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A STUDY OF REACTIVE SPUTTER ETCHING BY 
DIRECTED ION BEAMS AND R. F. PLASMAS 
by Peter James Réveil 

ABSTRACT 
This work compares the a l t e r n a t i v e methods of 

etching S i l i c o n semiconductor m a t e r i a l s . Conventional 
methods of pattern d e l i n e a t i o n using aqueous etchants are 
being replaced f o r some a p p l i c a t i o n s by dry processing. 
The reasons f o r the raove towards plasma and ion beam 
etching are examined p a r t i c u l a r l y i n r e l a t i o n to very 
large scale intégration (VLSI) technology and the required 
réduction i n feature s i z e . A review of the published 
information on the use of r e a c t i v e gas plasmas shows that 
t h i s etching process i s capable of producing v e r t i c a l 
p r o f i l e s without loss of pattern définition i n lum. 
fea tur e s. 

Noble gas ion beam s p u t t e r i n g , another a l t e r n a t i v e 
dry etching process, has some advantages over plasma 
etching but does not compare favourably i n terms of 
material etch-rate s e l e c t i v i t y and p r o f i l e r e p l i c a t i o n . 

Reactive ion beams produced by heated filament 
sources etch S i l i c o n Compounds more r a p i d l y than argon 
beams, but undesirable topographical features such as 
"fac e t s " and "trenches" may be observed a f t e r beam 
énergies greater than about 1 keV have been used. 

The t o t a l beam current and current d i s t r i b u t i o n 
have been determined f o r a medium sized (B93) Saddle-Field 
source. The etch rates of several materials were greater 
with a fluorocarbon beam than with an argon beam produced 
by t h i s source. 

Examination of p r o f i l e s produced by etching S i l i c o n 
dioxide with beams from the B93 source i n j e c t e d with 
e i t h e r CHFo or CF¿̂  showed no évidence of sp u t t e r i n g -
induced a r t e f a c t s or l a t e r a l attack due to the d i f f u s i o n 
of chemically r e a c t i v e fragments. The r e s u l t s of r e a c t i v e 
ion beam etching (RIEB) with a Saddle-Field source 
suggest that chemical attack prédominâtes over s p u t t e r i n g . 
A two stage mechanism i s proposed i n which the i n c i d e n t 
partióles cause bond cleavage at the surface followed by 
a d d i t i o n and ab s t r a c t i o n r e a c t i o n s , leading u l t i m a t e l y to 
the formation of v o l a t i l e products. 

The possible commercial a p p l i c a t i o n s of RIBE with 
Saddle-Field sources are discussed, and suggestions are 
advanced f o r f u r t h e r work i n t h i s área. 
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1. INTRODUCTION 
1.1 OBJECTIVES 

The aims of t h i s study were as f o l l o w s : 
( i ) To compare the a l t e r n a t i v e methods o f etching f o r 

semiconducting materials, with p a r t i c u l a r regard to 
the réduction i n linewidths required f o r the next 
génération of VLSI devices. 

( i i ) To experimentally détermine the c h a r a c t e r i s t i c s of 
a beam produced by i n j e c t i n g argon i n t o a medium 
size d Saddle F i e l d source manufactured by Ion-Tech 
(UK) Ltd. 

( i i i ) To assess the s u i t a b i l i t y of r e a c t i v e ion beam 
etching using Saddle F i e l d and heated filament 
sources as techniques f o r the d e l i n e a t i o n of sub
micron geometries i n S i l i c o n Compounds. 

1 . 2 THE FABRICATION OF INTEGRATED CIRCUITS 
Etching i s a fundamental and i n t e g r a l part of the 

procèss f o r f a b r i c a t i n g i ntegrated c i r c u i t s . The 
c o n t r o l l e d and sélective removal of ma t e r i a l from the 
surface of a wafer leading u l t i m a t e l y to the production of 
ac t i v e devices has t r a d i t i o n a l l y been accomplished with 
aqueous etchants. The reasons f o r t h i s w i l l be discussed, 
and i t w i l l be shown that, i n most instances, the move to 
etching i n the gas phase i s inévitable and désirable. 

A t y p i c a l metal-oxide-semiconductor (M.O.S.) 
schedule (Cannon, et. a l . 1 9 7 ^ ) » although rather dated by 
current standards - w i l l require 38 to ^5 process steps 
which include 1 d i f f u s i o n , 2 high température and 4 or 5 

masking stages. The remaining stages are f o r cleaning, 

- 1 -



r e s i s t a p p l i c a t i o n and S t r i p p i n g , etching, examination and 
t e s t i n g . Therefore, i n such an M.O.S. process, pattern 
t r a n s f e r steps account f o r approximately 3 0 - 5 0 $ of the 
t o t a l processing stages. "Pattern t r a n s f e r step" i n c l u d e s : 

Resist a p p l i c a t i o n 
Pattern t r a n s f e r to r e s i s t 
Etching of the exposed surface 
Removal of r e s i s t 

The importance of the etching process and how i t may 
a f f e c t device performance and production y i e l d w i l l be 
examinée! i n d e t a i l . 
1.3 APPLICATIONS OF ETCHING IN THE FABRICATION PROCESS 

In a t y p i c a l M.O.S. process, a number of différent 
materials w i l l be etched, as the l e v e l s of the structure 
are s e q u e n t i a l l y prepared. Each m a t e r i a l must be etched 
through completely, despite being présent i n widely 
varying thicknesses. The rate of removal f o r a given 
substance ("etch rate") must be s u f f i c i e n t l y r a p i d to 
avoid "bottlenecks" i n the production process (a B r i t i s h 
industry c r i t e r i o n of 1000 S. per minute i s the minimum). 
In a d d i t i o n the etchant must act s e l e c t i v e l y on the target 
and etch the substructure at a very much reduced rate (a 
B r i t i s h industry minimum requirement f o r any etchant i s 
an etch rate s e l e c t i v i t y of 1 0 : l ) . 
1 .3 . 1 M a t e r i a l s to be Etched 

By définition, the M.O.S. process c o n s i s t s of three 
l e v e l s ; 
(a) The métal laye r (gâte électrode, u s u a l l y aluminium) 
(b) The oxide or i n s u l a t i o n l a v e r ( i n s u l a t i o n between 
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source, gâte and drain and b a r r i e r to dopant species 
introduced by d i f f u s i o n or implantation, SiO^ i n 
t h i s case) 

(c) The semiconductor (also the substrate i n t h i s context, 
n-type s i l i c o n i s the usual choice) 

There are various permutations on t h i s s t r u c t u r e . For 
example, gold or doped p o l y s i l i c o n may be used as the 
gâte électrode, s i l i c o n n i t r i d e may be employed as the 
d i e l e c t r i c and also on an o v e r a l l p a s s i v a t i n g l a y e r , and 
p-type s i l i c o n may be chosen as the substrate. Some data 
are presented on the etching of tungsten f i l m s , which are 
used i n the f a b r i c a t i o n of high frequency t r a n s i s t o r s . 
The method of formation of f i l m s used f o r expérimental 
etching i s given i n Appendix I . 

For the purposes of t h i s work, etching has been 
considered at a macroscopie l e v e l (i.é. a "smal1" device 

3 

dimension of 1 p.m i s équivalent to a row of 3 x: 10 

"average" s i z e d atoras). The topographical c h a r a c t e r i s t i c s 
of etched n-type s i l i c o n , at t h i s l e v e l of observation, 
may s a f e l y be assumed as equal to those of the i n t r i n s i c 

1S 3 
materiał, as the dopant density ( 1 0 atoms cm" ) i s so 

22 — 3 

much lower than that of the bulk ( 5 x 1 0 atoms cm" ). 
1 . 3 . 2 Pattern Définition 

Solvent-based s o l u t i o n s of monomer s e n s i t i v e to a 
spécifie region of the e.m.r. spectrum are r o u t i n e l y used 
as r e s i s t m a t e r i a l s . 

M a t e r i a l s other than organie polymers may be used 
to advantage under c e r t a i n circumstances. In work to be 
described l a t e r (Section 7 > 2 « 3 ) , 1 0 0 [im aluminium dises 



served as ohmic contacts and etch r e s i s t during tlie 
formation of mesa diodes on S i l i c o n using an SFg plasma. 
In order to prevent facet formation on argon ion m i l l e d 
bubble memories with c r i t i c a l dimensions of 0 . 5 [im, a 
mask of low s p u t t e r - y i e l d (A 1 2 0 ^) was formed i n - s i t u by 
the anodisation of an aluminium f i l m (Ahn and Schwartz, 
1978). The production of sub-micron etched features i s 
described i n Chapter 5 . 

1 . 3 . 3 S e l e c t i v i t y of Etching 
The s e l e c t i v i t y , or e t c h - r a t e - r a t i o between any p a i r 

of materials f o r a given etchant i s defined as; 

s _ Etch Rate (Target) (& min" 1) 
Etch Rate ( S u b s t r u c t u r e ) m i n " 1 ) 

In a p r a c t i c a l s i t u a t i o n , the "dynamie" s e l e c t i v i t y 
i s the c r i t i c a l parameter. Under thèse circumstances, 
etching through the target completely reveals the 
substructure which proceeds to be removed at rate E.R. , . 

^ sub 
This i s a somewhat d i f f i c u l t c o n d i t i o n to simulâte 
experimentally as both target and substrùcture are not 
exposed simultaneously f o r the duration of etching and the 
respective areas vary with time. The method adopted here 
(as i s usual i n the published literaturę) i s to report the 
s e l e c t i v i t y as: 

S - E t c h Rate (Target l ) 
Etch Rate (Target 2) 

Targets 1 and 2 are etched separately but under i d e n t i c a l 
c onditions. 

The r a t i o S i s an important parameter f o r commercial 
processing where a produet of c o n s i s t e n t l y high q u a l i t y i s 
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required. There i s no upper l i m i t to the value obtained 
f o r S, etchants are developed with t h i s as a c r i t e r i o n . 
For example buffered h y d r o f l u o r i c a c i d (b.HF) etches 
SiO^ at ~ 9 0 0 A* min 1 at 18°C, but immeasurably slowly on 
S i . A high s e l e c t i v i t y r a t i o i s required as: 
(a) The uniforraity of etching across a wafer i s r a r e l y 

less than ~ 5 $ t o t a l ( i . e . f o r constant f i l m thickness, 
the etch depth différence between any two points on 
the wafer i s not less than 5 $ ) . 

(b) The f i l m thickness across a wafer i s not constant, 
with edge to centre v a r i a t i o n s of - 5$ being not 
uncommon f o r many déposition processes. 

For example, taking a 5000 A" f i l m of S i 0 2 on S i , a 
t y p i c a l etch rate f o r oxide of 1000 S. min" 1 (any etchant 
system), a set of s e l e c t i v i t y curves may be produced, as 
shown i n F i g . 1.1, which r e l a t e the overetch time to the 
substructure etch depth. I f the S i 0 2 thickness v a r i a t i o n 
i s - 5/DJ then the f i l m at the thinnest point w i l l be 
completely etched through 0 .5 minutes before that at the 
t h i c k e s t . An "overetch" time of 0 .5 minutes i s , therefore 
required to guarantee c l e a r i n g a i l oxide, and the 
résultant S i etch depth w i l l be as shown. Correspondingly 
longer overetch times w i l l produce etch depths i n the 
substructure as i n d i c a t e d . N a t u r a l l y t the r e s u i t would be 
the same f o r non-uniformity of etching across the wafer. 
In the case of aqueous etchant t h i s could be caused by an 
accumulation of hydrogen bubbles (aluminium etching) or 
l o c a l i s e d d e pletion of etchant species at the target-
l i q u i d i n t e r f a c e due to inadéquate mixing. In the case 
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of gas-phase e t c h i n g , the n o n - u n i f o r m d i s t r i b u t i o n o f 

i o n s or f r e e r a d i c a l s ( o r b o t h ) a c r o s s the w a f e r would 

g i v e r i s e to s i r a i l a r e f f e c t s . 

1 . 3 . ^ P r a c t i c a l Considérations 
The h a z a r d s a s s o c i a t e d w i t h the use o f d i s c h a r g e s 

c o n t a i n i n g h a l o g e n a t e d Compounds ca n n o t be o v e r e m p h a s i s e d . 

Published d a t a on the t o x i c l e v e l s o f Compounds u s e d i n 

and p r o d u c e d d u r i n g the expérimental work f o r t h i s s t u d y 

a r e i n c l u d e d i n Appendix I I I . The u s u a l procédures a p p l y 

f o r the s a f e opération o f vacuum and h i g h v o l t a g e equipment. 

Contamination, e s p e c i a l l y by a l k a l i métal i o n s 

(Na +, K +) i n M.O.S. gâte o x i d e and a t the S i - S i 0 2 

i n t e r f a c e can l e a d t o abnormal d e v i c e c h a r a c t e r i s t i c s 

when présent i n t r a c e q u a n t i t i e s , e s p e c i a l l y i n t h e 

présence o f r a d i a t i o n , as d e s c r i b e d i n Chapter 6, Sodium 
C h l o r i d e o c c u r s n a t u r a l l y i n human s k i n sécrétions, and 

may, t h e r e f o r e , be t r a n s m i t t e d to raany w a f e r s s i m p l y by 

c a r e l e s s h a n d l i n g procédures d u r i n g one s t a g e i n v o l v i n g 

an aqueous e t c h a n t . Vacuum t e c h n i q u e s f o r e t c h i n g , 

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

may o n l y o c c u r by s p u t t e r i n g o r d i f f u s i o n mechanisms 

( t h e v a p o u r p r e s s u r e o f NaCl i s 1 t o r r a t 8 é 5 ° c ) 

(Handbook o f Chemistry and Physics, 19^3 ) • 

One o t h e r Compound which must be t r e a t e d as a 

c o n t a m i n a n t i s water v a p o u r . The o r i g i n o f w a t e r v a p o u r 

i n t h i s c o n t e x t i s from two s o u r c e s : 

(a) d e s o r b e d from the w a l l o f the c y l i n d e r c o n t a i n i n g 

the e t c h a n t gas 

(b) d e s o r b e d from vacuum Chamber components 
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Water vapour due to (a) may be reduced or 
eliminated e n t i r e l y by in c o r p o r a t i n g s u i t a b l e cold traps 
and/or dessicant materials i n t o the gas supply l i n e . The 
réduction of the water vapour concentration i n a vacuum 
system may take long periods of pumping, and baking of 
c e r t a i n components. The system i s p a r t i c u l a r l y 
susceptible to t h i s form of contamination when cooled 
target holders are f i t t e d i n the Chamber, permitting r a p i d 
condensation of atmospheric water vapour when the u n i t i s 
vented. I d e a l l y venting of the Chamber should be with 
d r i e d gas (oxygen free nitrogen, or entry of a i r through 
a dessicant c a r t r i d g e ) . I t can be r e a d i l y appreciated 
that water molécules may d i s s o c i a t e i n a discharge to 
form: 

H 20 v ^ H + + OH" 
-e 2H + + 0" 

(or 0 2 ) 

The présence of which may lead to charging at the 
target surface, dégradation of organie r e s i s t materials 
and the formation of oxide f i l m s on aluminium and tungsten 
which sputter at lower rates than the pure metal, as shown 
i n Chapters 3 and 4 . 

