For the po s i t i v e p o l a r i t y , 

when the cathode i s s i l i c o n the ions produce f i e l d enhancement 

at the i n t e r f a c e iifhich r e s u l t s i n quantum mechanical t u n n e l l i n g 

of electrons from the s i l i c o n . R e l a t i v e l y hS,gh currents then 

flow w i t h high p o s i t i v e applied f i e l d s only. This observation 

and i t s explanation are of great significance f o r the possible 

Tise of v/illemite i n display devices. 
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An important aspect of these experiments 
has been l e f t out of the above discussion, and t h i s i s the 
existence of green d,c, electroluminescence that accompanies 
the large currents i n the high p o s i t i v e f i e l d region. This w i l l 
now be discussed i n the f o l l o w i n g chapter together w i t h other 
luminescent properties of the w i l l e m i t e f i l m s . 
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CHAPTER • EIGHT 

THE LUMINESCENT PROPERTIES OP VflLLEHITE FILMS 

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

Zinc s i l i c a t e i s an i n s u l a t o r w i t h an energy band 

gap of about 5»5 eV (Sec 7«4»2) and i n i t s 'pure form' i t exhibits 

only a very feeble pale v i o l e t luminescence. This luminescence 

i s thought t o be due t o an excess of s i l i c o n i n the l a t t i c e which 

r e s u l t s i n the formation of the s e l f - a c t i v a t e d phosphor Zn2SiO^: Si 

(Ref 8—1). When zinc s i l i c a t e i s activated w i t h manganese however 

a b r i g h t l y green luminescent phosphor, Zn^SiO^ : Mn, i s produced 

which also occurs i n nature as the mineral w i l l e r a i t e . 

The manganese ion i n w i l l e m i t e normally substitutes 

f o r the zinc ion i n the l a t t i c e , where the l o c a l energy environment 

i s such t h a t the green liuninescence occurs as opposed t o the more 
2+ 

usual yellow emission of the Mn ion i n other phosphors (e.g. ZnS:Kn). 

The c o n f i g u r a t i o n a l co-ordinate diagram has been derived by Kl i c k and 

Schulman i n 1952 (Ref 8-2) who a t t r i b u t e d the emission t r a n s i t i o n to 

a spin reversal of one of the 3d s h e l l electrons of the Ifo^^ion, the 

mode of v i b r a t i o n being a r a d i a l one f o r the four oxygen ions surround-

i n t the manganese. ( P i g 5-1 shovrs a diagram of the c r y s t a l structure.) 

The luminescence spectrum of w i l l e m i t e i s broad and 

featureless even at low temperatures (e.g. 20°K, Ref 8-3) v/hich i s 

c h a r a c t e r i s t i c of emission from l o c a l i s e d centres. The peak emission 

occoirs at about 5200 1 f o r 1^ by weight of Ito,. although i t has been 

found t o move s l i g h t l y longer wavelengths as the percentage of 
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manganese i s increased. This i s due to small changes i n the 
c o n f i g u r a t i o n a l energy of the a c t i v a t o r s caiised by some overlapp­
ing of t h e i r p o t e n t i a l xvells. 

I n a d d i t i o n t o the normal green emitting form of 

w i l l e m i t e both red and yellow luminescent phases e x i s t . These 

were f i r s t noted i n 1923.by Schleede and Gruhl (Ref 8-4) who found 

t h a t when the green luminescent powder v;as fused and r a p i d l y 

quenched a vitreous looking product was obtained which shov;ed a red 

luminescence. Less r a p i d cooling resulted i n a phosphor w i t h a 

yellow luminescence. The formation of the red phase of willeraite 

i s thought t o be due t o the evaporation of ZnO from the melt leaving 

an excess of s i l i c a which on cooling forms c r y s t a l s of the red 

luminescent phosphor Si02: Mn. The yellow phase, on the other hand, 

has been a t t r i b u t e d t o the formation of a psoudo-Cristobal i t e form of 

w i l l e r a i t e {(3-Zn^SiO^ ) i n which the manganese takes up a netv/ork 

modifying p o s i t i o n i n place of some of thc> s i l i c o n ions. The yellow 

phase i s , however,unstable and i t reverts t o the green form above 

about 800° C. Red and yellow luminescent f i l m s have also been produced 

by Peldman eind O'Hara who evaporated the green emitting powder on 

to glass substrates under various conditions and then subjected the 

f i l m s t o c e r t a i n heat treatment (Ref 8-5). 

I n s p i t e of the txvo luminescent va r i a t i o n s described 

above the. green e m i t t i n g phase i s not only the most common form of 

w i l l e r a i t e but i t i s by f a r the br i g h t e s t cind most e f f i c i e n t phosphor. 

The green emission may be excited e i t h e r by u l t r a - v i o l e t l i g h t or by 
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electron bombardment, although the e f f i c i e n c i e s may be d i f f e r e n t 
depending 

f o r each type of e x c i t a t i o n , / i n an empirical way on the precise 

d e t a i l s of the preparation (Ref 8-1). Electroluminescence 

has also been observed from w i l l e m i t e and past worker's reports 

of t h i s are discussed f u l l y i n Sec 4»2 . . The observation of 

d.c. EL from the v i i l l e m i t e f i l m s used i n t h i s x̂ rork i s described i n 

Sec 8.3. i n which a possible mechanism i s also discussed. 

The photoluminescent e x c i t a t i o n spectrum of v;illemite 

has a c u t - o f f at about 2250 1 f o r a v;eakly activated phosphor. 

However, as the concentration of mangemese increases, the absorption 

band of the manganese ions themselves appear on the lon^^avelength 

side of the c u t - o f f . Further than t h i s the nature of the energy 

t r a n s f e r process th a t excites the manganese ion has been vory l i t t l e 

studied by modern vrorkers. This i s also p a r t l y true of the oathodol-

urainescent spectrmn where e x c i t a t i o n occurs by way of secondary elcctrone 

generated by the incident primaries. The emphasis on most of the 

w i l l o m i t e phosphor research i n the past has been on the development 

of b r i g h t green, e f f i c i e n t cathode ray tube screens and once t h i s 

had been achieved very l i t t l e f u r t h e r v7ork was done. Once the green 

emission of w i l l e m i t e had been perfected the phosphor researchers 

moved t o new materials t h a t were capable of e f f i c i e n t emission i n 

other colours that were not possible with w i l l e m i t e . 

8,2 Experimental observations of cathodoluminesoence 

The w i l l e m i t e f i l m s made as described i n Sec 4.3 were 

b r i g h t l y green cathodoluminescent. However, they showed no sign of 
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photoluminescence 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 from 
a high pressure quartz, hydrogen lamp (2537 ̂  ) eit h e r at room 
temperature or at l i q u i d nitrogen temperature. One reason f o r 
t h i s could have beeu t h a t the precise structure and the chemical 
composition of the f i l m s were incompatible w i t h the required photo-
luminescent processes. Another p o s s i b i l i t y was that because the 
f i l m s were so t h i n (about 1000 2. ) the u l t r a - v i o l e t l i g h t interacted 
only weakly w i t h the luminescent centres i n the f i l m . (Some i n t e r ­
a ction w i t h the f i l m s must have occurred because i n t r i n s i c photo-

ikorler 

c o n d u c t i v i t y was observed f o r wavelengths gr»a.ter than about 2200A 

(Sec 7.4.2 ) . 

Commercial w i l l e m i t e powder obtained from Levy 

West Ltd (Type Pi) behaved i n a roughly s i m i l a r way to the f i l m s , 

i . e . i t was b r i g h t l y green cat ho do luminescent but only very feebly 

photoluminescent v j i t h u l t r a - v i o l e t l i g h t . This was probably because 

the commercial powder had been developed em p i r i c a l l y to maximise the 

cathodoluminescent output and t h i s also applied to the f i l m s themselves 

to a c e r t a i n extent. 

The emission spectrum of a cathodoluminescent w i l l e m i t e 

f i l m i s 8ho\m' i n Pig 8-la. This cxirve was obtained using the Optica 

spectrometer (Type P4) w i t h the phosphor excited at room temperatiire 

"by means of a 2 kV glow di^jharge i n ^ough vacuum chamber. The curve 

i s broad and featureless as expected (Ref 8-6)^and the peak wavelength 

of 5195 t agrees w e l l w i t h the value obtained on the same apparatus 

f o r the commercial PI pov;der (5200 1 ) . However, very l i t t l e more • 



5195 A 

•81-
rel. 

Intensll)-

•4 -

sample EWII7 

willemite film 

miens 

5 BOO 5600 5 4 0 0 5 2 0 0 5 0 0 0 4 8 0 0 
waveiengh (K) 

Zn F i - Mn 
rcactant for 
willcmitc 

6 3 0 0 6 1 0 0 5900 570 0 550 0 5300 

Fig 8-1 Cathodolumfnescence spectra a) wllkmite film 
b) ZnF j jMn reactont . 



-172-

u s e f u l information can be obtained from the emission spectrum 
using such a crude form of e x c i t a t i o n and any further cathodol-
uminescent work v/ould have had to use an e x c i t i n g beam of electrons 
of kno^vn energy. Attempts at making a simple electron gun to 
enable t h i s to be done v;ere abandoned because of t e c h n i c a l 

• d i f f i c u l t i e s i n the l i m i t e d time a v a i l a b l e . The cathodeluminescent 
spectrum of the ZriF^ ' I'ln powder from vjhich the willemite f i l m s 
were made i s shoivn i n P i g 8-lb f o r comparison. 

Green cathodoluminescence was also observed from the 

vrillemite f i l m s v/hen they were examined with e i t h e r the 100 kV electron 

microscope (Seo 5«3 ) or the 25 kV scanning electron microscope 

(Sec 5»5«) A colour photomicrograph (iCodacolor X print ) of a 

w i l l e m i t e f i l m i n the JXA-3A microprobe (Sec 5«5«'2) i s shown i n 

P i g 8-3» The purpose of the S.E.M. work was to assess the uniformity 

of the l i g h t output from the f i l m . I n t h i s context'the photograph 

i s not t y p i c a l of the f i l m as a whole v;hich gave a very uniform green 

l i g h t over most of i t s area. The apparent non-uniformities i n t h i s 

photograph v/ere i n f a c t chosen by the microscopist as something on 

which to focus. The blue spot i s p a r t i c u l a r l y i n t e r e s t i n g and i t 

may be due to some sort of carbon contamination (probably from an 

organic solvent) r e a c t i n g with the s i l i c o n to produce a blue lumines­

cent form of s i l i c o n carbide. A d i f f e r e n t shade of green v/as 

observed at the edge of the film, and t h i s i s thought to be due to 

contrast e f f e c t s caused by the f i l m being thinner at i t s edges. The 

blue spot and the d i f f e r e n t shades of green may however be due to 



15A 

2m. 

ii? 8-3 a) oat lodoluminescent image of a v / i l l e r a i t e f i l m i n a .j.iS,'', 

b) sim-oie oathodolu ine^oont d i m^ay i n v:il- e . i t e 



-173-

d i f f e r e n t i n t e n s i t i e s of the sajne green colour which may a f f e c t 

•the photographic process. 

A few f i l m s v/ere also produced that showed a pale 

yellow cathodolunin&scence. These were made by using only a t h i n 

l a y e r of ZnP^ i n "the r e a c t i o n process and then baking at about 

800°C so that excess s i l i c a was present (Sec 4.2 ) . The yellow 

luminescence changed slowly to green f o r f i l m s baked above t h i s 

temperature. These f i l m s also showed c r y s t a l l i n e properties when 

examined by elec t r o n r e f l e c t i o n d i f f r a t i o n (Sec 5.3) although the 

exaot determination of the c r y s t a l structure was impossible 

because of the d i f f u s e nature of the d i f f r a c t i o n r i n g s . I n view 

of these f a c t s i t seemed reasonable to a t t r i b u t e the yellow lumines­

cent phase to the formation of beta-ZngSiO^: Ifa i n agreement with 

previous works (See 8,1). 

fi'cn-luminescent f i l m s were produced when the willemite 

was made on substrates which had been h e a v i l y doped with phosphorus. 

The d i f f u s i o n of phosphorus into s i l i c o n f o r the preparation of 

planar p-n junctions i s described i n Sec 2,4. One effect of the s o l i d 

source method of d i f f u s i n g phosphorus i s that the surface of the S i 

i s very h e a v i l y doped probably up to the s o l u b i l i t y l i m i t of about 
20 -3 

10 atoms cm so that the thermal oxide grovm on top i s also 

h e a v i l y doped (Sec. 2.3 ) V/hen willemite was produced by reaction 

with the oxide on these planar junctions i t was found that only part 

rgf the f i l m , that over the p-tj'pe s i l i c o n ^ was cathodoluminescent. 

The v/illemite produced on the h e a v i l y doped n-type region v/as not 
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luminescent and t h i s was a t t r i b u t e d to the poisoning e f f e c t of 
the phosphorus on the a c t i v a t o r centres . I f the surface l a y e r 
of the h e a v i l y doped n-type region was f i r s t removed by steam 
oxidation ajid s t r i p p i n g of the oxide the normal green luminescent 
f i l m s of willeraite could be formed on the remaining S i . 
The luminescent w i l l e m i t e could also be produced on the arsenic 
doped n-type s i l i c o n that was used i n other experiments. 

A cathodoluminescent alpha-numeric display i s shown 

i n P i g 8-3. This was produced by simply evaporating ZnPgt Mn 

through a mask on to oxidised s i l i c o n and then baking i t i n the 

usual manner (Sec 4»2). I t i s shora here to demonstrate^hat, although 

a f u s i o n r e a c t i o n occurs i n the bake, the p r e c i s i o n of the o r i g i n a l 

evaporation of ZhF^iy^a. i s retained i n the w i l l e m i t e . The micrograph 

of P i g 8-3 was taken using Kodaoolor X f i l m and e x c i t a t i o n by means 

of a 2kV glow discharge. The f i n a l objectivo of the work described 

i n t h i s t h e s i s was to obtain s i m i l a r alpha-numeric displays but with 

c o n t r o l l e d electroluminescence r a t h e r than oathodoluminescence. 

Needless to say, t h i s objective has not been achieved although an 

important step towards i t has been the observation of d.c. e l e c t r o l ­

uminescence of the f i l m s as described i n the next section. 
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8.3 D.c electroluminescence of v/illemite f i l m s 
8 . 3 . 1 Experimental observations 

For electroluminescent experiments the vjillemite 

devices vxere positioned under a microscope i n a darkened room. 