1.4 CRITERIA FOR ETCH PROCESSES 
In order to o b j e c t i v e l y compare etching techniques, 

i t i s necessary to define the c r i t e r i o n by which each i s 
assessed. The assessment w i l l be based on t h e o r e t i c a l l y 
optimum conditions, i n the knowledge that some degree of 
compromise w i l l a r i s e i n a production environment. The 



séquence of présentation i s not n e c e s s a r i l y s i g n i f i c a n t . 
A p a r t i c u l a r a p p l i c a t i o n may require one c r i t e r i o n to be 
set above a i l others; f o r example the i n t r o d u c t i o n of 
e l e c t r i c a l abnormalities i n t o a c e r t a i n M.O.S. structure 
may render i t t o t a l l y i n o p e r a t i v e , a i l other standards 
would, therefore, become of secondary importance. 
1 . 4 . 1 S e l e c t i v i t y (Target : R e s i s t ) 

The r e s i s t may be ph o t o r e s i s t , electron-beam r e s i s t 
or raetal/metal oxide f i l m . The minimum allowable 
s e l e c t i v i t y w i l l be determined by the thickness of both 
r e s i s t and target m a t e r i a l s . 
1 . 4 . 2 S e l e c t i v i t y (Target: Substructure) 

This i s dépendent upon the degree of process 
c o n t r o l , f i l m thickness v a r i a t i o n and p r o v i s i o n f o r end-
point détermination. In the absence of monitoring 
equipment, a s e l e c t i v i t y of 1 0 : 1 would be considered 
adéquate f o r most a p p l i c a t i o n s . This r a t i o could be 
reduced i f such equipment was a v a i l a b l e . 
1 . 4 . 3 Isotropy 

T o t a l anisotropy i s normally désirable, but i n some 
cases the formation of sloping w a l l p r o f i l e s i s 
advantageous. 
1 . 4 . 4 Etch Rate 

For use i n a production environment the target 
should be removed at 1 0 0 0 A* min" 1 or f a s t e r ( B r i t i s h 
Industry requireraent, 1 9 8 l ) In p a r t i c u l a r , dry techniques 
should increase the slow aqueous etch rate of Si^N^. 
1 . 4 . 5 Safety 

The nature of l i q u i d or gaseous s t a r t i n g materials 
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and waste products should be w e l l c h a r a c t e r i s e d . A i l 
hazards should be i d e n t i f i e d and reduced to safe working 
l e v e l s by using fume hoods, adsorbers, scrubbers, 
n e u t r a l i s a t i o n tanks etc. 
1.4.6 Damage 

Surface (etch p i t s , roughening of poli s h e d surface) 
and bulk damage (implantation of energetic etchant 
p a r t i c l e s ) should not be introduced as a r e s u i t of the 
etch process. 
1.4.7 S t a r t i n g M a t e r i a l s 

Resist materials and etchants should be r e a d i l y 
a v a i l a b l e . Resists should also be compatible with other 
stages of the f a b r i c a t i o n process, and be removed e a s i l y 
a f t e r etching of the target. 
1.4.8 Resolution 

The etch process should be capable of accurately 
reproducing the minimum feature dimensions présent i n the 
r e s i s t l a y e r . This w i l l be l i m i t e d to a large extent by 
the i s o t r o p y of the etch. 
1.4.9 Loading E f f e c t s 

The etch rate should be independent of the target 
area. The target area w i l l vary with: 

( i ) the nature of the p a t t e r n defined i n the r e s i s t 
( i i ) the batch s i z e (nuraber of wafers) 

End-point prédiction may become d i f f i c u l t i f a 
dependency e x i s t s . 
1.4.10 Device C h a r a c t e r i s t i c s 

The e l e c t r i c a l c h a r a c t e r i s t i c s of the devices 
should not be modified by the etching procédure. For 
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example, M.O.S. devices are s e n s i t i v e to various types of 
induced charge at the Si-SiO^ i n t e r f a c e , leading to 
undesirable threshold s h i f t s . 

These c r i t e r i a are comparée! using the published 
data f o r aqueous and plasma etching and argon ion m i l l i n g 
i n Tables 1 , 2 and 3> Table k b r i e f l y summarises the 
r e s u l t s of expérimental work conducted f o r t h i s study, 
using the Saddle F i e l d source f o r the r e a c t i v e ion beam 
etching of c e r t a i n materials. 

These data show that: 
The highest etch rates are u s u a l l y achieved with aqueous 
etchants, but at the expense of undercut p r o f i l e s . 
Aqueous etching also provides greater s e l e c t i v i t y f o r 
most corabinations of materials than the dry.methods. I t 
seems u n l i k e l y that gas phase etching w i l l ever a t t a i n 
s e l e c t i v i t i e s of 1 0 0 0 : 1 , but with the i n c r e a s i n g use of 
instrumental techniques f o r end-point monitoring, rate 
r a t i o s of t h i s magnitude are probably not necessary. 
Increased anisotropy can be achieved with the use of 
re a c t i v e i on etching i n a planar reactor or r e a c t i v e i on 
beam etching with f l u o r i n a t e d gases i n j e c t e d i n t o a 
Saddle F i e l d source or a heated filament source. Argon 
ion m i l l i n g (with heated filament source s ) , however, i s 
a u s e f u l technique f o r pattern d e l i n e a t i o n i n some metals, 
but undesirable sputtering-induced topographical features 
and low s e l e c t i v i t y render i t unsuitable i n most 
semiconductor f a b r i c a t i o n processes. 
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TABLE 2 

PLASMA AND REACTIVE ION ETCHING 

CRITERION CHARACTERI5TIC 

1. S e l e c t i v i t y : 
R e a l s t 

Adéquate. Oxygen and water vapour p a r t i a l p r e s s u r e s 
oust be maincained at very low l e v a i s 

2. S e l e c t i v i t y : 
S u b s t r u c t u r e 

6.3:1 f o r SiO- on S i u s i n g C H F - ( l ) . 3:1 f o r S i 0 2 on 
S i u s i n g C 2 F 6 (2) > 

5:1 f o r Sî^N^ on S i 0 2 u s i n g S i F 4 + 0? (3) 
6.25:1 f o r A l on S i 0 2 u s i n g CC1^+ Ar (k) 

3. I s o t r o p y Dépendent on: électrode c o n f i g u r a t i o n , RF power and 
frequency, and chamber p r e s s u r e . A n i s o t r o p i c e t c h i n g 
i s p r a c t i c a b l e 

k. E t c h Hate For e.xample: ^700 S/rain f o r CHF, on S i 0 2 f l ) 
2500 A/min f o r C C l ^ * Ar on AJ. («) U s i n g SFg, up 
to 2 om/min of S i achieved i n t h i s i n v e s t i g a t i o n 

3. Major Hazards Qxidiaed halocarbons (e.g. C 0 C l o , C0F 2) are t o x i c at 
ppm l e v e l s (5) C o r r o s i v e hazaras of e.g. S i F ^ , 
S i C l ^ and other r e a c t i o n products from vacuura pump 
exhaust 

6. P h y s i c a l 
Damage 

P i t t i n g of s u r f a c e ma y occur ( p r e f e r e n t i a l e t c h i n g ) 
i n l o c a l i s e d areas with CHF.. plasmas (6). C C l ^ e t c h i n g 
of A l may produce c o r r o s i v e r e s i d u e s which must be 
washed o f f (7) 

7. R e a l s t 
M a t e r i a l s 

Normal électron beam and p h o x o r e s i s t s posaess adéquate 
résistance although sorne r e s i a t s have been spécially 
formulated (8) 

8. R e s o l u t i o n The a b i l i t y to plasma e t c h 0.2 uni wide l i n e s with no 
u n d e r c u t t i n g has been demonstrated. (y) 

9. Loading 
E f f e c t s 

Very s i g n i f i c a n t - e t c h r a t e s f o r p a r t l c u l a r 
a p p l i c a t i o n s must be e s t a b l i s h e d f o r punping speed 
and gas flow r a t e v a r i a t i o n s (10) 

10. Device 
C h a r a c t e r i s t i c s 

M o b i l i s a t i o n of contaminants e.g* Na T at 5iO-,-Si 
i n t e r f a c e occurs with b r i e f ( =r 30 sec.) e.tposure to 
plasma {11)- High t h r e s h o l d v o l t a g e c h a r a c t e r i s t i c s 
can u s u a l l y be removed by a n n e a l i n g (12) 

Références: ( i l Chinn, e t . a l . 1981 
(2) Heinecke, 1976 
(3) Dionex P r o p r i e t a r y i n f o r m a t i o n , Sheet ~l/79 
('•*) S c h a i b l e , e t . a l . 1973 
(5 ) See Appendix I I I 
(6) Heslop, 1980 
(7) Lee and Schwartz, 19SO 
(81 P h o t o r e s i s t type TJ5-1273 produced by Ciba-Geigy Ltd 
(9) Wang and Maydan, 1981 

(10j Mogab, 197? 
(11) McCaughan, 1980 
(12) McCaughan, 1973 
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TABLE 3 
ARGON ION BEAM MILLING 
(Heated Filament Sources) 

CRITERION CHARACTERISTIC 

1. S e l e c t i v i t y : 
R e s i s t 

1.^:1 f o r S i 0 2 : AZ1350 (maximum v a l u e f o r beam a t ] 
50° to s u r f a c e ) ( l ) ! 

2. S e l e c t i v i t y : 
S u b s t r u c t u r e 

1.07:1 f o r S i 0 5 : ( l O O J S i (2); 1.2:1 f o r ' 
A l * 5# Cu on 310, (3) J 

3. I s o t r o p y Beam a t n o r m a l i n c i d e n c e p r o d u c e s v e r t i c a l w a l l 
p r o f i l e s w i t h ( a ) f a c e t t e d e d g e s , and u s u a l l y ( b ) 
t r e n c h e s a t f o o t o f e t c h e d c h a n n e l . U n d e r c u t t i n g ; 
n o t p r e s e n t (k) 

Í4-. E t c h R a t e s S i s 5̂ *0 Ä / m i n (3); SiO„ = 580 %/m±n ( 3 ) ; 
A l ( f i l m ) = 670 A/min (j); Au ( f i l m ) = 10^0 %/mln (3) 
S i ^ N ^ s= 187-217 S/min ( 5 ) ; PMMA = kOO A/min (5) 

5* M a j o r H a z a r d s H a z a r d s a s s o c i a t e d w i t h vacuum and h i g h v o l t a g e 
equipment. No t o x i c o r c o r r o s i v e gas h a z a r d s 

6. P h y s i c a l 
Damage 

Not c o n s i d e r e d s i g n i f i c a n t a t beam e n e r g i e s o f 
500-100Û eV ( p e n e t r a t i o n o f i o n s to i 10 a) (3) 

7« R e s i s t 
M a t e r i a l s 

D e s i r a b l e to use m e t a l f i l m w h i c h has low s p u t t e r j 
y i e l d due to o x i d e f i l m f o r m a t i o n . O r g a n i c ! 
r e s i s t s have h i g h s p u t t e r y i e l d ( s e e a b o v e ) 

8. R e s o l u t i o n T h e o r e t i c a l minimum c o n s i d e r a b l y l e s s t h a n 1 jj. m 
and g o v e r n e d by l i n e w i d t h d e f i n i t i o n i n r e s i s t and 
p r o c e s s t o l e r a n c e towards t o p o g r a p h i c a l d e f e c t s 

9- L o a d i n g E f f e c t s Not a p p l i c a b l e , c h e m i c a l r e a c t i o n s do n o t o c c u r . 
C o l l i m a t e d beam u s u a l l y p r o d u c e s e t c h i n g 
u n i f o r m i t y w i t h i n - 5$ (6) 

10. D e v i c e 
C h a r a c t e r i s t i c s 

M o b i l e c h a r g e movement i n M.O.S. s t r u c t u r e s c a u s e d 
by i o n i c s p e c i e s i n beam ( 7 ) . Beams n o r m a l l y f u l l y 
n e u t r a l i s e d i n f r o n t o f anode a p e r t u r e . ( 3 ) 
T h r e s h o l d s h i f t s d e p e n d e n t upon beam e n e r g y and 
t o t a l i o n dose (7) . 