Bias voltages were applied i n the same way as f o r the 1-7 experiments 

(Sec 7«3) hut vjith e i t h e r a 10 or 100 k-ft-protective r e s i s t o r i n 

s e r i e s with the device. Electroluminescence ( E L ) occurred when 

high e l e c t r i c f i e l d s were applied and the l i g h t output was photographed 

through the microscope using ASA 3000 Polaroid f i l m . Only MSdevices 

on a-type s i l i c o n were used f o r the E L experiments because of the 

lack of time. 

Tho l i g h t output with e l e c t r i c a l e x c i t a t i o n was 

extremely small. T h i s v;as p a r t l y due to the small area of the t e s t 

points as well as the l i m i t e d brightness. Thus i t was always necessary 

f o r the eye to be w e l l dark-adapted and t c use the microscope with 

about xlOO magnification. The problem of measuring the l i g h t output 

or i t s spectrum was not tackled due to the lack of time. 

Two types of l i g h t output were noted. The f i r s t , 

which v ; i l l be r e f e r r e d to as Type I , occurred f o r both p o s i t i v e and 

negative applied voltages, and i t consisted of bluish-v/hite f l a s h e s 

which were accompanied by l o c a l i s e d destruction of the top electrode. 

These are thought to be due to the e l e c t r i c a l breakdovm of the v/illemite. 

The other form of l i g h t output Type I I , o c c u r r e d only with a p o s i t i v e 

voltage applied to the metal electrode and consisted of a r e l a t i v e l y 

uniform green glow thought to be E L v;hich vras sometimes accompanied by 

f l a s h e s of Type I l i g h t a l s o . The thermai-oxide devices adjacent to 
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the w i l l e m i t e exhibited only Type I l i g h t f o r both p o s i t i v e 
and negative voltages. 

The l i g h t output i s usually only v i s i b l e because ' 

de s t r u c t i o n of the top electrode occurs during the process. 

For Type I l i g h t t h i s involves vaporisation of the metal contact 

f o r a few microns around the discharge point. A smaller area 

of the i n s u l a t o r i s also destroyed inside t h i s region exposing the 

s i l i c o n substrate underneath. A f t e r the breakdoim event no part 

of the metal i s i n contact with the s i l i c o n ( i . e . the breakdown i s 

s e l f - h e a l i n g ) and t h i s r e s u l t s i n the f u l l voltage being reapplied 

across the device as soon as the MIS capacitor recharges. Further 

breakdown events then take place i f s u i t a b l e s i t e s e x i s t or a l t e r n a t ­

i v e l y i f the bias i s increased s l i g h t l y . A continuation of the 

above processes can load to gross destruction of the contact area. 

S e l f - h e a l i n g breakdovms also occur vfhen the device 

i s biased with the metal p o s i t i v e though to a l e s s e r extent, i t i s 

thought th a t s e l f - h e a l i n g breakdowns play no part i n producing the 

Type I I l i g h t output. The l a t t e r was ch a r a c t e r i s e d by a green glow 

which produced much more v/idespread damage than the Type I process. 

Obviously the l i g h t cannot be observed through an opaque metal 

electrode unless some destruction occurs and i t therefore seemed 

po s s i b l e t h a t the EL process could have been occurring beneath a 

greater part of the electrode than j u s t the damaged area. One p a r t i c u l a r 

device i n f a c t showed a f a i n t r i n g of EL around the dot electrode, 

as thoxigh the l i g h t ' was being s c a t t e r e d out from beneath the contact. 
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I d e a l l y a transparent top contact was required 
and, to t h i s end, t i n oxide contacts v/ere deposited as. described 
i n Sec 4 , 3 . These v/ere not very s a t i s f a c t o r y as the deposition 
process was mechanically vigorous, p a r t i c u l a r l y with the masking, 
so that only a few undamaged f i l m s with t i n oxide contacts were 
achieved. However, these showed the same general c h a r a c t e r i s t i c s 
as those with the metal contacts although more breakdowns, producing 
the Type I l i g h t , v;ere v i s i b l e f o r both p o l a r i t i e s , probably because 
of the SnOg deposition techniques, 

A f u r t h e r shortcoming of the SnOg electrodes v/as that 

t h e i r breakdown was not always s e l f - h e a l i n g , so that only the most 

perfect w i l l e m i t e f i l m s could be used. The v i r t u e of contacts that 

did d i s p l a y s e l f - h e a l i n g breakdovms was that any flaws i n the f i l m 

which would e f f e c t i v e l y short c i r c u i t the device, could be e f f e c t i v e l y 

i s o l a t e d by the H e l f - h e a l i n g event leaving the more perfect willemite 

f i l m behind to withstand the high f i e l d s necessary for electroluminescence. 

Aluminium, gold ajid indium vrere used contact 

metals but i t \iras found that they a l l produced q u a l i t a t i v e l y s i m i l a r 

r e s u l t s . The only p r a c t i c a l c r i t e r i a f o r a s a t i s f a c t o r y contact 

appeared to be that i t should be t h i n enough to produce s e l f - h e a l i n g 

breakdowns. Gold evaporated f i l m s having a thickness of about 

1000 2. were found to be the best i n t h i s respect. 

A few simple I-V measurements were conducted i n 
» 

conjunction with the electroluminescent work. The Type I l i g h t 

output was u s u a l l y accompanied by a noisy intermittent current v;hich 
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v;as c h a r a c t e r i s t i c of breakdovm and v^hich u s u a l l y occurred f o r 
a bias of about 15 V across a 750 ^ f i l m . The current during 
the Type I I l i g h t output was much l e s s noisy, and the i n t e n s i t y 
of the EL was found to be approximately proportional to the 
current as f a r as could be judged by eye. T y p i c a l current values 
f o r maximum brightness with 15' V across 750 2 was about lOOy^amps. 
The current density v;as impossible to determine because the actual 
area through which the current was flevying was unknown. The l i f e 
time of the devices d i s p l a y i n g t h i s sort of EL was probably only a 
few hours but again t h i s was d i f f i c u l t to quantify because the 
f a i l u r e v/as u s u a l l y due to breakdovm at the dajnaged contact and 
c l e a r i n g the short by a s e l f - h e a l i n g breakdovm often regenerated 
the EL. 

Although the s p e c t r a l d i s t r i b u t i o n of the Type I I EL 

was not measured, a rough check on t h i s vms obtained by using a 

Chance o p t i c a l i n t e r f e r e n c e f i l t e r v/hich had a pass band from 

5300 S to 4950 2, When t h i s was placed i n front of the e l e c t r o l -

u r a i ^ n t f i l m there seemed very l i t t l e d i fference i n the i n t e n s i t y 

of the l i g h t as f a r as could be judged by eye. This was i n agreement 

with the cathodoluminescent spectrum (Sec Q.7. ) as the transmission 

band of the f i l t e r passed about 80^ of the oathodolurainescent 

spectrum of v;illeraite. 
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8.3 .2 D i s c u s s i o n 

The l i g h t output from willemite films descdbed i n 

the previous Section only occurs v;ith very high applied f i e l d s and 

information on d i e l e c t r i c breakdown i s obviously of relevance. 

Some of the recent published work on breakdovm of t h i n f i l m s i s 

descibed i n Appendix A vfhich shows that s e l f - h e a l i n g as w e l l as 

propagating breakdown processes are well knovjn and that the l i g h t output 

from discharges has a l s o been studied. 

The general features of the Type I l i g h t emission 

observed f o r negative b i a s with willemite f i l m s and f o r both p o l a r i t i e s 

with thermal oxide devices ( Sec 8 ,3 .1 ) were consistent with observations 

of e l e c t r i c a l brealcdo^ra. The nature of the discharge point and i t s 

degree of destruction were also s i m i l a r to the e f f e c t s of breakdovm 

i n s i l i c o n oxide reported i n the l i t e r a t u r e . To the eye these (p. TO) 
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discharges appeared as f l a s h e s of b l u i s h white l i g h t i n contrast 
to the green glow of the Typo I I l i g h t emission which was observed 
only with willemite f i l m s subjected to p o s i t i v e bias and which could 
l a s t s e v e r a l hours. 

Propagating breakdovms t for several minutes 

but i n t h i s case the t r a c k i^hich the discharge leaves behind i s 

e a s i l y recognisable. No evidence of t h i s discharge phenomena v;as 

. found e i t h e r f or the oxide or f o r the willemite devices and i t was 

concluded that the external r e s i s t a n c e of 100 kohra was too large 

i n t h i s case f o r the propogation of e l e c t r i c breakdovms. 

The l i g h t emission that accompanies the discharges 

described above i s probably better thought of as a gas discharge. 

I n d i s t i n c t i o n to t h i s , hov/ever, i t i s proposed that the Type I I 

l i g h t was a true s o l i d s t a t e phenomenon and fur t h e r that the EL v/as 

a d i r e c t consequence of the large incraase i n current that was 

observed i n the 1-1 experiments f o r the saioe positive bias range. 

The high currents a r i s e as a r e s u l t of f i e l d i n t e n s i f i c a t i o n i n 

front of the s i l i c o n caused by mobile p o s i t i v e ions i n the willemite 

and i t seems l i k e l y that the 'hot' electrons passing through the 

wi l l e m i t e e x c i t e the luminescent Mn̂"*" centres which then r e l a x to 

give out t h e i r c h a r a c t e r i s t i c emission spectrum. This l i g h t output 

was green and as f a r as could be judged has the same s p e c t r a l 

d i s t r i b u t i o n as the cathodoluminescence of the willemite f i l m s . 

Unfortunately from a p r a c t i c a l point of view, i t also seems probable 

that the same ion movement that produces the favourable conditions 
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f o r EL may also lead to the d e t e r i o r a t i o n of the device 
with time. 

Although t h i s EL phenomenon i s roughly s i m i l a r 

to the cathodoluminescent processes i t should be noted that the 

voltages involved here (10-20 V") are much l e s s than the sparking 

p o t e n t i a l f o r a i r so that there i s no p o s s i b i l i t y of glow discharges 

oc c u r r i n g and e x c i t i n g the phosphor by e l e c t r o n bombardment. 

I n c i d e n t a l l y the f a c t that green luminescence was not observed 

near the gas discharges and area that were caused by breakdovm of 

the d i e l e c t r i c f or negative applied voltages shov/ed that any 

cathodoluminescent contributions to the l i g h t output were too small 

to n o t i c e . 

A f u l l c o r r e l a t i o n of the r e s u l t s of the C-V, 1-7 

and electroluminescent v/ork together vjith the relevant s t r u c t u r a l 

aspects of the w i l l e m i t e f i l m s v f i l l be given i n the f i n a l chapter 

of t h i s t h e s i s . 
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. CHAPTER NIIIE " 
CONCLUSIONS 

9,1 Summaiy and d i s c u s s i o n 

The work described i n t h i s t h e s i s vms directed 

towards the eventual production of a monolithic display device 

based on s i l i c o n . Such a device, using integrated c i r c u i t r y within 

the s i l i c o n , would be capable of overcoming the interconnection 

problems associated with the addressing and memory fvmctions of 

modern d i s p l a y devices. I n the proposed device the l i g h t output 

from an electroluminescent f i l m would be cont r o l l e d by the potential 

of the underlying s i l i c o n . Electroluminescence i n such a structure 

r e l i e s on the high f i e l d i n j e c t i o n of c a r r i e r s from the s i l i c o n into 

the wider gap phosphor material (Chap l ) . 

The use of s i l i c o n as a substrate for t h i s type of 

device was considered absolutely e s s e n t i a l because of the need for 

complex s o l i d s t a t e c i r c u i t r y . The s i l i c o n i s required to be both 

an i n j e c t i n g contact and a substrate raa.terial c o m p a t i b l e v;ith the 

phosphor technology. I t i s a good substrate because almost perfect 

s i n g l e c r y s t a l s of s i l i c o n are r e a d i l y a v a i l a b l e commercially and 

the simpler-aspects of the technology are w e l l publicised. Very 

l i t t l e s i l i c o n technology had been attempted i n the Department prior 

to t h i s work and one of the f i r s t requirements was to master some of 

the relevant techniques. Controlled cutting, etching and oxidation 
ft 

of commercially polished s i l i c o n wafers ha>,s been mastered and diffused 

planar p-n junctions, MOS s t r u c t u r e s sjid gate controlled diode 
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st r u c t u r e s have been made (Chap 2). A l l the r e s u l t s on s i l i c o n 
agreed v;ith the es t a b l i s h e d p r a c t i c e and theory of the technology. 

The f i r s t phosphor material t r i e d was zinc sulphide. 

T h i s was chosen because i t i s pre-eminent f o r the type of high f i e l d 

EL that i s to be used. D.c. electroluminescent t h i n f i l m s ajid 

powders have been made by sev e r a l v;orkers elsev/here and i t seemed 

l i k e l y that the sort of mechanism proposed (tunnel i n j e c t i o n from 

conducting i n c l u s i o n s of copper sulphide and c o l l i s i o n e x c i t a t i o n of 

manganese centres) might be extended to i n j e c t i o n from s i l i c o n 

' s u b s t r a t e s provided the e l e c t r i c f i e l d was high enough for tunnelling. 

To v/ithstand the high f i e l d , s i n g l e c r y s t a l e p i t a x i a l films of Zn3 on 

the s i l i c o n were considered to be d e s i r a b l e . The good match of the 

s i l i c o n and ZnS l a t t i c e spacings vfas an additional point i n favour 

of t r y i n g ZnS. 

Three methods of deposition v;ere t r i e d , chemical 

deposition fror.i aqueous solu t i o n , vapour deposition from a c a r r i e r gas 

flov;, and vacuum evaporation. I n a l l three the main d i f f i c u l t y seemed 

to be due to poor c o m p a t i b i l i t y with s i l i c o n . Chemical deposition 

from a s o l u t i o n of zi n c s a l t s i n thiourea produced pov/dery films with 

poor adhesion.v/hich was a t t r i b u t e d to oxidation of the s i l i c o n i n the 

water. I n order to produce e p i t a x i a l f i l m s heated substrates are 

probably required although i t was found that ZnS chemically attacks 

s i l i c o n at temperatures greater thsji about 800°C i n both the vapour 

deposition and the evaporation technique. At lower temperatures 

p o l y c r y s t a l l i n e f i l m s v;ere formed. For the flow technique the films 
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consisted of randomly oriented c r y s t a l l i t e s mainly of ci-ZnS, 
whereas the evaporated f i l m s vjere mainly j3-ZnS oriented with the 
( i l l ) a x i s perpendicular to the substrate surface (the ( i l l ) plane 
of s i l i c o n ) . T h i s was i n agreement with other workers v7ho have 
shoim th a t the preponderance of the two c r y s t a l types of ZnS depends 
mainly on the exaot deposition para,meters during c r y s t a l grovrth. 
Because the evaporated f i l m s grew at l e a s t p a r t l y oriented, i t seemed 
that t h i s technique had the most promise although the f i l m s produced 
vjere never reproducible and were often of poor q u a l i t y . This was 
a t t r i b u t e d to uncontrollable contamination of the substrates during 
evaporation v;hich could have been overcome i n any further work by the 
use of a much cleaner evaporation system then the one used. I n addition 
considerable d i f f i c u l t i e s were experienced i n t r y i n g to a c t i v a t e the 
p o l y c r y s t a l l i n e f i l m s v;ith Ifo. 