R e f e r e n c e s : ( l ) Lee, 1979 
'2) Meusemann, 1979 
'3 1 B o l l i n g e r and F i n k , 1980 
,h) Gokan and Esho, 1981 
.5) R e s u l t s f r o m specimens p r e p a r e d by Vee c o , USA, f o r 

M i d d l e s e x P o l y t e c h n i c . 75 mm beam d i a m e t e r , 125 ram 
to t a r g e t , 650 eV a r g o n beam, O.65 mA cm -2 

[6) Kaufman, 1978 
^7) McCaughan, 1980 
l8) Kaufman and R o b i n s o n , 1981 

-13-



TABLE k 

REACTIVE ION BEAM ETCHING 

VITH SADDLE FIELD SOURCES 

CRITERION CHARACTERISTIC 

1 . S e l e c t i v i t y : 

Reaist 
Resist etch-ratea not determined. On baais of etched 
p r o f i l e s , s e l e c t i v i t y i s adéquate f o r jQQQ A deep 
etching of SiO, using CF;, and CHF-j beams from 393 

2. S e l e c t i v i t y : 
Substructure 

6:1 f o r 5 i 0 2 : S i using QT'+i 2 : 1 f o r SÍTNI,: S i 0 2 

using 02^6« 7 : 1 for Si-iMi^: S i using C 2Ffi, a 1 1 " i * * 1 

B 9 3 

3- Isotropy V e r t i c a l p r o f i l e s observed i n S i 0 2 a f t e r etching with 
B 9 3 CF^ and CHF 3 beams. B 2 1-SFg beam also produced 
v e r t i c a l p r o f i l e s i n S i 0 2 

>+. Steh Rates Máxima: l 6 0 S m i n - 1 f o r S i 0 2 (CF¿, C 3 F 3 , SFg); 27 A 
m i n - 1 f o r S i ( a i l b Fréons); 200 A tnln-1 f o r Si^N^ 
(CHF-j, C 2Fg); a i l using B 9 3 source, C.A.T.T. 1 3 0 mm, 
normal incidence, V A =r3 kV, I 0 a 150 mA 

3. Major Hazards Toxic and c o r r o s i v e vaste producta exhausted by pump, 
but flow rates l o v e r than f o r plasma re a c t o r 

6. P n y s i c a l 
Damage 

P i t t i n g of etchad surface observed a f t e r using 3F¿ 
beam. Mo other évidence of damage has been observed 

7. R e s i s t 
Materials 

PMMA and Kodak 7^7 have been used. R e s i s t s 
apparently c r o a s l i n k and veré removed during t h i s 
i n v e s t i g a t i o n by o x i d a t i o n with an a i r plasma 

3. Resolution 0.5 um wide Unes etched i n SÍ02- V e r t i c a l p r o f i l e s 
etched i n t h i s m a t e r i a l indícate r e s o l u t i o n l i m i t set 
by définition of features i n r e s i s t layer 

9. Loading E f f e c t s Mot i n v e s t i g a t e d . Etch rate l i m i t e d by beam current 
d e n s i t y 

1 0 . Device 
C h a r a c t e r i s t i c s 

Maximum M.O.S. capa c i t o r f i a t b a n d voltage méasured 
waa 26 V a f t e r 30 minute exposure to B 9 3 Ar beam 
at 2.35 keV and *13 cm'2' 
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S i l i c o n Etch Depth as a f u n c t i o n of Over-Etch 
Time f o r various s e l e c t i v i t i e s . For any 
etchant on SiO^. 

Over-etch time, min. 
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2. REVIEW OF FREVIOUS WORK 
2 . 1 PLASMA AND REACTIVE ION ETCHING 
2 . 1 . 1 Introduction 

The possible uses of plasma etching as a commercial 
process were appreciated some time ago ( I r v i n g , et. a l . , 
1 9 7 1 )• The equipment described was used f o r d e t e c t i n g 
p i n holes i n i n s u l a t i n g layers and etching deep s c r i b e -
l i n e s as an a i d to d i c i n g wafers i n t o i n d i v i d u a l 
i n t egrated c i r c u i t s . At about the same time a process 
was described ( I r v i n g , 1 9 7 1) f o r the removal (or "ashing") 
of photoresist layers using an oxygen plasma, a procédure 
which i s s t i l l widely used. 

The commercial advantages of dry etching were 
i d e n t i f i e d and impetus i n the research was d i r e c t e d at 
three major aspects: 

( i ) anisotropy 
( i i ) s e l e c t i v i t y (applied to the requirements of s p e c i f i c 

procès ses) 
( i i i ) wafer throughput ( i . e . m a t e r i a l etch rate) 

Investigations c a r r i e d out prédominantly v i t h i n the 
indu s t r y over the past ten years have been aimed at 
inco r p o r a t i n g modifications to equipment and processes 
leading u l t i m a t e l y to compliance with a set of c r i t e r i a 
(such as those described i n Section 1 . 4 ) i n a production 
environment. Conséquently, designs and operating 
Parameters have changed s i g n i ' f i c a n t l y , f o r example the 
trend towards lover pressures, i n t e r n a l planar électrodes 
and the use of ch l o r i n a t e d instead of f l u o r i n a t e d 
e tchant5. 
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2 . 1 . 2 Anisotropy 
The degree of anisotropy produced by an etchant on 

a target i s dependent upon 
( i ) the mean free path of r e a c t i v e S p e e l e s (and hence 

pressure and temperature) 
( i i ) the nature of the etchant ( i . e . atomic, free 

r a d i c a l , i o n i c ) 
( i i i ) the construetion of the reactor and electrode 

c o n f i g u r a t i o n 
( i v ) the e x c i t a t i o n (R.F.) power and frequency. 

Greater anisotropy raay be obtained by i n c r e a s i n g 
the etchant mean free path to a l a r g e r value than the 
smallest dimension i n the r e s i s t l a y e r , as shown i n the 
l i t e r a t u r e (Jacob, 1 9 7 6 ) . This w i l l have the e f f e c t of 
permitting only p a r t i c l e s with t r a j e c t o r i e s normal, or 
nearly normal to the surface to enter i n t o etching 
reactions. In p r a c t i c e , t h i s i s achievable at moderate 
pressures. 

The mean free path of an etchant species i s 
dependent upon the temperature, the pressure and the 
molecular or i o n i c diameter. Taking as an example the 
CF^ + ion, the diameter of which i s approximately 2 . 8 a" 
(the C-F bond length i s iL) (Cotton and Wilkinson, 

I 9 6 7 ) , at a pressure of 0 . 1 t o r r and temperature of 25°C, 
the i o n i c density i s : 

n' = ( 1 0 " 1 / 7 6 0 ) ( 1 0 ~ 3 ) ( 6 . 0 2 x I Q 2 3 ) 
( 0 . 0 8 2 ) ( 2 9 8 ) 

= 3 . 2 4 x 1 0 1 5 ions cm - 3 
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The i o n i c mean free path = / 2 A , the molecular free path 
and so 

\ = (1.^14) -
i o n ' 4 . 4 4 x ( 2 . 8 x 1 0 " 8 ) 2 x ( 3 . 2 4 x 1 0 1 5 ) 

= 0 . 1 2 6 cm 
which i s c l e a r l y orders of magnitude greater than the 
minimum r e s i s t features i n current use. Using the 
c r i t e r i o n of etchant mean free path alone, therefore, 
even pressures on the order of 0 . 1 t o r r can be used f o r 
the d e f i n i t i o n of sub-micron geometries. 

The c o n f i g u r a t i o n of the R.F. electrodes and manner 
i n which gas i s swept over the wafers contribute to the 
i s o t r o p i c etching which has been shown to be 
c h a r a c t e r i s t i c of b a r r e l reactors ( B e r s i n , 1 9 7 8 ) . Devices 
such as "etch tunnels" (perforated or mesh conducting 
screens surrounding the wafers) have been shown to improve 
the u n i f o r m i t y of etching across i n d i v i d u a l wafers 
(Bersin , 197&) °y reducing the e f f e c t of charged species. 
The dominant mechanism i s attack by atoms and f r e e -
r a d i c a l s and as a consequence undercut p r o f i l e s are 
u s u a l l y produced (Robb, 1 9 7 9 ) . Observations that i s o t r o p y 
increases with increasing R.F. power density (Maddox, 
1 9 8 0) tend to i n d i c a t e that the rate of production of 
uncharged species i s dependent upon the i o n - e l e c t r o n 
recombination rate at the mesh surface. 

Planar reactors, which u s u a l l y operate at lower 
pressures than b a r r e l etchers, have been involved with 
an i n c r e a s i n g number of a p p l i c a t i o n s (Heslop, 1 9 8 0 ) . 

Undercutting i s u s u a l l y s i g n i f i c a n t l y reduced ( i . e . 
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anisotropy i s increased), which has been shown to be 
predominantly due to the a c t i o n of ions d e s c r i b i n g 
t r a j e c t o r i e s normal to the wafer surface (Poulsen, 1 9 7 7 ) . 

The formation of i d e a l mesa p r o f i l e s has been 
demonstrated i n a commercial process (Gdula, et. a l , , 
1 9 7 8 ) . In t h i s a p p l i c a t i o n , v e r t i c a l edges were not 
required as subsequent processing produced some 
"mouseholing" (a void at the i n t e r s e c t i o n of the etched 
feature and the substrate caused by poor penetration of 
deposited metal). Using a mixture of SF^ and He, 
a n i s o t r o p i c plasma etching at 0.24-5 W cm was used to 
define the features without loss of pattern d e f i n i t i o n . 
The v e r t i c a l edges were then made s l i g h t l y concave by 

— 2 

etching at a lower power density (0.13 W cm ) i n which 
the "chemical" etching component predominated. I t would 
appear l o g i c a l to propose that i n c r e a s i n g power density 
leads to greater anisotropy because a greater proportion 
of the p a r t i c l e s c o l l i d i n g with the target surface are 
ionised. The use of processes i n which charged species 
play an a c t i v e r o l e i n the etching has caused a 
d i s t i n c t i o n to be drawn between plasma and r e a c t i v e ion 
etching (R.I.E.). These d i s t i n c t i o n s are somewhat 
a r b i t r a r y and are defined i n the Glossary. 

The mechanism of attack at the target i s l a r g e l y 
dependent on the species present at the wafer surface. 
The r e l a t i v e concentrations of charged and uncharged 
species i s , i n turn, a f u n c t i o n of the chamber pressure. 
I t has been found (Suzuki, et. a l . , 1978) that i n a 
microwave discharge of CF^, s i l i c o n i s etched e s s e n t i a l l y 
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by ions (not s p e c i f i e d , but presumably CF^ +) at pressures 
- 3 - 2 

below 1 x 10 t o r r . Above 1 x 1 0 t o r r the etching 
process i s dominated by r a d i c a l s and that both types of 
species contribute i n the intermediate region (lO to 
1 0 " t o r r ) . Examination of etched p r o f i l e s i n S i and 
SiO^ by other workers (Schwartz, et. a l . , 1 9 7 9 ) showed 
that i n a discharge of CF^ at 2 0 m t o r r , s i l i c o n edges 
were s t r a i g h t and at about 80° to the substrate. 
Increasing the pressure to approximately 80 m t o r r 
produced undercut p r o f i l e s t y p i c a l of an i s o t r o p i c 
process, i n d i c a t i v e of the concentration of free r a d i c a l s . 

Using a discharge of c h l o r i n e ( C l ^ ) as an etchant 
f o r S i , an etched p r o f i l e dependence on e x c i t a t i o n 
frequency has been observed (Bruce, et. a l . , 1 9 8 l ) . At 
1 3 - 5 6 MHz undercutting was evident, but at 100 kHz the 
etched p r o f i l e s were v e r t i c a l . Some commercial planar 
reactors u t i l i s e R.F. generators towards the lower end 
of t h i s range ( E l e c t r o t e c h Plasmafab 4 2 5 , 380 kHz, f o r 
example). Carbon t e t r a c h l o r i d e (CCl^) d i s s o c i a t e d at a 
frequency of 3 8 0 kHz has been shown to produce v e r t i c a l 
etched p r o f i l e s i n s i l i c o n ( G i l l , 1 9 8 0 ) . The p r o f i l e 
dependence on frequency i s due to the r e l a t i v e 
concentrations of the etchant species i n the discharge. 
In a discharge of C l ^ , i t has been shown (Flamm, et. a l . , 
1 9 8 l ) that the concentration of CI i s nearly independent 
of frequency, but that the C l + concentration drops very 
sharply above 1 MHz. 

The r e l a t i v e concentrations of free r a d i c a l and 
i o n i c species may also be a l t e r e d by v a r i a t i o n of the gas 
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mixture, and t h i s subject w i l l be discussed i n more 
d e t a i l i n Section 2 . 1 . 3 - The concentration of free 
r a d i c a l s i n a discharge of CF^ - 0^ mixture (as evidenced 
by the etch rate on samples protected from attack by i o n i c 
etchants) has been shown to reach a maximum at 
approximately 2 0 $ 0^ ( G i l l , 1 9 8 0 ) , which coïncides wi t h 
the maximum concentration of atomic f l u o r i n e , as shown i n 
F i g . 2 . 1 . 

SFg (sulphur hexafluoride) plasmas were described 
some time ago f o r the etching of S i (Rai-Choudhury, 1 9 7 1 ) 

and S i masked with SiO^ (Stinson, et, a l . , 1 9 7 6 ) . Some 
expérimental work has been c a r r i e d out by the author 
using an SF^ plasma i n a planar reactor. S i has been 
etched f o r the f a b r i c a t i o n of mesa diodes on implanted 
oxide layers and also f o r the formation of apertures f o r 
ink j e t p r i n t i n g . 

Shortage of space precludes a d e t a i l e d account of 
that work here. Some of the r e s u l t s were rather 
i n c o n s i s t e n t due, i t i s thought, to an i n t e r m i t t e n t leak 
of a i r i n t o the plasma Chamber. Anisotropie etching has 
been démonstrated, however, as shown i n the scanning 
électron micrograph, F i g . 2 . 2 . The target m a t e r i a l was 
s i n g l e c r y s t a l S i and the p a t t e r n was defined i n Kodak 
7^7 microneg (removed i n an a i r plasma before examination). 
The wafer was bonded to the earthed électrode which was 
c o n t r o l l e d at 29 t i ° c . The pressure was 0 . 1 ? t o r r , both 
électrodes were s t a i n l e s s s t e e l , separated by 1 6 . 3 mm and 

2 

the R.F. power density at 1 3 . 5 6 MHz was 0 . 9 3 V cm" . 
Another micrograph, F i g . 7 . 1 , which i s included i n 
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Section 7 * 2 . 3 shows the i s o t r o p i c etching of s i l i c o n 
under conditions which were o s t e n s i b l y the same as those 
described above, but here the chemical component of 
etching has exceeded that due to the i o n i c species. This 
was probably due to the increased concentration of atomic 
f l u o r i n e caused by the admission of atmospheric oxygen. 
In a discharge containing SFg and 0 ^ , the concentration 
of atomic f l u o r i n e has been shown to reach a maximum at 
2 0 $ of 0 2 (d'Agostino and Flamm, 1981). 
2.1 . 3 S e l e c t i v i t y 

The research e f f o r t applied to the formulation of 
gas mixtures to provide the highest possible s e l e c t i v i t y 
i n a p a r t i c u l a r a p p l i c a t i o n has been s i g n i f i c a n t . E a r l y 
work i n t h i s area (Heinecke, 1 9 7 5 ) showed that the 
chemistry of a CF^ discharge could be a l t e r e d by the 
a d d i t i o n of hydrogen. Apart from the notable 
contributions made by c e r t a i n workers (Flamm and 
co-workers, Coburn and Winters, Harshbarger and Porter) 
towards an understanding of the mechanisms of plasma 
chemistry, much of the l i t e r a t u r e describes the "cut and 
t r y " experimental approach. 