For a number of reasons discussed i n Sec 3.7 the v/crk 

on ZnS f i l m s was terminated. The ZnS experiments were not very 

extensive (e.g. the grovrth rate of the f i l m s v;as never f u l l y investigated) 

and although unsuccessful i n depositing e p i t a x i a l films i t was stopped 

l a r g e l y because of the discovery by the author of another phosphor, 

w i l l e m i t e which seemed to be admirably s u i t e d for deposition on s i l i c o n . 

I n contast to ZnS, the compatibility of willemite 

v/ith s i l i c o n was e x c e l l e n t . EL from willemite had been observed 

i n the past by s e v e r a l v/orks (Sec 4•1.2) but the output had alv/ays 

been- low. Furthermore the EL of vjillemite t h i n films had not been 

studied, nor had f i l m s of v^illemite been deposited on s i l i c o n . s o 
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that there v/as plenty of scope f o r o r i g i n a l work. Also the 

deposition technique which was developed was e n t i r e l y novel and 

was subsequently the subject of a Patent Application. 

The formation of willemite on s i l i c o n uses a 

substrate r e a c t i o n technique which involves the oxidation of the 

s i l i c o n surface follovfed by the evaporation of a t h i n l a y e r of 

the phosphor ZnF2: ffe. Heat treatment r e s u l t s i n the ZnE^tlfo 

r e a c t i n g with the s i l i c o n oxide to form the willemite (Zn^SiO^ifto) 

l a y e r s v/hich are b r i g h t l y green cathodolurainescent. A f u l l 

d e s c r i p t i o n of the deposition technique i s given i n Chap 4« 

The main advanta^ge of t h i s technique was i t s 

c o m p a t i b i l i t y v i i t h modern s i l i c o n MOS technology and, i n contrast 

to the ZnS work, the r e p r o d u c i b i l i t y v/as very good. Over 80 f i l m s 

were produced under i d e n t i c a l conditions vdth no s i g n i f i c a n t change 

i n e i t h e r t h e i r p h y s i c a l nature or cathodoluD;inescence. Control 

of the silicon-phosphor i n t e r f a c e was also considerably better than 

with ZnS because i t i s never i n contact v/ith the ambient during the 

formation of the phosphor. Incorporation of a s u i t a b l e luminescent 

centre (Mn̂ "*" i n t h i s ^ a s e ) i s also very conveniently c a r r i e d out by. 

co-evaporation, because both ZnP2 and i t s a c t i v a t o r MnPg have very 

s i m i l a r vapour pressures. 

The t e c ^ i q u e of converting the highly i n s u l a t i n g 

oxide i n t o a phosphor eliminates pinholes v/hich are f i l l e d with unreacted 

oxide i n t h i s technique. Also the v/illemite f i l m as a v/hole i s 

embedded i n a surroixnding oxide so that edge e f f e c t s are reduced. 
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The adhesion of the f i l m i s e x c e l l e n t . The surface oxides on 
the s i l i c o n , that had sefemed to he a problem v;ith some of the 
ZnS work, were now being used for conversion to the phosphor 
i t s e l f . Prom a long term viewpoint, t h i s type of deposition also 
offered the c a p a b i l i t y for very small d i s p l a y s with the re s o l u t i o n 
l i m i t e d mainly by the evaporation masks. 

I n view of those considerable advantages there vias 

no doubt that a continued study of these f i l m s was necessary. 

The f i r s t requirement was to f i n d out more about t h e i r structure 

(Chap 5) • The thickness was governed mainly by the depth of 

r e a c t i o n and t h i s was determined both by b e v e l l i n g and by p r e f e r e n t i a l 

etching. I t was found that up to 1000 S of oxide could take part 

i n the r e a c t i o n to give approximately t h i s thickness of vdllemite 

v/hich was i d e a l f o r .a low voltage, high f i e l d device. 

As the f i l m s vjere so t a i n coaventional X-ray a n a l y s i s 

using Laue back r e f l e c t i o n v;as not possible. X-rays were used, 

hovrever, with the powder technique to i d e n t i f y oC-Zn2SiO^: Mn as the 

r e a c t i o n product of ZnF^rJ'in and Si02 powders v;hen f i r e d under s i m i l a r 

conditions to the f i l m s (Sec 5*4)• The i d e n t i t y and c r y s t a l 

s t r u c t u r e of the f i l m s themselves was determined by electron d i f f r a c t i o n . 

Due to the d i f f i c u l t y of removing the f i l m s from the s i l i c o n , r e f l e c t i o n 

d i f f r a c t i o n was mainly used (Sec 5*3.3) although some fi l m s that had 

been made from t h i n oxide f i l m s detached from the s i l i c o n p r i o r to 

conversion to v/illemite vjere examined with transmission d i f f r a c t i o n 

( S e c S A l ) . 
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The s t r u c t u r a l studies showed that the f i l m s 
confiisted of m i c r o c r y s t a l l i t e s viith average dimensions of about • 
1000 2 v/hich v;ere embedded i n an amorphous materia .1, probably 
the unreacted s i l i c o n oxide. A s i m i l a r type of structure i s 
found with other glass-ceramic s t r u c t u r e s where c r y s t a l l i n e g l ass 
phases are formed v;ithin a glassy matrix. A scanning electron 
microscope used to study the f i l m s (Sec 5«5) gave electron images 
and cathodoluminescent images that were very uniform but the 
r e s o l u t i o n of the instrument v;as unfortunately too low to d i s t i n g u i s h 
between i n d i v i d u a l c r y s t a l l i t e s of the f i l m s . 

The r e s u l t s of the structure determinations v;ere 

a l i t t l e disappointing because i t had been hoped that the f i l m s would 

be amorphous to increase t h e i r breaJcdo\'ra strength, ( i n f a c t the f i r s t 

t r a n s m i s s i o n electron d i f f r a c t i o n studies using Cl^-detached films 

did show an amorphous struct u r e but t h i s v/as late^troved to be due 

to the hot chlorine gas which oxidised the vxillemite to s i l i c a ) . 

Hoviever, i n s p i t e of the apparently inhomogeneous na,tiire of the f i l m s , 

l a t e r experiments in d i c a t e d that they have a breakdo'.vn strength at 

l e a s t as high as that of the surrounding oxide. 

E l e c t r i c a l measurements were made on devices of the 

conventional MIS type (Sec 4»3) using s e v e r a l top contact metals and 

s i l i c o n of both conductivity types. Capacitance-voltage (C-V) and 

current-voltage ( l - V ) measurements formed the major part of t h i s 

work (chap 6 and 7) but some photocanduction experiments were also 

c a r r i e d out. (Sec 7 . 4 . 2 ) . The most important r e s u l t was the 
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observation of green d.c. EL from the v/illemite f i l m s . 
Unfortunately t h i s v:as discovered tov:ards the end of. the work 
so that only a b r i e f study was possible. 