S e l e c t i v e etchants may be grouped i n t o three very 
general categories: 

( i ) the s e l e c t i v i t y of a pure gas i s dependent on the 
r e l a t i v e concentrations of r e a c t i v e species i n the 
discharge (CHF^ as the parent gas, f o r example) 

( i i ) etchants i n which the concentrations of some species 
are increased or decreased by the a d d i t i o n of a 
second gas ( 0 2 i n CF^, f o r example). 
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( i i i ) i n vhich the s e l e c t i v i t y of the mixture i s greater 
than that of the i n d i v i d u a l components (C pFg + C l ^ , 
f o r example) 
A représentative sélection of data are shown i n 

Table 5» mostly from the récent l i t e r a t u r e , which shows 
the i n c r e a s i n g emphasis on ch l o r i n a t e d etchants. The 
high s e l e c t i v i t i e s measured f o r f l u o r i n e ( i n atomic form 
and produced by the d i s s o c i a t i o n of SF^, f o r example) are 
s i g n i f i c a n t f o r production purposes, but the degree of 
isotropy may prove to be unacceptable» Va r i a b l e r e s u l t s 
may be obtained, dépendent upon the m a t e r i a l used f o r the 
construction of the plasma Chamber and électrodes; 
Stinson's r e s u l t s obtained using SF^ may have been 
influenced by etching of the quartz v e s s e l . High 
s e l e c t i v i t i e s combined with increased etch rates compared 
to discharges of CF^, are reported f o r NF^ plasmas 
(lanno, et. a l . ) although no observations have been 
described f o r the résultant etched p r o f i l e s . 
2.1 . 4 Etch Rates 

The major parameters i n f l u e n c i n g m a t e r i a l etch rate 
are : 

( i ) R.F. power density 
( i i ) E x c i t a t i o n frequency 

( i i i ) Pressure 
( i v ) Etchant supply rate 
(v) Target température 

(v i ) Chemical composition of the discharge 
Provided the peak-to-peak voltage remains constant, 

i n c r e a s i n g R.F. power density should give an approximatel 



TABLE 5 
PUBLISHBD DATA FOR PLASMA AND 

RIE SELECTIYITIES 

Gas o r 
Gas M i x t u r e 

S i n g l e C r y s t a l 
S i : 
S i O „ 

SIO2: 
S i n g l e C r y s t a l 

S i 
S i n g l e C r y s t a l 

S i 

P o l y S i : 
S i O „ 

C F
< * 

C F k 
CFk 

C F J 
CF, + 0 7 

CF. + 10% ö 2 

CTY + 20# 0̂ , 
CHF3 
CHF3 

C3 F3 
C l 2 

C C l ^ 
C 2 C 1 F 5 

C 2 F 6 

F, 
S i F u 

S i F 4 
SF 
nf: 

+ c i 2 

+ C F 3 C 1 
atoras) 
<r 2<$> 0 2 

1 . 2 8 

1 . 9 
1 . 4 7 

i 1 0 

1.67 
1 . 8 

42 
10 
7 

35 25 

1) 

3 
4 

l] 

3 . 3 (7 
3 . 3 1 (7 

9 ) 
1 0 , 
1 0 ' 
1 1 
1 2 

1 3 ' 

6 . 8 
> 1 0 

3 
5 
5 

> 1 5 W 

9 (10) 

9-8 (5) 
20 (1k) 

3 - 4 ( 5 ) 
3 2 Í8JP 

3 ( 8 ) U 

7 ( 1 0 ) 

R é f é r e n c e s : 
( 1 ) G i l l , 1980 
( 2 ) S c h v a r t z e t . a l . 1 9 7 9 

) C h i n n , e t . a l . 1 9 8 1 
) H e i n e c k e , 1 9 7 5 
) Hayes à Pandhumsoporn, I 9 8 O 
) H e i n e c k e , 1 9 7 6 
} S c h v a r t z à S c h a i b l e , 1980 

Mogab & L e v i n s t e i n , 1 9 8 0 
Flamm, 1979 
Bo y d ¿ Tang, 1 9 7 9 
S t i n s o n , e t . a l . 1 9 7 6 
d ' A g o s t i n o & Flamm, 1 9 8 1 
l a n n o e t . a l . 1 9 8 1 
E p h r a t h , 1979 

N o t e s : P: p - d o p e d p o l y S i 
U: undo p e d p o l y S i 
Maximum s e l e c t i v i t y v a l u e s i n e a c h c a s e 
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l i n e a r increase i n m a t e r i a l etch r a t e . This i s shown to 
be the case f o r S i 0 2 and Si^N^ (Hollahan and B e l l , 1 9 7 4 ) , 

and i s analogous to the dependence on beam current density 
i n ion beam etching. Data presented by workers using CF^ 
i n the r e a c t i v e ion etching of S i and SiO^ also show an 
approximately l i n e a r dependence (Schwartz, et. a l . , 1 9 7 6 ) 

as shown i n F i g . 2 . 3 . More r e c e n t l y , however, pronounced 
deviations from l i n e a r i t y were shown (Chinn, et. a l . , 
I 9 8 l ) f o r S i and SiO^ etched with CF^. I t seems l i k e l y 
however, that t h i s was caused by the non-linear voltage 
response of the power supply, 

The etch rate v a r i a t i o n of some materials as a 
f u n c t i o n of e x c i t a t i o n frequency has been studied f o r 
c h l o r i n e plasmas and a t y p i c a l curve i s shown i n F i g . 2 . 4 . 

In t h i s example the etch rate of S i i s observed to drop 
r a p i d l y when the frequency i s increased above ~ 1 MHz. 
This was shown to be due to (a) the reduced concentration 
of C l + i n the discharge and (b) the decreasing plasma 
impedance causing i o n bombardment energies to decrease. 

The e f f e c t on the SiO^ etch rate of i n c r e a s i n g 
chamber pressure, f o r a discharge of CF^ i s shown i n 
F i g . 2 . 5 . The two curves also show the d i f f e r e n c e between 
etching the target biased ("coupled") and f l o a t i n g 
("decoupled"). The i n c r e a s i n g etch rate with r i s i n g 
chamber pressure f o r the coupled samples i s probably due 
to the i n c r e a s i n g concentration of i o n i c etchant species 
impacting the target surface. The e f f e c t of these species 
decreases as the pressure i s increased, due to the greater 
p r o b a b i l i t y of c o l l i s i o n s i n the discharge. 



In the case of a discharge supplied with a constant 
flow of parent gas, i n c r e a s i n g the area of target 
m a t e r i a l leads to a réduction i n etch r a t e , as shown i n 
F i g . 2.6. This "loading e f f e c t " i s caused by the 
discharge becoraing depleted of etchant species ( f l u o r i n e 
atoms i n t h i s case). The etching mechanism i s , therefore, 
reactant supply l i m i t e d and f o r consistency of r e s u l t s i t 
i s important that t h i s parameter i s i n v e s t i g a t e d f o r 
s p e c i f i c equipment-etchant-target combinations. 

Unpredictable etch times were obtained f o r constant 
f i l m thicknesses using e a r l y b a r r e l r e a c t o r s , and run to 
run v a r i a t i o n s of etch rate were s i g n i f i c a n t due to the 
thermal c h a r a c t e r i s t i c s of the c y l i n d e r . Data are shown 
i n F i g . 2.7 f o r the SiO^ etch rate dependence on re a c t o r 
température, with R.F. power as parameter. The use of 
température c o n t r o l l e d planar électrodes has reduced the 
influence of t h i s v a r i a b l e , 

The e f f e c t of varying the chemical composition of 
the discharge on the etch rate of four materials i s shown 
i n F i g . 2'.8. The use of S i F ^ ( s i l i c o n t e t r a f l u o r i d e ) as 
an etchant has not been as thoroughly i n v e s t i g a t e d as 
discharges of CF^, and so the chemical processes are not 
e s t a b l i s h e d . The etch rate dependencies on oxygen 
a d d i t i o n are s i m i l a r to those reported f o r CF^/C^ 
mixtures. I t can be seen that the etch rate of Si^N^ i s 
v i r t u a l l y independent of oxygen concentration i n S i F ^ and 
that the s e l e c t i v i t y to the other three materials i s 
greatest at the lowest a d d i t i o n reported. For a 
production process, therefore, the only b e n e f i t to be 



gained by oxygen a d d i t i o n would be to increase the 
( l l l ) S i or p o l y - S i etch rate to économie l e v e l s and to 
s t i l l maintain s e l e c t i v i t y over SiC^. 

Exc e p t i o n a l l y high etch rates have been reported 
fo r the laser-induced d i s s o c i a t i o n of halogenated 
compounds ( S t e i n f e l d , et. a l . , 1 9 8 0). A "true etch r a t e " 
of 12 x 10^ S. min was quoted f o r the removal of SiO^ 
by CF^Br d i s s o c i a t e d using a pulsed CO^ l a s e r ( 9 . 2 3 uin). 
Only preliminary r e s u l t s have been reported f o r t h i s 
technique and i t i s not c e r t a i n that the beam "on time" 
and duration of r e a c t i v e species formation are i d e n t i c a l . 
In a d d i t i o n , only etching by CF^ was considered, even 
though the a c t i o n of broraine atoms would be a n t i c i p a t e d . 
2 . 1 . 5 A n a l y t i c a l Techniques 

Methods of end point détection f a l l i n t o two broad 
catégories : 

( i ) Those i n which the c h a r a c t e r i s t i c s of the discharge 
are monitored. 

( i i ) Those i n which the properties of the target are 
monitored. 
During the etching of A l with CCl^, the change i n 

discharge impédance was shown to c o r r e l a t e with the A l - C l 
émission at 2616 S. (Ukai and Hanazawa, 1 9 7 9 ) . 

Measurements of the électrode voltage showed an i n i t i a l 
decrease, a period of constant p o t e n t i a l while A l C l ^ was 
présent i n the plasma, followed by an increase to the 
o r i g i n a l l e v e l when a i l A l had been removed. 

A simple technique using measurements of pressure 
has been shown to be ap p l i c a b l e to some target-etchant 
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combinations (Hitchman and Einchenberger, 1 9 8 O). The 
increase i n pressure detected by e i t h e r P i r a n i or 
capacitance manometer gauges when a p o l y - S i f i l m had 
been etched through was due to the increase i n F atom 
concentration, as i n d i c a t e d by the increased emission at 
7 0 4 0 5L 

Several techniques have been reported f o r the i n -
s i t u monitoring of target p r o p e r t i e s . Instrumental 
chemical a n a l y s i s , f o r example the emission spectroscopy 
of the ch l o r i n e etching of InP (indium phosphide) and 
Ga As (gallium arsenide) (Donnelly, et. a l . t 1 9 8 l ) has 
provided information on the etching process and can be 
used f o r process c o n t r o l by monitoring appropriate 
s p e c t r a l l i n e s . The use of mass spectrometry has been 
shown to be an invaluable technique f o r i n v e s t i g a t i o n s of 
plasma chemistry (Flamm, 1981 ). The use of t h i s 
technique f o r process c o n t r o l must, however, be viewed 
with some caution as the large volume of data produced 
u s u a l l y requires a n a l y s i s by computer, e s p e c i a l l y the 
assignment of s p e c i f i c ions to the m u l t i p l i c i t y of ra/c 
values u s u a l l y recorded. 

An i n - s i t u o p t i c a l technique using a He-Ne (helium-
neon) l a s e r has been described f o r the r e f l e c t i v i t y 
comparison of the etching target surface with that of an 
unetched reference (Rodionov, et. a l . , 1 9 8 0 ) . The use of 
a strobe l i g h t to generate photocarriers i n nude S i 
f o l l o w i n g the removal of an SiO^ f i l m (Geipel, 1 9 7 7 ) w a s 

an elegant technique, but i s probably e x c e s s i v e l y complex 
f o r production purposes. 
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2.1.6 Safety 
The major hazards associated with a l l forms of gas 

phase etching are: 
( i ) The t o x i c i t y of the parent gas and the possible 

need f o r s p e c i a l handling procedures ( f o r example 
the vapourisation of l i q u i d sources). Some t o x i c i t y 
data are included i n Appendix I I I . 

( i i ) Emission of t o x i c waste products from the vacuum 
exhaust. 

( i i i ) The adsorption of to x i c r e a c t i o n products 
( p a r t i c u l a r l y o x idised compounds such as the 
carbonyls) on vacuum chamber f i t t i n g s and c y l i n d e r s , 
which may be harmful by s k i n contact and/or 
i n h a l a t i o n . 

( i v ) The accumulation of corrosive and/or t o x i c r e a c t i o n 
products i n pump f l u i d s . These hazards can be 
s i g n i f i c a n t when pump o i l changes are undertaken. 
Some d e t a i l s of vacuum equipment performance and 
an a l y s i s of pump f l u i d s are included i n Section k.J. 

(v) Explosion due to the high temperature o x i d a t i o n of 
hydrocarbon pump f l u i d when exhausting pure oxygen 
through a rot a r y pump. A d e t a i l e d study of t h i s 
subj ect (Weikel and Yuen, 1972 ) concluded that 
c e r t a i n f l u i d s ( f o r example Welch Duo-Seal and 
MIL-H*-19457B hydraulic f l u i d ) detonated w h i l s t i n 
the form of a mist or when trapped i n the exhaust 
f i l t e r when 1 0 0 $ oxygen was pumped. Changing the 
f l u i d to Krytox 143AY. ( p e r f l u o r i n a t e d a l k y l 
polyether manufactured by the Du Pont Company) 



completely prevented the occurrence of f u r t h e r 
events. 

( v i ) Those associated with R.F, generators operating 
at up to 700 v o l t s and 13*56 MHz ; D.C. high 
voltage (up to 6 kV, 300 mA) supplies used with 
Saddle F i e l d sources, and vacuum equipment g e n e r a l l y . 
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2 . 2 SADDLE FIELD SOURCES 
2 . 2 . 1 Introduction 

Saddle F i e l d sources possess a number of advantages 
over heated filament ("Kaufman") ion sources. Among these 
advantages are: the absence of filaments and large 
magnets, the requirement of only one power supply and 
n e u t r a l i s a t i o n of the beam without a d d i t i o n a l filaments. 
In contrast, however, the disadvantages associated with 
Saddle F i e l d sources are: lower beam "currents" are 
produced than with a heated filament source of comparable 
s i z e and input power, the beam i s always divergent and 
s a t i s f a c t o r y operation i s not u s u a l l y possible with an 
anode p o t e n t i a l of l e s s than 8 0 0 to 1 0 0 0 v o l t s . This 
chapter w i l l review the published l i t e r a t u r e on the 
development of sources u t i l i s i n g the cold cathode 
o s c i l l a t i n g e l e c t r o n p r i n c i p l e , w ith p a r t i c u l a r reference 
to t h e i r use as to o l s f o r the dry etching process. 
2 . 2 . 2 E a r l y Working Models 

The p r i n c i p l e of confinement of charged p a r t i c l e s 
by e l e c t r o s t a t i c f i e l d s alone was demonstrated by 
A.H. M c l l r a i t h ( M c l l r a i t h , 1 9 6 6 ) . He used a c y l i n d e r of 
25 mm diameter and 102 mm long as the cathode, with twin 
copper wire anodes 0 . 3 1 8 mm diameter and 2 . 5 nim apart 
equally disposed i n t e r n a l l y on i t s a x i s (see F i g . 2 , 9 ) . 

M c l l r a i t h was able to sus t a i n a glow discharge of a i r 
w i t h i n the source at a vacuum chamber pressure of 
4 x 10~^ t o r r . The discharge drew 10 to 20 ^A at an 
anode p o t e n t i a l of 4 kV. The interdependence of source 
pressure and anode p o t e n t i a l was also demonstrated, as 
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the discharge could not be sustained with a chamber 
pressure of 8 x 10 t o r r , even with an anode p o t e n t i a l 
of 6 kV. The twin anode c o n f i g u r a t i o n was shown to be 
superior to the s i n g l e anode construction produced e a r l i e r 
(McClure, 19^3)» which was not capable of s u s t a i n i n g a 

_ 3 

discharge at chamber pressures below 3 x 10 t o r r . 
Thèse measurements l e d to the conclusion that the électron 
mean free path was increased approximately ko times by 
inco r p o r a t i n g a second anode. M c l l r a i t h postulated that 
électrons o r i g i n a t i n g from c e r t a i n régions of the cathode 
c y l i n d e r would describe stable t r a j e c t o r i e s , some of 
which are shown i n F i g . 2 . 1 0 . In a l a t e r paper ( M c l l r a i t h , 
1972) i t was shown that the mean distance t r a v e l l e d by an 
électron before capture at one of the anode s was of the 
order of 5 km f o r a stable discharge to e x i s t w i t h i n the 
source at a chamber pressure of 5 x 10~^ t o r r . The 
pos s i b l e a p p l i c a t i o n s of t h i s device to the t h i n n i n g of 
spécimens f o r électron microscopy and the etching of 
mic r o e l e c t r o n i c c i r c u i t s were als o r e a l i s e d at t h i s tirae 
( M c l l r a i t h , 1 9 7 2 ) . I t i s appropriate at t h i s stage to 
consider the p h y s i c a l c o n s t r a i n t s on the working of thèse 
devices, and the mechanisras of opération. 
2 . 2 . 3 Anodes 

The e a r l i e s t source reported ( M c l l r a i t h , 1966 ) , 

contained twin copper wires as anodes, presumably f o r 
ease of construction. Various workers appreciated that 
the inter-anode spacing and anode-cathode séparation 
dimensions were c r i t i c a l to the performance of the source. 
In order to prevent d i s t o r t i o n of the anodes due to 
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thermal s t r e s s , one of the f i r s t working sources to be 
described ( F i t c h , 1 9 7 0 ) was made with two tungsten wires 
0.3 mm diameter held i n tension with springs. Greater 
s t a b i l i t y of the anode assembly was demonstrated l a t e r 
(Franks, 1972a)when a source was operated with tungsten 
wires of 1 mm diameter. Sources of s i m i l a r c o n s t r u c t i o n 
were produced by many workers, using a maximum anode wire 
diameter of 1 . 5 mm. I t was observed ( F i t c h and Rushton, 
1 9 7 l ) that spécimens subjected to ion bombardment were 
also exposed to radiant heating from the anodes. Thèse 
workers estimated the température of the wires at 
eq u i l i b r i u m to be approximately 1000°C and proposed water 
cooled anodes. In order to reduce the heating e f f e c t s , 
thèse workers ( F i t c h , et a l . , 197^) and another, l a t e r 
(Ghander, 1 9 7 6 ) replaced the tungsten wires with 3 nun 
diameter s t a i n l e s s s t e e l tubes and c i r c u l a t e d cold water 
through them, using PTFE tubing to provide the necessary 
i s o l a t i o n from earth. The s t a b i l i t y of the source was 
improved, as "sooty" deposits observed on the anodes of 
the uncooled source were no longer apparent. Instead, 
the cooled anodes became covered with a "blue coating", 
which research i n t o the c r o s s - l i n k i n g of pump f l u i d s 
(Baker, et. a l . , 1971 and Holland, et. al., 1973) has 
in d i c a t e d could be a t t r i b u t e d to électron c r o s s - l i n k e d 
polymer formation. More récent work ( F i t c h , et. a l . , 
1 9 8 l ) has shown that the s t a b i l i t y of one type of source 
used f o r spécimen thinning i s température dependent. 
Experiments by thèse workers showed that a pronounced 
réduction (2 x 10^ to 10^ ohms) i n résistance of the 
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alumina high voltage i n s u l a t o r bushes occurred at an anode 
température i n the région of 46o°C. A dis c u s s i o n of the 
f a i l u r e modes of the B93 source used i n t h i s study i s 
included i n section 3 - 2 . 3 . 

A "saddle f i e l d i o n source", described i n the 
l i t e r a t u r e (Franks and Ghander, 197^) was a s i g n i f i c a n t 
departure from the design of M c l l r a i t h . This device 
employed a f l a t p l a t e of r e f r a c t o r y métal (probably 
tungsten) with a c e n t r a l aperture, mounted between two 
"s h i e l d s " at cathode p o t e n t i a l and was capable of 
producing two symmetrical "ion" beams. Sputtering 
experiments with t h i s source w i l l be described i n 
sectio n 2 . 3 . 

Many workers have studied the e f f e c t of the i n t e r 
anode séparation on source c h a r a c t e r i s t i c s . In one 
design (Rushton and F i t c h , 1 9 7 1) the performance was 
optimisèd with a séparation of 6 mm. At a séparation of 
k mm a discharge could not be sustained with an anode 
p o t e n t i a l of 9 kV. Under thèse conditions of ap p l i e d 
voltage and anode séparation there i s e f f e c t i v e l y no 
"saddle p o i n t " and the source would be expected to 
operate i n a s i m i l a r f ashion to the s i n g l e anode 
co n f i g u r a t i o n . This i s because the f l u x f i e l d s of two 
p o s i t i v e l y charged p a r a l l e l wires produce u n e s of 
eq u i p o t e n t i a l which are "dumbell" shaped (Attwood, 1 9 6 7 J -

As the p o t e n t i a l s are brought together, the e q u i p o t e n t i a l 
surfaces become le s s sharply convergent at the point 
midway between them and électrons undergo p r o g r e s s i v e l y 
decréasing e l e c t r o s t a t i c accélération. 
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The séparation between anodes cannot be considered 
i n i s o l a t i o n , however. I t has been shown ( M c l l r a i t h , 
1 9 7 2) that i f the cathode diameter i s greater than 13 

times the distance between the anode rods, stable 
o s c i l l a t i o n of électrons i s not p o s s i b l e , and no discharge 
w i l l occur, Computer simulations to v e r i f y t h i s have 
been c a r r i e d out (Dean and Hibb i n s - B u t l e r , c i t e d by 
M c l l r a i t h , 1 9 7 2 ) but the r e s u l t s have not been located i n 
the published l i t e r a t u r e . 

An inter-anode distance of 8 mm has been used i n 
several source designs (Rushton, et. a l . , 1973 and F i t c h , 
et. a l . , 197^), i n thèse cases the cathode diameter was 
selected e s s e n t i a l l y on the basis of the above design 
c r i t e r i o n . 
2 . 2 . 4 Cathodes 

The f i r s t working o s c i l l a t o r to be described by 
M c l l r a i t h used a c y l i n d r i c a l copper cathode. This 
m a t e r i a l was found to be u n s u i t a b l e r because of 

( i ) poor mechanical strength, e s p e c i a l l y a f t e r heating 
( i i ) the r a p i d rate of o x i d a t i o n , again e s p e c i a l l y at 

high températures 
( i i i ) the d i f f i c u l t y of machining, due to i t s softness 
St a i n l e s s s t e e l cathodes were, as a r e s u i t , used alraost 
e x c l u s i v e l y f o l l o w i n g t h i s e a r l y work. 

I t was recognised ( M c l l r a i t h , 1 9 7 2 ) that the 
opération of the cold cathode source was dépendent upon 
the émission of one or more secondary électrons at the 
cathode f o r every o s c i l l a t i n g électron l o s t by capture at 
the anodes. Expérimental évidence (Rushton and F i t c h , 



1 9 7 l ) i n d i c a t e d that sources constructed with a s t a i n l e s s 
s t e e l cathode could not be operated at vacuum Chamber 
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pressures lower than 10 t o r r , presumably due to the 
excessive mean free path of the o s c i l l a t i n g électrons. 
An expérimental source constructed by Ion-Tech Ltd which 
incorporated a magnesium cathode displayed s i m i l a r 
discharge threshold and current e f f i c i e n c y c h a r a c t e r i s t i c s 
to a device of the same siz e with a s t a i n l e s s s t e e l 
cathode (Evans, 1981 ). These observations were not 
altogether s u r p r i s i n g as the 8 values f o r Mg and Fe 

max 0 

are 0 . 9 5 and 1 . 3 r e s p e c t i v e l y at primary électron énergies 
(E r t ) of 3 0 0 and 4 0 0 eV (Handbook of Chemistry and 
Physics, 1 9 7 2 ) . The choice of materials f o r the 
construction of the B93 source are described i n s e c t i o n 
3 . 2 . 1 . 

I t was found that ( M c l l r a i t h , 1 9 7 2 ) e l e c t r i c a l l y 
conducting plates were required to enclose the ends of the 
c y l i n d e r , to prevent éjection of électrons. Electrons 
o s c i l l a t i n g l o n g i t u d i n a l l y between the c y l i n d e r end p l a t e s 
cause perturbations i n the stable t r a j e c t o r i e s of those 
électrons o s c i l l a t i n g between the cathode and the saddle-
p o i n t . The minimum c y l i n d e r length which could be used 
without the influence of thèse :,end e f f e c t s " was found to 
be : 

L = 2 d + a (Franks, 1 9 7 2 ) 

where: d i s the i n t e r n a i diameter of the cathode c y l i n d e r 
a i s the length of the ion e x i t aperture (see 

section 2 . 2 . 5 ) 
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Measurements of "witness marks" caused by sputter érosion 
of the cathode, enabled other workers (Rushton and F i t c h , 
1 9 7 1 ) to formulate the minimum c y l i n d e r length as: 

+ a 

The s t a b i l i t y of thèse sources vas found to be 
improved by the a d d i t i o n of métal c o o l i n g c o i l s to "the 
outside of the c y l i n d e r ( F i t c h , et, a l . , 197^ and Ghander, 
1 9 7 6 ) . The f i r s t group measured the température of an 
uncooled cathode and found that i t reached 170°C. 
Expérimental work by the author with an uncooled B 2 1 

source (Réveil, 1979a)has shown that t h i s température i s 
reached a f t e r about 25 minutes (argon discharge, = 6 kV, 
I D = 2 . 5 m A ) . 

2 , 2 . 5 Ion E x i t Aperture 
Some of the e a r l y p a r t i c l e o s c i l l a t o r s were simple 

"discharge tubes" and no attempt was raade to extract ions 
from them. Observations of the discharge were made 
through an e l e c t r i c a l l y conducting mesh covering one end 
of the cathode c y l i n d e r ( M c l l r a i t h , 1 9 6 6 ) . By c u t t i n g a 
rectangular aperture (5 x 25 mm) i n the c y l i n d e r such 
that the long sides were p a r a l l e l to the plane of the 
twin anodes, an argon ion beam was extracted ( F i t c h , e t. 
a l . , 1 9 7 0 ) . Current measurements made by t r a n s l a t i n g a 
Faraday cage on the long axis of the aperture showed the 
beam to be w e l l - c o l l i n a t e d i n that d i r e c t i o n . 
Perpendicular to the anode axes, however, the p r o f i l e was 
more wedge-shaped i n d i c a t i n g s i g n i f i c a n t beam divergence. 
At a chamber pressure of 5 x 10 t o r r , f o r a source 
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input of : 6 kV and 1^ : 5 tnA. the maximum argon ion 
current density detected by the Faraday cage vas 53 fJ.A 

- 2 

cm 
Work with thèse ear l y sources demonstrated that by 

v a r i a t i o n of the shape and dimensions of the ion e x i t 
aperture, 

(a) the shape and area of the beara at the target 
surface 

and (b) the beam current p r o f i l e i n x and y axes could be 
a l t e r e d . 