A simple model v/as eventually proposed to explain 

a l l the r a t h e r confusing observations. The I-V experiments shovjed 

that c u r r e n t s i n the v:illemite f i l m s were p o l a r i t y dependant. 

R e l a t i v e l y large currents accompa,nied by a f a i n t green d.c.EL 

flov/ed f o r p o s i t i v e b i a s on the top contact v/hereas only very small 

c u r r e n t s , comparable with those observed i n the surrounding oxide, 

flov?ed f o r negative b i a s . T h i s asymmetry i s u s u a l l y associated 

with d i f f e r e n t b a r r i e r heights at the contacts but i n t h i s case the 

I-V curves seemed to be independent of the contact materials that 

vjere used. • 

The C-V experiments, however, showed that the 

p o s i t i o n of the f l a t band voltage was d i f f e r e n t for gold and indiup 

top c o n t a c t s . P o s s i b l e explanations of t h i s , for example differences 

i n the i n j e c t i o n mechanisms at the metal contacts or differences i n 

the metal work functions, could not explain the d i r e c t i o n or the 

amount of the s h i f t . 

I n an attempt to i n v e s t i g a t e contacts further, some 

photoemission experiments were attempted a f t e r the manner of Williams 

(Sec 7 « 4 . 2 ) . The observed photocurrents could not be attributed to 

c a r r i e r s photoemitted from the s i l i c o n and i n t r i n s i c photoconduction 

seemed to be more reasonable. The approximate value of energy gap 

obtained from the photocurrent cut-off was 5.5 and t h i s was i n 

e x c e l l e n t agreement with previous workers who had used a single 
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c r y s t a l of w i l l e m i t e . Although t h i s was encouraging a puzzling 

feature was the f a c t that the photocurrents seemed to be independent 

of bias p o l g r i t y u n l i k e the dark current measurements. 

The clue to these apparently c o n f l i c t i n g r e s u l t s 

was provided by f u r t h e r C-V work. S h i f t s i n the C-7 curves a f t e r 

bias-temperature treatment and h y s t e r i s i s e f f e c t s showed that there 

was a considerable a-mount of ion movement i n the films even at room 

temperature. The a n a l y s i s of these e f f e c t s indicated that p o s i t i v e 

ions were moving i n a f i x e d negative space charge and, under the 

influence of a p o s i t i v e bias they were p i l i n g up at the s i l i c o n 

i n t e r f a c e . With the opposite p o l a r i t y the ions d r i f t e d towards the 

metal contact v;here they discharged. The nature of the charges could 

not be p o s i t i v e l y i d e n t i f i e d but i t seems reasonable to assume that 

the p o s i t i v e charge i s that of z i n c ions and the f i x e d negative 
A— 

charge the SiO^ r a d i c a l s , i n view of th^ c r y s t a l structvire of 

w i l l e m i t e (Sec 5»l) and some of the C-V r(=su.i.ts. 

The reason for the ions discharging at the metal and 

not at the s i l i c o n electrode i s not completely understood, but a 

possible explanation could be the existence of very t h i n l a y e r s of 

oxide 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 . Tho effect of ions f a i l i n g 

to discharge at the s i l i c o n i n t e r f a c e i s that f i e l d i n t e n s i f i c a t i o n 

due to the build-up of space charge occurrs only i n front of the 

s i l i c o n and only with p o s i t i v e b i a s . I t i s suggested that t h i s enables 

tunnel emission of electrons to occur from the s i l i c o n to the willemite, 

i n c r e a s i n g the high f i e l d current for t h i s p o l a r i t y . The luminescence 
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then r e s u l t s from the e x c i t a t i o n of Mn̂"*" centres i n the v/illemito 
by 'hot' electrons moving through the f i l m s . A schematic diagram 
of the band diagram and charge d i s t r i b u t i o n f o r t h i s p o l a r i t y i s 
shovm i n F i g 7-7« With a negative bias, no f i e l d i n t e n s i f i c a t i o n 
occurs and consequently only very small currents flow, dominated 
mainly by the i o n i c component. On i n c r e a s i n g the applied voltage 
f u r t h e r breakdovm occurs s i m i l a r l y to the s i l i c o n oxide observations 
of K l e i n et a l (Appendix A ) • The lack of any large tunnelling 
currents f o r e i t h e r p o l a r i t y when the f i l m s were illuminated vath 
u l t r a - v i o l e t l i g h t was a t t r i b u t e d to the n e u t r a l i s a t i o n of the i o n i c 
space by c a r r i e r s generated by the r a d i a t i o n . 

The s h i f t s i n the C-V curves for d i f f e r e n t contact 

metals were also explained i n terms of ion d r i f t . With i o n i c 

movement the p o s i t i o n of the r e s u l t a n t space charge, and therefore the 

shape of the C-V curve, i s determined by the b u i l t - i n e l e c t r i c fiei.d 

caused by contact p o t e n t i a l d i f f e r e n c e across the HIS structure. 

Using published values f o r the v/ork functions and electron a f f i n i t y 

i t was p o ssible to show that the d i r e c t i o n of the contact potential 

f i e l d was opposite f o r gold and indiiim contacts with n-type s i l i c o n 

and t h i s agreed with the C-V s h i f t s that were obtained. 

I t was also possible to explain most of the other 

r e s u l t s i n terms of the motion of z;inc ions i n a fixed negative space 

charge as discussed i n Sec 6.5. The shape of the C-V curves also 

provided information about the s i l i c o n -;d.llemite i n t e r f a c e showing 

that the conversion of oxide into v;illemite introduced no further 
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• a c t i v e ' s t a t e s at the i n t e r f a c e . 

The G-V technique proved to be a very powerful 

t o o l f o r the study of conduction mechanisms i n t h i n f i l m s p a r t i c u l a r l y 

as space charges u s u a l l y figure prominently i n these. The over­

whelming advantago that t h i s technique confers on s i l i c o n as a 

• substrate was not r e a l i s e d e a r l y i n the work. The i n t e r p r e t a t i o n 

of C-7 measurements on i n s u l a t i n g f i l m s on s i l i c o n can be c a r r i e d out 

to a high degree of s o p h i s t i c a t i o n because of the extensive i n v e s t i g ­

a t i o n of s i l i c o n oxide. This means that as long as s i l i c o n can be 

t o l e r a t e d as one of the electrodes i t i s the i d e a l substrate for the 

i n v e s t i g a t i o n of conduction processes i n t h i n f i l m s of a l l types. 

It^/S use with other electroluminesence materials could solve some of 

the problems i n the general Tinderstanding of t h i s phenomenon. 

The luminescent properties of the f i l m s are discussed 

i n Chap 8. The cathodoluminescent spectrum v:as broad and f e a t u r e l e s s 

peaking at 51S'1> agreement v/ith previous v/orkers' r e s u l t s on 

powdered v i i l l e m i t e . Unfortunately the EL was dim and v i s i b l e only 

i n a darkened room and i t occurred t y p i c a l l y v/ith + I5 V bias and 
-3 2 

100yiam-p current v/ith a l i g h t emitting contact area of about 10 cm . 