2 . 2 . 6 Discharge C h a r a c t e r i s t i c s 
Using a discharge of a i r which d i f f u s e d i n t o the 

source, the discharge current dependence on anode 
p o t e n t i a l vas measured with chamber pressure as parameter 
(Rushton and F i t c h , 1971) . Between 10 J and 10 t o r r , 
large increases i n anode voltage wêre accompanied by 
small increases i n discharge current. At pressures 

- h 

greater than 2 x 10 t o r r , however, the rate of current 
r i s e with voltage became pr o g r e s s i v e l y steeper, reaching 

d I d -1 - 4 
= 7 . 0 mA kV at 8 x 10 t o r r 

The discharge threshold, defined as the anode 
p o t e n t i a l at a given chamber pressure f o r zéro discharge 
current was 4 . 15 kV f o r t h i s experiment. Measurements 
of discharge c h a r a c t e r i s t i c s f o r a source made with anode 
rods and operating with argon showed c o n s i s t e n t l y lower 
discharge thresholds and higher discharge currents, but 
the slopes of the curves were s u b s t a n t i a l l y the same as 
those described above. 
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Using a source f i t t e d with 1.5 mm diameter anode 
rods, double d i a m e t r i c a l l y opposed i o n e x i t apertures and 
with argon supplied d i r e c t l y to the discharge région (as 
described by Frank s, 1972 b), l a t e r workers (Ghander and 
F i t c h , 1973) measured discharge c h a r a c t e r i s t i c s 
s i g n i f i c a n t l y différent to those reported before. In the 

-4 
chamber pressure range of 6 to 8 x 10 t o r r , the double 
beam source had a discharge threshold of 2-3 kV, 
approximately h a l f that of the s i n g l e aperture device. 
At lower chamber pressures, however, (10 to 6 x 10 

t o r r ) the discharge threshold of the double beam source 
was s l i g h t i y higher ( 8 . 5 - 9 . 5 kV compared to 7 - 7 . 5 kV). 
I t seems l i k e l y that the pressure i n s i d e the source was 
increased by the d i r e c t admission of gas more than i t was 
decreased by in c o r p o r a t i o n of a second ion e x i t aperture. 
2 . 2 . 7 The Neutral Component of the Beam 

The n e u t r a l component of an argon beam produced by 
a source used f o r the t h i n n i n g of' spécimens f o r 
examination using a transmission électron microscope 
(TEM), was estimated to be 30$ (Franks and Ghander, 197*01 

based upon etching experiments i n which e l e c t r o s t a t i c 
d e f l e c t i o n was used to remove charged species. Etching 
experiments with an argon beam on glass targets produced 
smooth, polished features (Ghander and F i t c h , 197*0, from 
which thèse workers concluded that électrons présent i n 
the beam (as shown by Holland, 1972) prevented p o s i t i v e 
charge accumulation due to ion bombardment. 

Experiments with a source using water cooled anodes 
and cathode (Ghander, 197^) showed that the argon beam 
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contained a s i m i l a r n e u t r a l component to that described 
above, located i n the centre of the beam. As with other 
work, electrons were detected i n the beam, although no 
d e t a i l s were given on the method of d i s t i n g u i s h i n g these 
from secondary electrons emitted from the target surface. 
Low energy (200 eV maximum) electrons have also been 
detected i n high concentration (67$ of the ion current) 
i n a beam of H 2

+ and H + at 8 keV (Beghin, 1 9 7 9 ) . 

I t has been suggested (Franks, 1979) that ions 
recombine with secondary electrons produced by the ion 
bombardment of the cathode aperture. This mechanism 
would suggest that i o n - e l e c t r o n recombination i s more 
l i k e l y at the periphery of the beam, where the generation 
of secondary electrons i s greatest. This does not e x p l a i n 
the existence of the c e n t r a l n e u t r a l component observed by 
Ghander. Graphical data i n t h i s paper by Franks shows the 
dependence of n e u t r a l atom dose on anode p o t e n t i a l (V^). 
From t h i s i t appears that neutrals are formed i n greater 
concentration at low values of (which i s d i r e c t l y 
p r o p o r t i o n a l to the beam energy, V^). Other work has 
shown (Rushton, et. a l . , 1973) that the beam divergence 
var i e s with chamber pressure, being greatest at high 
pressures (low V^, "glow discharge" or "wide-beam mode"). 
I t could be that the emission of secondary electrons 
required f o r the n e u t r a l i s a t i o n process reaches a maximum 
at low energy due to the angle of incidence of ions on 
the edges of the cathode aperture. 

Workers concerned with the production of ions f o r 
use i n atomic spectroscopy (Freeman and Guern, 1978) 
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concluded that the beam produced by a small Saddle F i e l d 
source contained a large proportion of "unionised atoms or 
molécules". The data presented gave the gas flow to the 

13 -1 source as 2 x 10 atoms sec and the beam current 
équivalent to 6 . 3 x ÎO 1^ ions sec 1 (measured as i o n 
current on a pl a t e i n t e r c e p t i n g the beam). The e l e c t r i c a l 
e f f i c i e n c y f o r Ar (beam current/discharge current x 100) 
vas found to be 3$î n ° détails were given of methods used 
to compensâte f o r secondary électron émission due to the 
energetic atom bombardment of the r e c e i v e r . 

Several a p p l i c a t i o n s of n e u t r a l argon beams have 
been reported. The sputter cleaning of and subséquent 
f i l m déposition onto i n s u l a t i n g substrates i s a u s e f u l 
technique which has been shown (Franks, et. a l . , 1979), 
under c e r t a i n circumstances to provide increased f i l m 
adhésion compared to déposition i n the absence of atom 
bombardment. The fragmentation of température s e n s i t i v e 
macromolecules by n e u t r a l ( s o - c a l l e d "Fast Atom") argon 
beams has been used to advantage i n the study, by mass 
spectrometry, of p e n i c i l l i n s and peptides (New S c i e n t i s t , 
1981). 
2.3 SPUTTER ETCHING VITH SADDLE FIELD SOURCES 
2.3«1 Sputtering qf Copper 

S i g n i f i c a n t v a r i a t i o n s e x i s t i n the l i t e r a t u r e on 
the etch rate (hence S^) of copper when etched by an 
argon beam produced by a Saddle F i e l d source. 

Figures reported f o r TEM spécimen préparation 
(Franks and Ghander, 197*0 were taken f o r a 2 mm diameter 
etched area. The etch rate of 18 umh"1 (3000 S min" 1) i s 
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équivalent to a sputter y i e l d of 2 . 6 5 atoms/particle, 
using the b.c.d. (beam current density) of 1 mA cm 
s p e c i f i e d i n the paper, although the measurement technique 
i s not given. This value of i s extremely low, and 
would be obtained with 650 eV A r + bombardment of Cu. I t 
appears l i k e l y , therefore, that the b.c.d. has been 
overestimated i n t h i s case, and that a value of 0 . 5 niA 
cm would give S m = 5*3 atoms/particle which i s i n 
bet t e r agreement with the published s p u t t e r - y i e l d data 
(Almen and Bruce, 1 9 6 l ) at 4 . 2 5 to 5 keV, 

S i m i l a r , but more d e t a i l e d work was c a r r i e d out by 
another group ( F i t c h et. a l . , 1970) but there are apparent 
discrepancies. From the d e s c r i p t i o n i n the paper i t seems 
that the copper was etched f o r 60 min with a beam 
produced by i n j e c t i n g argon i n t o the source, and that 
was 8 kV (estimated V B = 6 . 8 ke"V"). The removal of O.85 ms 

corresponds to l 4 . 2 jig min 1 or l 4 2 X. min""1" over a 0 . 9 cm2 

- 2 

target area. Using the quoted b.c.d. of 0 . 1 mA cm , the 
sputter y i e l d i s c a l c u l a t e d to be 1 .25 atoms/particle, 
which i s équivalent to argon ion bombardment at énergies 
of 200-300 eV. Thèse authors also report that the sputter 

— 2 

y i e l d was 4 atoms/ion and that the b.c.d. was 100 [iA cm" . 
Assuming that the weight loss f i g u r e s are correct then 
there i s a s i g n i f i c a n t inconsistency between the b.c.d., 
the sputter y i e l d and p a r t i c i e energy. 
2 . 3 * 2 Miscellaneous A p p l i c a t i o n s 

The advantages of etching spécimens f o r E.M. 
(électron microscopy) studies with an argon ion beam 
produced by a Saddle F i e l d source were demonstrated -42-



p r e v i o u s l y ( F i t c h and Rushton, 1971 )• These workers were 
able to observe d e t a i l s i n the surface structure of 
several metals, a weld j o i n t and an organic copolymer 
which was not possible using conventional (aqueous) 
etchants. A cold cathode source was also used f o r the 
treatment of specimens w i t h i n an S.E.M. sample chamber, 
without removal between observations (Kynaston, 1 9 7 0 ) . 

By progressive etching of the specimen with an argon ion 
beam, successive layers of d e l i c a t e plant c e l l s t r u c t u r e 
were revealed. 

Argon ion beam s p u t t e r i n g with a Saddle F i e l d 
source i s a u s e f u l technique f o r the c o n t r o l l e d removal 
of material to form angular s t r u c t u r e s such as f i e l d - i o n 
emission t i p s ( F i t c h , et. a l . , 197**) and sharp edges such 
as those required f o r small s u r g i c a l s c a l p e l s (Evans, 
1 9 8 1 ) . 

The technique of th i n n i n g was automated with the 
in t r o d u c t i o n of commercially a v a i l a b l e equipment (Franks, 
197*0- Using such equipment, ion beam s p u t t e r i n g 
techniques f o r E.M. specimen preparation were shown to be 
r e l a t i v e l y quick (material etch rates g e n e r a l l y i n the 
range 2 to 8 um hour" 1) a f t e r i n i t i a l t h i n n i n g with 
abrasives and/or aqueous etchants, and improved a n a l y s i s 
of the surface structure was demonstrated (Franks, 1 9 7 7 ) . 

The formation of e l e c t r i c a l l y conducting coatings on 
specimens to be examined by S.E. microscopy has been 
accomplished by argon ion beam s p u t t e r i n g from various 
targets on to the sample (Franks, 1980). The grain s i z e 
of f i l m s deposited i n t h i s manner i s reported to be le s s 
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than the highest a t t a i n a b l e S.E.M. r e s o l u t i o n at 
présent. 

The i n c o r p o r a t i o n of a f i n e beam Saddle F i e l d 
source i n t o the spécimen chamber of an S.E.M. allowed 
another group (Lewis, et. a l . , 1980) to perform dynamie, 
i n s i t u studies of the growth and érosion of cônes on 
s i l i c o n due to argon ion/atom bombardment. 

The foregoing literaturę contains very few détails 
of beam c h a r a c t e r i s t i c s , such as the n e u t r a l component. 
Thèse workers considered the main advantages of t h i s 
type of etching to be: r e l a t i v e l y low bombardment energy, 
exposure to low l e v e l s of r a d i a t i o n (no heated f i l a m e n t s ) , 
processing i n a "clean" environment (moderate vacuum) and 
équipaient s i m p l l c i t y and r e l i a b i l i t y . 

The author i s not aware of any published literaturę 
(except that l i s t e d i n Chapter 12) concerning the use of 
the B93 source with argon or f l u o r i n e - c o n t a i n i n g gases. 
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FIG.2.1 Contributions to the etch rates of 
S i and SiOo targets bv i o n i c and 
f r e e - r a d i c a l components. 
Etch-rate data: G i l l , 1980 
Fluorine émission data: Flamm, 1979 

Etch rate curves 

solid lines: 5*02 

broken tines: Si 

Concentration of 0, (%) in CF, 
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FIG.2.3 SiOp etch rate dependence 
on R.F. power density. 

T Vît 
Planar reactor. 
13.56 MHz, 0 . 0 5 t o r r 
CF^, Electrode area 
613 cm2. 
Af t e r Schwartz et. a l . , 
1976. 
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FIG.2.7 
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FIG.2.9 The Saddle F i e l d Source 

Top Sectional view of source showing the confined 
discharge reported by M e l i r a i t h ( 1 9 6 6 ) . 

Bottom E l e c t r i c a l 5chematic showing the method used 
by Ghander and F i t c h (1973) f o r 
déterminations of beam current produced by 
a symmetrical source 
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FIG.2.10 The Charged P a r t i c l e O s c i l l a t o r 

y 

The p r i n c i p l e by which 
a discharge i s sustained 
i_n a Saddle-Field 
source. Three stable 
t r a j e c t o r i e s are shown 
f o r an électron 
at t r a c t e d by a p a i r of 
equal, p o s i t i v e l y 
charged anodes. 
Af t e r M c l l r a i t h , 1 9 6 6 . 
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3- CHARACTERISATION OF THE B93 SADDLE-FIELD SOURCE 
3 . 1 INTRODUCTION 

Three Saddle-Field sources produced by Ion-Tech Ltd 
have been used, the low power B21, the B93» and the 
largest source of t h i s type, the B95; the c h a r a c t e r i s t i c s 
are summarised i n Appendix IV. 

The f o l l o w i n g c h a r a c t e r i s t i c s of the B93 source, 
i n j e c t e d with argon, have been measured and used as a 
basis f o r understanding expérimental r e s u l t s such as etch 
r a t e s , etch-depth v a r i a t i o n s across a target and r a d i a t i o n -
induced damage i n M.O.S. devices: 

1. The t o t a l beam 11 current" 
2. The beam "current" density d i s t r i b u t i o n 
3 . The angular divergence of the beam 
h, The beam energy dependence on anode p o t e n t i a l 
5. The p a r t i c i e e x t r a c t i o n e f f i c i e n c y 

3 . 2 DESCRIPTION OF THE SOURCE 
3 . 2 . 1 Construction D e t a i l s 

The s truc ture of the B93 source i s shown 
diagrammatically i n F i g . 3 . 1 . The plasma Chamber i s l i n e d 
with graphite, which i s also the materiał used f o r the 
anodes. The reasons for t h i s choice of materiał were: 

(a) Secondary électron émission. The maximum émission 
y i e l d f o r graphite (5 x ) i s 1 .0 at a primary 
électron energy (E ) of 300 eV (Handbook of a j x p.max' v 

Chemistry and Physics, 1 9 6 3 ) . The opération of 
cold cathode devices i s dependent upon the 
génération of s u f f i c i e n t numbers of secondary 
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electrons f o r stable plasma formation, p a r t i c u l a r l y 
at the moment the device i s energised as there i s 
no other source (e.g. filament emission) of 
electrons. The choice of materials i n t h i s respect 
i s rather l i m i t e d , f o r example titanium (Ti) has a 
s l i g h t l y reduced S (0«9) at a lower F. 

& ' max v J p.max 
(280 eV); s i l i c o n ( S i ) looks u s e f u l with a higher 

S ( l . l ) and lower E (250 eV) but i s °max v 7 p.max^ J ' 
d i f f i c u l t to machine. Aluminium (Al) has s i m i l a r 
c h a r a c t e r i s t i c s to graphite, but forms a 
pa s s i v a t i n g f i l m w i t h i n a few seconds of exposure 
tcT~air, and t h i s oxide has a high E (up to 

0 p.maxv r 

1300 eV) (McDaniel, 1 9 6 4 ) . 