As a suitable, photomultiplier vms not a v a i l a b l e the s p e c t r a l 

d i s t r i b u t i o n of the EL v;as judged by eye using an interference f i l t e r 
and found to be very s i m i l a r to that of the cathodoluminescence. 

The l i g h t output gradually decreased vjith time although a t y p i c a l device 
ft 

u s u a l l y l a s t e d s e v e r a l hours before i t s EL could not be seen by eye. 
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Due to the lack of time there were only a few EL 

experiments and no attempt was made to increase the l i g h t output 

or i n v e s t i g a t e the decay process. However, as f a r as can be 

ascertained, t h i s i s the f i r s t time that d.c. EL has been observed 

i n v^illemite. I t i s also the f i r s t time that EL of any type has 

been seen i n willemite t h i n f i l m s . 

I t has been shown i n Chap 1 that i n order to obtain 

e f f i c i e n t i n j e c t i o n from s i l i c o n into a v/ider gap phosphor, high 

f i e l d mechanisms are necessary. I n most phosphors that exhibit t h i s 

form of EL some s e l e c t i v e f i e l d i n t e n s i f i c a t i o n occurs to enable 

t i i n n e l l i n g to take place. For example i n ZnS powder phosphors i t 

i s thought that copper sulphide i n c l u s i o n s produce the r e q u i s i t e 

i n j e c t i o n conditions. I n some recent work (Ref 8 -S ) on ZnSe i t 

has been shown that Schottl<y b a r r i e r s can produce the same e f f e c t . 

Thin i n s u l a t i n g l a y e r s have also been used to give tunnel i n j e c t i o n 

and i n vrilleraite i t s e l f some e a r l y work used sharp-edged metal 

p a r t i c l e s to produce the high f i e l d s . With the willemite f i l m s 

considered here however i t has been shovm that f i e l d i n t e n s i f i c a t i o n 

i s produced by the s e l e c t i v e build-up of ions i n front of the s i l i c o n . 

T h i s gives r i s e to t u n n e l l i n g i n j e c t i o n v?hich i s followed by 

e x c i t a t i o n of Mn centres i n the willemite to produce EL probably i n 

a s i m i l a r way to the other manganese a c t i v a t e d phosphors. Although 

i t i s the i o n i c movement that enables the t h i n f i l m willemite device 

to give EL output i t may at the same time present a fundamental 

l i m i t a t i o n to the l i f e of a p r a c t i c a l d i s p l a y device because of some 

type of s o l i d s t a t e e l e c t r o l y s i s . Howeva:*, even the present ZnS 
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d.c. EL phosphors, v;hich do not r e l y on i o n i c movement f o r i n j e c t i o n , 
at the moment only have l i f e t i m e s of the order of 1000 hours so 
that w i l l e m i t e miglit eventually be competitive. A l t e r n a t i v e l y 
i t may be possible to control the ion movement or to u t i l i s e some 
other form of f i e l d i n t e n s i f i c a t i o n i n willemite for the r e a l i s a t i o n 
of a p r a c t i c a l d i s p l a y . 

Nevertheless, i t i s considered that willemite f i l m s 

on s i l i c o n merit f u r t h e r study p a r t i c u l a r l y i n view of t h e i r 

c o m p a t i b i l i t y v;ith s i l i c o n technology and the ease and r e p r o d u c i b i l i t y 

of the deposition process. I n addition i t i s thought that the 

observation of d.c. EL from such f i l m s i s a s i g n i f i c a n t step i n the 

production of a completely monolithic display device based on s i l i c o n . 

9.2 Suggestions f o r fur t h e r work. 

Any future v;ork on v/illemite f i l m s on s i l i c o n should 

be d i r e c t e d tovrards producing much brighter EL^ A more d e t a i l e d cjid 

q u a n t i t a t i v e study of the postulated model i s required and i t s 

c o r r e l a t i o n v/ith v a r i a t i o n s i n p h y s i c a l s t r u c t u r e of the f i l m s (e.g. 

t h i c k n e s s , JMOS structxires and manganese content) would also be 

d e s i r a b l e . Light output measurements, combined with further I-V 

experiments, are probably the f i r s t requirement of any d e t a i l e d study. 

Pulse measurements vjould be more informative than d.c. p a r t i c i d a r l y 

over a range of temperatures to obtain more d e t a i l s of the conduction 

mechanisms, also the ion motion could be studied i n more d e t a i l by 

extending the C-V work to include f u l l a . c . impedance measurements and 

by incorporating a charge-integrating device i n the bias c i r c u i t . 
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The e a s i e s t confirmation of the proposed model 

would probably be obtained by using some d i f f e r e n t contact 

combinations i n the I-V and EL experiments. Thin films structures 

with both contacts of the same material should not show any p o l a r i t y 

dependence. I n p a r t i c u l a r , a s i l i c o n - v / i l l e m i t e - s i l i c o n structure 

should show high currents and EL f o r both b i a s p o l a r i t i e s , and t h i s 

would probably be the e a s i e s t s t r u c t u r e to make vrith the e x i s t i n g 

techniques, whereas MWM s t r u c t u r e s should shovr neither, provided the 

nature of both contacts can be guaranteed to be s i m i l a r . The use 

of p-type s i l i c o n f o r IWS s t r u c t u r e s (Sec651) i n the C-V work would 

f u r t h e r e s t a b l i s h the proposed theory of ion d r i f t i n the b u i l t - i n 

f i e l d of the contact p o t e n t i a l d i f f e r e n c e . An important aspect of 

any f u t u r e work as f a r as a p r a c t i c a l d i s p l a y system i s concerned 

should a l s o be the production of transparent top contacts possibly 

based on t i n oxida. 

The nature of the v/ork described i n t h i s t h e s i s has 

been mainly exploratory and as a consequence the various aspects 

could not be studied to as great a depth as would have been l i k e d 

i n the time a v a i l a b l e . Nevertheless, many aspects of the work are 

novel and i t i s hoped that some of i t w i l l form the basis for a more 

d e t a i l e d examination of the processes involved and a more detailed 

v i a b i l i t y study of a p r a c t i c a l d i s p l a y system . 
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Appendix A 

I D i e l e c t r i c Breakdovm of Thin Films 

D i e l e c t r i c breekdovm processes are c l a s s i c a l l y 

divided i n t o two b a s i c types. The f i r s t of these i s termed 

i n t r i n s i c breakdovm and i a e l e c t r o n i c i n nature depending on the 

presi^fence of electrons i n the conduction band of the d i e l e c t r i c . 

These are accelerated by the f i e l d and lose energy prima r i l y by 

i o n i s i n g the atoms of the s o l i d to produce fu r t h e r electrons. 

The second type of d i e l e c t r i c breakdown i s c a l l e d 

•thermal' breakdown. I n t h i s , Joule heating occurs at some l o c a l i s e d 

weak spot i n the d i e l e c t r i c . When the l o s s of heat to the surround­

ings i s l e s s than the heat produced thermal riujaway occurs and t h i s 

r e s u l t s f i n a l l y i n breakdovm. The main diffe r e n c e s between the UJO 
—8 

types i s that i n t r i n s i c breakdovjn occurs quickly ( i n about 10 sec) 

and i t i s only s l i g h t l y a f fected by the a,mbient temperature whereas 

thermal breakdovm tends to be much slower and more temperature 

dependent, 

There are also other mechanisms for d i e l e c t r i c break­

down but these u s u a l l y involve e i t h e r electrochemical or chemical 

d e t e r i o r a t i o n of the d i e l e c t r i c v;ith time as a r e s u l t of v.'hich one 

of the b a s i c mechanisms leads to breakdown. Discharges within voids 

i n the d i e l e c t r i c can also produce d i e l e c t r i c breakdovm but t h i s 

mechanism i s not- s t r i c t l y a property of the d i e l e c t r i c . 

Most of the ea r l y v/ork on breakdovm of s o l i d s was . 

concerned with comparitively t h i c k specimens so that large voltages 
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were required to produce the breakdovm f i e l d strength ( lO^V/cm). 
Hoviever, v/ith the onset of t h i n f i l m technology not only were 
the voltages required much l e s s but i t v/as found that because 
the f i l m s had fev/er defects tha.n t h e i r bulk counterparts the 
e f f e c t i v e breakdov/n strength was s u b s t a n t i a l l y increased (e.g. 

n 

10 V/cm f o r thermal s i l i c o n oxide Ref 8-7) . Another aspect of 

t h i n f i l m breakdov/n that has helped considerably i n t h e i r study 

has been the a b i l i t y of MIM s t r u c t u r e s to form s e l f - h e a l i n g break-

dov/ns so allowing a s i n g l e f i l m to be tested many hundreds of times 

before becoming s h o r t c i r c u i t e d and before complete destruction 

f i n a l l y occurs. 

Some examples of d i e l e c t r i c breakdov/n work on t h i n 

f i l m s w i l l now be given. Budenstein and Hayes (Ref A-t) have 

studied evaporated t h i n f i l m Al-SiO-Al s t r u c t u r e s . They foimd 

that the breakdov/n was i n i t i a t e d at unid?r!tified dark spots i n the 

s i l i c o n oxide about 0.1 micron i n diameter. Moreover, the process 

was a d e s t r u c t i v e one i n which small aireas of the KIM structxire were 

p h y s i c a l l y and chemically a l t e r e d . By i d e n t i f y i n g the p o l y c r y s t a l l i n e 

s i l i c o n globules at the post-breakdov/n s i t e s they concluded that 

breakdov/n i s due to an electrochemical r e a t i o n i n v/hich the Si-O-Si 

bond.is ruptured by the l o c a l high f i e l d and c r y s t a l l i n e s i l i c o n and 

gaseous oxygen r e s u l t . 

A d i f f e r e n t breakdown mechanism has been proposed by 

K l e i n et a l who also i n v e s t i g a t e d evaporated s i l i c o n oxide MIH 

s t r u c t u r e s with both d.c. voltages (Ref A-2) and voltage pulses 
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(Ref /\-.3 ) using specimens with s e l f healing properties. For 
d.c. ond. pulses of long duration, thermal runaway occurred as a 
r e s u l t of an excessive increase i n Joule heating and breakdown 
was accompanied by the simultaneous evaporation of nearly the 
whole c a p a c i t o r . However, at voltages Just l e s s than those 
required f o r t h i s process a second, very d i f f e r e n t , form of break-
do\m occurred that was termed e l e c t r i c breakdown. This had the 
nature of a random event the probability, of vihich increased 
r a p i d l y with voltage so that thermal breakdown had very l i t t l e time 
to develop at room tempei^ature. K l e i n et a l proposed that the 
e l e c t r i c breakdov«i was due to a succession of processes. F i r s t l y , 
the breakdovm occurred at the weakest point i n the d i e l e c t r i c where 
i t was t r i g g e r e d by a small random current pulse caused by electron 
avalanches and i n i t i a t e d by a s i n g l e electron at the cathode. The 
pulse produced l o c a l heating and thermal i n s t a b i l i t y vihich r e s u l t e d 
i n a hole being evaporated through the d i e l e c t r i c and the metal 
e l e c t r o d e s . After t h i s the MIH capacitor discharges v i a an arc 
between the metal electrodes and t h i s causes the bulk of the destruotiion. 

Another type of breakdov/n c a l l e d 'propagating' break­

down was a l s o observed by K l e i n et a l v/hen the r e s i s t a n c e of the 

e x t e r n a l c i r c u i t was small ( l e s s than about 10 k ohm). A propagating 

breakdown was s t a r t e d by a s i n g l e e l e c t r i c breakdovm which l e f t behind 

a r i n g of hot d i e l e c t r i c around the discharge point. Due to the 

increased conductivity i n t h i s region further r e s i s t a n c e vjas small 

enough to allow a s u f f i c i e n t supply of energy before the d i e l e c t r i c 
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had time to cool. Each successive breakdown then generated the 
conditions necessary f o r the next and a propagating breakdown res u l t e d . 

Thermal, e l e c t r i c and propagating brealcdov/ns v/ere 

also observed i n thermal oxides on s i l i c o n ( K l e i n Ref A-4"-) • 
However, although the general r e s u l t s v/ere s u b s t a n t i a l l y s i m i l a r to 

those described f o r evaporated s i l i c o n oxide the s i l i c o n substrate 

had a d i s t i n c t e f f e c t on the extent and nature of the breakdov/n. 

K l e i n summarised h i s r e s u l t s i n the following v/ay :- The r e s i s t i v i t y 

of the s i l i c o n substrate and i t s p o l a r i t y g r e a t l y iai'luence the 

breakdown events which takes place v/ithin nano- to microseconds. 

Breakdown i s most r a p i d i n degenerate samples and they increase i n 

duration i n t h i s order : medium r e s i s t i v i t y samples v/ith an accum­

u l a t i o n l a y e r ( i . e . p o s i t i v e bias f o r n-type s i l i c o n ) , high r e s i s t i v i t y 

samples, and medium r e s i s t i v i t y samples with an inversion l a y e r . 

The amount of damage due to the breakdov/n decreases i n the same order 

and i t i n c r e a s e s with voltage. 

These r e s u l t s were explained using a model that invoked 

a d e t a i l e d a n a l y s i s of the r e s i s t a n c e of the discharge path and also 

the thermal properties of the s i l i c o n as compared v/ith the metal 

electrode used e a r l i e r . A good c o r r e l a t i o n was obtained betv/een 

calculation's of the discharge energy using t h i s model and measurements 

based on both o s c i l l o g r a p h s of the breakdown events and also a physical 

examination of the destruction around the discharge points. 

A b r i e f d e s c r i p t i o n of the d i e l e c t r i c brecikdov/n of 

t h i n f i l m s has been included i n t h i s Appendix because so c a l l e d 
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electroluminescence occurs at the discharge, K l e i n measured the 
spectrum of the emitted l i g h t and he found that i t contained the 
atomic emission l i n e s of the metal top contact ( Al i n hi s case ) . 
An estimate of the temrierature of the metal ions was also made 
using the r e l a t i v e i n t e n s i t i e s of two of the s p e c t r a l l i n e s and. 
found to be betv/een 4000°K and 4500°K. The amoimt of l i g h t given 
out depended on the amount of energy expended by the discharge and 
t h i s was c o n t r o l l e d by the p o l a r i t y and r e s i s t a n c e of the s i l i c o n 
as explained above. Hovrever, there are several d i s t i n c t differences 
betv/een t h i s sort of l i g h t output and the true Type I I EL obtained 
from w i l l e m i t e ( Sec 8.3.1 ) 
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