(b) Sputter y i e l d . I t i s important that p o s i t i v e l y 
charged, " f o r e i g n " materials are not extracted i n 
the beam, p a r t i c u l a r l y when semiconductor compounds 
which are s e n s i t i v e to contamination are to be 
bombarded. The sputter y i e l d f o r carbon i s 
approximately 0 . 1 (atoms/ion ( l +5) at 500 eV) 
( B o l l i n g e r , 1977), which i s s i g n i f i c a n t l y lower than 
f o r most metals. 
Two disadvantages of using graphite are that the 

thermal c o n d u c t i v i t y i s low (0.012 c a l cm - 2 cm°C) 
(Handbook of Chemistry and Physics, 1963) and the 
r e s i s t i v i t y i s excessively high ( 8 . 7 x 10~** ohm-cm at 
1000°C) (Handbook of Chemistry and Physics, 1 9 6 3 ) . The 
influence of both these parameters on the c h a r a c t e r i s t i c s 
of the source w i l l be discussed i n Section 3 - 2 • •+ • 
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The anode r o d s extend w e l l beyond the cathode 
aperture region, i n order to improve the beam current 
d i s t r i b u t i o n and reduce the e f f e c t of l o n g i t u d i n a l l y 
o s c i l l a t i n g électrons. Cooling o f the cathode aperture 
plate i s i n e f f i c i e n t as conduction to the water-cooled 
front body can only occur through the edges of the g r i d . 
Thinning of the cathode g r i d and end plates (A and B 
r e s p e c t i v e l y i n F i g . 3-1 ) by spu t t e r i n g occurs, but the 
l i f e expectancy of thèse components i s many hundreds of 
hours under normal operating conditions. Under normal 
circumstances ( i . e . f o r the work to be described here) 
the symmetrical rear beam i s not extracted and a cathode 
blanking plate (also graphite) covers the aperture, 
although monitoring of the beam may be c a r r i e d out with 
the i n s t a l l a t i o n of a s u i t a b l e target to capture a 
proportion of the output. 

The source was suspended from the top pl a t e of the 
vacuum Chamber by a r i g i d feed-through duet which c a r r i e d 
water, gas and high voltage supplies. 
3.2,2 Operating Parameters 

The discharge i s maintained by d i r e c t current from 
a c u r r e n t - s t a b i l i s e d power supply u n i t . The current i s 
v a r i a b l e over the range 0-300 mA ( I ( discharge c u r r e n t ) . 

The anode p o t e n t i a l (V^) may not be c o n t r o l i e d 
d i r e c t l y , but i s dependent upon the plasma impédance. 
The impédance of the discharge i s dependent upon the gas 
pressure w i t h i n the source. This i n t e r n a i pressure may 
be v a r i e d by co n t r o i of the gas flow rate i n t o the source, 
provided the pumping speed i s constant. In p r a c t i c e , 



V varie s over the range - 800 V to kQOO V at the maximum 
current drawn by the discharge. 800 V i s considered the 
lowest operating voltage f o r t h i s source (with an argon 
discharge) and i s the threshold below which ions are not 
extracted i n s i g n i f i c a n t q u a n t i t i e s . There i s a c l e a r 
t r a n s i t i o n at about t h i s energy, between the normal 
" o s c i l l a t i n g " mode and the "glow discharge" mode which 
occurs at abnormally high source pressures (see Section 
2 . 2 . 7 ) . 

3 . 2 . 3 Source I n s t a b i l i t y 
The B 9 3 source operated r e l i a b l y with argon f o r 

hundreds of hours with l i t t l e or no maintenance. Prolonged 
operation leads to i n s t a b i l i t y which i s observed as a low 
frequency o s c i l l a t i o n between the stable " o s c i l l a t i n g " 
state and the "glow" or " t r a n s i t i o n " states. The 
i n s t a b i l i t y i s due to one or more of the f o l l o w i n g : 

(a) The most frequent cause i s p a r t i c u l a t e carbon, 
sputtered from the plasma chamber or produced by 
the t o t a l d i s s o c i a t i o n of organic molecules becoming 
lodged i n a region of high e l e c t r i c f i e l d . Regions 
most vulnerable to t h i s form of t r a c k i n g are the 
annular clearances between the anode rods and 
plasma chamber end pl a t e s (shown as 'C i n F i g . 3 . l ) 
and to a l e s s e r extent the space between the anode 
termination p l a t e s and plasma chamber ('D1 i n 
F i g . 3 . l ) . The r e s u l t i n g low impedance i n p a r a l l e l 
with the discharge causes a ra p i d drop i n V (as 
1^ i s held constant) and a reduction i n beam power. 
In severe cases the r e s i s t i v e paths may be 



s u f f i c i e n t l y low to e f f e c t t he opération o f the 

o v e r l o a d p r o t e c t i o n c i r c u i t . 

(b) Graduai détérioration o f t h e h i g h v o l t a g e i n s u l a t o r 

bushes ( a l u m i n a ) u s u a l l y r e s u l t s i n v o l t a g e 

o s c i l l a t i o n s o r s h o r t - c i r c u i t c o n d i t i o n s as 

p r e v i o u s l y d e s c r i b e d , w h i c h a r e e x a c e r b a t e d by the 

i n c r e a s i n g température w i t h i n the s o u r c e . The 

dependence o f i n s u l a t o r résistance on température 

has a l r e a d y b een d e s c r i b e d . The détérioration o f 

the i n s u l a t o r s i s a l s o due to the a c c u m u l a t i o n of 

low m o l e c u l a r w e i g h t f r a g m e n t s p r o d u c e d by the 

d i s s o c i a t i o n o f o r g a n i c pump f l u i d v a p o u r i n t h i s 
h i g h f i e l d , h i g h température région. As thèse 

bushes a r e p o r o u s , o r g a n i c m a t e r i a l d i f f u s e s i n t o 

t he s t r u c t u r e , and subséquent c l e a n i n g i s 

i n e f f e c t i v e 

( c ) V a r i a t i o n o f beam power may a l s o be c a u s e d by a 

change i n t h e gas c o m p o s i t i o n o r f l o w r a t e i n t o t he 

s o u r c e . A change i n a r g o n t h r o u g h p u t from 0 .339 t o r r 

l i t r e sec 1 to 0 .221 t o r r l i t r e s e c - 1 (measured a t 

the vacuum Chamber b a f f l e ) w i l l r e s u i t i n V, 
' A 

i n c r e a s i n g f r o m 2 kV to 3 kV ( i c o n s t a n t , 100 mA). 

To p r e v e n t f l u c t u a t i o n s i n f l o w r a t e due to débris 

a c c u m u l a t i n g i n the gas c o n t r o l o r a s s o c i a t e d p i p e s 

a s t a i n l e s s s t e e l s i n t e r o f 2 p.m p o r o s i t y was 

i n s t a l l e d i m m e d i a t e l y b e f o r e t he n e e d l e v a l v e . 

The l e n g t h o f time f o r s t a b l e opération d e c r e a s e s 

s i g n i f i c a n t l y when the s o u r c e i s o p e r a t e d w i t h Fréons. 
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One ultimate d i s s o c i a t i o n product of a l l halocarbons i s 
carbon and, therefore, the major cause of source 
i n s t a b i l i t y when operating with these compounds i s a 
s h o r t - c i r c u i t due to t r a c k i n g by trapped, conducting 
p a r t i c u l a t e s . The mechanisms by which carbon i s 
deposited, and also removed from the source i s discussed 
i n Section 7•3•1-

Apart from beam power f l u c t u a t i o n s as a 
c h a r a c t e r i s t i c of e l e c t r i c a l malfunction, the presence of 
p a r t i c u l a t e carbon w i t h i n the source may be observed as 
small p a r t i c l e s are ejected through the cathode apertures. 
This carbon i s u s u a l l y expelled at high v e l o c i t y and i s 
incandescent, i n d i c a t i n g a p a r t i c l e temperature i n the 
region of 1000°C. 

The approximate "beam-on" time before i n s t a b i l i t y i s 
shown f o r 6 gases i n Table 6 . The times shown are 
accumulated over many experiments and the source was 
allowed to cool and was exposed to atmosphere between 
each run. I t may be that the carbon produced by the 
d i s s o c i a t i o n of halocarbon molecules has a d i f f e r e n t 
c o e f f i c i e n t of thermal expansion to the carbon of the 
anodes. The deposited f i l m would, therefore, reach a 
c r i t i c a l thickness beyond which mechanical forces would 
cause f l a k i n g of the carbon away from the graphite. Thus 
i t i s not s t r i c t l y v a l i d to compare t i m e - t o - f a i l u r e f o r 
Ar with times f o r the other gases, as most s p u t t e r i n g 
experiments with the noble gas ran f o r s i g n i f i c a n t l y 
longer than with the f l u o r i n a t e d compounds. The table 
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TABLE 6 

Duration of Stable Operation f o r the 
B 9 3 v i t h Various Gases 

Parameter Ar 
C F 4 CHF^ 

C 2 F 6 C 3 P 8 S F 6 

Time Before 
Breakdown (min) 900 306 162 160 209 300 

Number of 
Experiments 23 

(1) 
5 
(2) 

5 
(2) 

k k 
(1) 

6 

Notes 
(1) A representative mixture of short and long r u n s . 

Shortest experiment = 23 min, longest = 100 min 
(2) Incandescent p a r t i c l e s ejected during run 5 

(3) Includes 10 minutes Operation with C^Fg 
(4) Breakdown not observed 
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includes the number of experiments performed, f o r the 
purpose of comparison. These data suggest that the 
maximum number of heating and co o l i n g cycles before 
c o r r e c t i v e maintenance, i s 4 f o r the Freons tested. The 
accumulation of elemental sulphur on the anodes observed 
a f t e r using SFg, did not s e r i o u s l y impair the performance 
of the source. Possible s o l u t i o n s to the problem of 
carbon accumulation are presented i n Section 9.1-3-

Small q u a n t i t i e s of p a r t i c u l a t e carbon may be 
removed i n - s i t u by ox i d a t i o n using an a i r discharge. This 
should only be viewed as a temporary s o l u t i o n and i s not 
a s u b s t i t u t e f o r thorough cleaning of the source 
components and replacement of the high voltage i n s u l a t o r s . 
In a d d i t i o n , the graphite components of the discharge 
chamber w i l l also become o x i d i s e d by t h i s treatment, the 
cathode g r i d i s p a r t i c u l a r l y vulnerable i n t h i s respect. 
3-2 .4 Source Heating 

Saddle-Field sources operate as cold cathode devices. 
Sources of low output power, such as the B21 r e l y on 
conduction of heat through the body and vacuum chamber 
f i x t u r e s f o r coo l i n g . The B93 source w i l l operate with a 
maximum input power of 900 W, and forced c o o l i n g of the 
source body by c i r c u l a t i n g mains water i s necessary to 
remove the thermal energy generated i n the plasma chamber. 
The anodes of t h i s device are thermally f l o a t i n g and must 
a t t a i n e q u i l i b r i u m before a beam of constant energy i s 
produced. 

The " d r i f t " of source c h a r a c t e r i s t i c s with time, 
s t a r t i n g with the source at room temperature, i s observed 
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as a progressive increase i n anode p o t e n t i a l ( i ^ , gas 
flow, pumping speed a i l constant). F i g . 3«2 shows the 
v a r i a t i o n of plasma impédance with time, f o r an argon 
discharge. The curve c l e a r l y demonstrates the l i k e l y 
errors of etch-rate r e s u l t s from samples exposed to the 
beara f o r short periods ( i . e . l e s s than 30 minutes), with 
the source s t a r t i n g c o l d . The consistency of etch-rate 
data improved s i g n i f i c a n t l y a f t e r the i n s t a l l a t i o n of a 
beam shutter which was used to protect the targets during 
the i n i t i a l period of beam energy d r i f t . Based upon 
v i s u a l i n s p e c t i o n , the B93 anodes are considered to 
equilibrarte ^ t approximately 900°C. The t o t a l impédance 

_ 3 

of the anode rods i s c a l c u l a t e d to be 7 .22 x 10 ohms, 
and i n c r e a s i n g to 7.80 x 10~^ ohms at 900°C. 

The i n c r e a s i n g plasma impédance i s due to the 
decrease i n the ion number density. This i s so because 
the electrón mean free path increases by a f a c t o r of k 
when the gas température i s r a i s e d from 293°K to 1173°K 
(at t h i s higher température A ß = l l 4 . 5 5 cm f o r a 
hyp o t h e t i c a l source plasma Chamber pressure of 
1 x 10 t o r r ) - provided the pressure and atomic diameter 
are constant. From t h i s i t follows that the r a t i o 

N Where N i s the number density of: 
Ar + 

« ions accelerated towards the cathode 
Ar 

and atoms i n j e c t e d into the source 

decreases with time u n t i l thermal e q u i l i b r i u m has been 
established. 
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3 . 3 TOTAL BEAM CURRENT DETERMINATION 
3 - 3 . 1 Expérimental Objectives 

( i ) To détermine the t o t a l beam current ( I ) by 
measurements of the etch rate of a given m a t e r i a l . 

( i i ) To show the corrélation between the etch rate and 
discharge current (ij-j) and hence 

( i i i ) V i t h a knowledge of t o t a l beam area at a given 
distance (see Section 3 - 5 ) t générâte curves f o r the 
beam current density v a r i a t i o n with cathode aperture 
to. target (.C.A.T.T. ) distance, f o r use i n other 
parts of t h i s work. 
At t h i s point i t i s necessary to define the 

parameter that i s to be measured. I t i s usual to describe 
beam current as the d i r e c t i o n a l flow of charged species, 
that i s , the current produced by a dose of n p a r t i c l e s 
over a u n i t area i n u n i t time, where the p a r t i c l e s are 
e i t h e r s i n g l y charged ions or électrons. I t has been 
reported (Franks and Ghander, 197-*) that some évidence has 
been obtained which i n d i c a t e s that a proportion of the 
beam from c e r t a i n Saddle-Field sources i s uncharged. 
Thus, the "beam current" détermination i s an " e f f e c t i v e 
beam current" measurement, as no e l e c t r i c a l parameters 
have been in v e s t i g a t e d . 

The " e f f e c t i v e beam current", I i s defined as that 
dose of p a r t i c l e s which produces an e f f e c t due to 
sp u t t e r i n g , équivalent to a flow of current caused by 
t o t a l i o n i s a t i o n ( s i n g l y charged species) of the beam. 
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I t i s also necessary to define sputter y i e l d s : 

S g (atoms/atom) (atoms/ion) 

given that the two species d i f f e r i n mass only by one 
électron, and that the t r a n s f e r of k i n e t i c energy at the 
s o l i d boundary i s equal. For t h i s to be true i t i s 
assuraed that ions are accelerated to the maximum p o t e n t i a l 
across the ion sheath close to the cathode aperture and 
that those which capture électrons subsequently s u f f e r 
n e g l i g i b l e r e t a r d a t i o n as a r e s u i t of that i n t e r a c t i o n . 
3 . 3 * 2 Design of the Experiment 

Expérimental c r i t e r i a were adopted, as f o l l o w s : 
( i ) The détermination of sputter etch rate was by 

weight loss f o r known conditions of V,, distance 
D'A* 

and time 
( i i ) The e n t i r e beam was i n c i d e n t upon the target 

( i i i ) Sputter etching experiments were conducted with 
the source operating i n (a) constant current and 
(b) constant voltage mode 

( i v ) The e f f e c t s of contamination were minimised by: 
l i q u i d nitrogen c o o l i n g of the d i f f u s i o n pump 
b a f f l e , clean préparation of samples and exclusio n 
of a i l " f o r e i g n " materials from the area exposed to 
the beam 

(v) The cathode g r i d was p a r a l l e l to the target f o r 
a i l déterminations (that i s , the axis of the source 
normal to the plane of the target) 

( v i ) The target m a t e r i a l was chosen on the basis of: 
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(a) a v a i l a b i l i t y i n s u i t a b l e sizes 
(b) bulk, rather than f i l m , of well-documented 

sputtering c h a r a c t e r i s t i c s 
(c) oxide formation at a "slow" r a t e , and e a s i l y 

removed by sp u t t e r i n g 
(d) high s p u t t e r - y i e l d under B93-A.r beam operating 

conditions 
(e) s u f f i c i e n t l y low r e s i s t i v i t y to prevent charging 

by e i t h e r p o s i t i v e ions ( i f présent) or 
secondary électron émission 

(f ) low density and minimum sheet thickness, to 
-— minimise weighing errors 

3 - 3 . 3 Expérimental Method 
3 . 3 . 3 . 1 Target Préparation 

Copper (Cu) f o i l was selected on the b a s i s of the 
l i s t e d c r i t e r i a . The f o i l , i n the form of r o l l e d s t r i p 
38 mm wide and 0 . 2 9 mm t h i c k was of low mass per u n i t 
area (approximately 0 . 2 2 6 g cm" ), Three pièces of f o i l , 
each 107 mm long were used f o r each target. The target 
was assembled by clamping the f o i l s t r i p s at the edges 
using s t a i n l e s s s t e e l screws set i n an aluminium backing 
p l a t e . The s t r i p s of f o i l overlapped such that the 
target présentée! to the beam consisted only of copper, 

2 

the exposed area of which was 1 1 5 - 5 6 cm . 
3 . 3 . 3 . 2 Target Cleaning 

Each f o i l s t r i p was degreased i n i s o p r o p y l a l c o h o l 
( u l t r a s o n i c a l l y a g i t a t e d ) , r i n s e d i n deionised water, 
etched i n n i t r i c a c i d to remove oxide (15O ml of 7 0 $ 

HNO^ +• 4 5 0 ml deionised water) f o r 3 minutes, r i n s e d 
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three times i n deionised water, washed with isopropyl 
a l c o h o l and blow-dried with warm nitrogen. Spécimens 
were weighed immédiately af t e r cleaning. 
3 . 3 - 3 . 3 Weighing 

A U targets were weighed on the same balance, of 
the single-beam, k n i f e edge type- The balance v e r n i e r 
could be read to w i t h i n an uncertainty of +_ 50 flg. 
Errors introduced i n t o the experiment are discussed l a t e r 
(see Section 3•3•5)» 

3 .3 .3.4 Target Mounting 
A f t e r weighing, the three s t r i p s were p o s i t i o h e d 

and clamped *to the backing p l a t e . The pl a t e was equipped 
with studs which located p r e c i s e l y on the water-cooled 
p l a t t e n i n a f i x e d p o s i t i o n beneath the B93. The cathode 
aperture to target distance was 73 mm throughout thèse 
experiments. 
3 . 3 . 3 . 5 Sputter Etching 

Argon was used as etchant gas f o r a i l of thèse 
experiments. A f t e r évacuation of the Chamber to the 
usual base pressure ( 1 . 2 x 10~^ t o r r ) , the source was 
allowed to reach thermal e q u i l i b r i u m at V = 3 kV with 
the beam shutter closed (shutter p o s i t i o n e d approximately 
30 mm from the cathode aperture). Targets were exposed to 
the beam f o r the required duration by opening and c l o s i n g 
the shutter with the beam conditions as s p e c i f i e d . A f t e r 
etching, the source was de-energised and allowed to c o o l . 
Venting of the Chamber was c a r r i e d out by admission of 
oxygen-free nitrogen. The target p l a t e was removed, s t r i p s 
were unclamped and re-weighed as described before. 
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3 - 3 . 4 Results 
3 - 3 . ^ . 1 Sputter Y i e l d Data 

Sputter y i e l d s [S^/( 1 + 5+)] f o r A r + on Cu have been 
obtained from the published l i t e r a t u r e ( Almén and Bruce, 
1 9 6 l; Chopra, 1969; Eckertovâ, 1977î Laegreid and Wehner, 
1 9 6 l and Southern, 1 9 6 3 ) . Thèse data were p l o t t e d as a 
f o n c t i o n of ion energy and the y i e l d s over the range of 
i n t e r e s t are shown i n Table 7» 

3 . 3 . 4 . 2 Treatment of Weight Loss Data 

The " e f f e c t i v e beam current" (Ig) has been 
determined f o r 5 values of discharge current ( i ^ ) , at 
f i x e d anode p o t e i i t i a l (v^ = 3 kv"). The sputter etch rate 
dependence on p a r t i c l e energy w i l l be discussed i n Section 
3 - 4 . As the energy of the beam could not be measured 
d i r e c t l y , the f o l l o w i n g r e l a t i o n s h i p , which was reported 
by Franks and G-hander ( 197*0» has been used: 

V B = V A . 0 . 8 5 (keV) 

For the purposes of t h i s work i t has been assumed that 
the beam i s monoenergetic and homogeneous. 

The r e l a t i o n s h i p betveen I and weight loss i s 
a 

found from the équation: 

I - !£. — (Laegreid and Vehner, 
* S .A.t 

1961) 

where 1^ = To t a l beam " e f f e c t i v e current", ( A ) 
V s Mass of sputtered copper, (g) 
S m = Sputter y i e l d , at given energy [atoms/(l + <$ + )] 

(see Table 7) 
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TABLE 7 

Reported Values of the Sputter Y i e l d 
f o r A r + on Cu 

Ar + Energy 
keV 

Sputter Y i e l d , S^, atoms/(l +5+) Ar + Energy 
keV Maximum Minimum Mean + Standard 

Er r o r 
1.0 3-25 2.5 2.98 0.242 

1.5 3 . 8 5 3 . 2 3.62 0 . 2 0 9 

2 . 0 4 . 3 5 3.7 4 . 0 1 0.153 

2.5 4 . 8 4 . 1 4 . 4 3 o. 165 

3 . 0 5-3 4 . 3 4 . 7 4 0.219 

3 . 5 — • 5-7 4 . 5 5.01 O.255 

Data obtained by i n t e r p o l a t i o n from smoothed curves 
derived from experimental r e s u l t s reported i n l i t e r a t u r e 
c i t e d i n Section 3 - 3 . 4 . 1 . 
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A = Atomic weight of copper, (63.5**) 

t = Duration of sputtering (sec) 
S was taken as 4 .^5 f o r V„ = 2.55 keV. m B 

The r e s u l t s are p l o t t e d i n Fig.3 » 3 which shows both 
" e f f e c t i v e t o t a l current" and rate of mass loss dependence 
on discharge current. These data f i t the l i n e a r 
r e l a t i o n s h i p with only small errors at I D = 150 and 250 mA. 
The "current" curve i n d i c a t e s an apparent p o s i t i v e 
i n t e r c e p t on the ordinate. I t i s believed that t h i s i s 
due, not to déviation from l i n e a r i t y at 1^ < 50 mA, but to 
a zéro er r o r on a i l scale readings of 1^. With the source 
current c o n t r o l set at minimum, the in d i c a t e d discharge 
current i s never l e s s than ~ 2 5 mA when the source i s 
operated at V A ^ 800 V. 

These data w i l l be used, i n conjunction with beam 
area déterminations, as the standards f o r the etching work 
to be described. 
3 - 3 . 5 E r r o r s i n Beam Current Déterminations 

The known e r r o r s , some of which may be q u a n t i f i e d , 
are as f o l l o w s : 

(a) The value chosen f o r Ŝ , the Sputter Y i e l d . 
Table 7 gives the déviation from the value 
selected, at a given energy. Large v a r i a t i o n s i n 
expérimental déterminations of S and déviation ^ m 
from s p u t t e r i n g theory are shown i n the 
l i t e r a t u r e (Sigmund, 1 9 6 9 ) . The 
ma t e r i a l used f o r t h i s work was thought to be 
e s s e n t i a l l y p o l y c r y s t a l l i n e as i t was r o l l e d f o i l . 
F i g . 3 ' 3 shows the e f f e c t of v a r i a t i o n s i n published 
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values of S m ( a i l at 2 .55 keV) on the " t o t a l 
e f f e c t i v e beam current". 

(b) The beam energy. This w i l l be discussed i n more 
d e t a i l i n Section 3-**' As no beam energy data are 
av a i l a b l e f o r t h i s source, there i s no means of 
quan t i f y i n g the déviation ( i f any) from the 
previously described r e l a t i o n s h i p between and 
V , Care was taken to maintain V, at the 
s p e c i f i e d l e v e l , errors would, therefore be 
constant and only influence the value of S . 

J m 
(c) Weighing e r r o r s . The maximum known er r o r 

introduced i n t o the weight déterminations i s 
± 50 n.g. The minimum measured weight loss from 
any one s t r i p of f o i l was 1.1 mg. The maximum 
error i n t h i s case i s 

5 0 X 1 0~^ x 100 = ± 4 . 5 $ 
1.1 x 10'J 

This decreased to _+ 0 . 3 $ at the maximum weight loss 
of 15.5 mg f o r one s t r i p of f o i l . 

(d) Surface contamination of the target. There was a 
small but detectable weight gain associated with 
the polymérisation of Condensed organic materials 
on targets to be described i n Section 3 - 5 - 1 - This 
r e a c t i o n only occurs at the periphery of the beam 
where the molecular condensation rate i s equal to, 
or exceeds the a r r i v a i rate of bombarding p a r t i c l e s 
This source of e r r o r i s most l i k e l y to be observed 
as a réduction i n t o t a l beam area as the beam 
current density decreases at the edges. 
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(e) The angle of incidence. This w i l l be shown l a t e r 
(see Section 3 * 5 ' 2 ) t o vary quite markedly across 
the beam area. As stated i n point (a), the targets 
were of low c r y s t a l l i n i t y and as such would not be 
expected to d i s p l a y a s i g n i f i c a n t sputter y i e l d 
dependence on bombarding p a r t i c l e angle of incidence. 
To a degrée, the e f f e c t of increasing S with 

m 
déviation from normal incidence would be compensated 
by the reduced beam current density found when moving 
r a d i a l l y away from the centre of the beam (see 
Section 3 • 5 ) • 

3.4 BEXM ENERGY DETERMINATIONS 
The etch rate dependence on p a r t i c l e energy has been 

measured using Ar bombardment of copper. The expérimental 
procédures were i d e n t i c a l to those described i n Sections 
3 . 3 . 1 to 3 . 3 . 4 . The source was s t a b i l i s e d at I D = 150 mA, 
with f i v e values of.V i n the range 1 kV to 3 kV. 

Fig.3 « ^ shows the removal rate of copper from the 
ent i r e target p l o t t e d as a fu n c t i o n of p a r t i c l e energy. 
This graph also shows the sputter y i e l d s published i n the 
l i t e r a t u r e ( c i t e d i n Section 3.3«^*l) p l o t t e d against 
A r + energy. The curve of expérimental r e s u l t s show that 
the removal rate increases smoothly with i n c r e a s i n g energy. 
There i s no évidence to suggest any déviation from the 
p r o p o r t i o n a l i t y : 

V V
k 

over the range of énergies examined, although the value 
f o r k i s assumed to be O.85 i n the absence of a n a l y s i s by 
other techniques. 
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The question of absolute values f o r I _ and V_ are 
discussed i n Section 9 . 1 . 5 » 

3-5 BEAM CURRENT DISTRIBUTION 
The "current" d i s t r i b u t i o n v i t h i n the beam i s 

p r i m a r i l y dependent upon: 
(a) The anode plane to cathode aperture distance 
(b) The anode rod séparation 
( c ) The s i z e t shape and d i s t r i b u t i o n of the cathode 

apertures. 
In a d d i t i o n , t h i s c h a r a c t e r i s t i c i s dependent upon 

the anode p o t e n t i a l ( i . e . the gas pressure w i t h i n the 
plasma cnambêr), as already discussed (see Section 2 . 2 . 7 ) . 

This e f f e c t w i l l be i n v e s t i g a t e d as part of the Proposais 
f o r Further Work (see Section 9 . 1 . 1 ) . 

Using weight loss data, the beam current 
d i s t r i b u t i o n of the B93 source operating with argon has 
been obtained. 
3 . 5 . 1 Sputtering of Copper with Argon 

For t h i s experiment, copper f o i l i d e n t i c a l to that 
described i n Section 3•3» 3•1 was used. Using a sheet 
metal punch, 100 f o i l squares 10 mm x 10 mm were prepared. 
The squares were i n d i v i d u a l l y numbered (by s c r i b i n g on the 
rear f a c e ) , cleaned and weighed as pr e v i o u s l y described 
(see Sections 3 « 3 . 3 - 2 and 3 . 3 . 3 - 3 ) . A matrix of 10 columns 
and 10 rows of copper pièces was prepared by mounting on 
an aluminium backing p l a t e , using s i l v e r "Dag" as 
adhesive. 

A f t e r evaporation of the solvent contained i n the 
"Dag", r e s i d u a l s i l v e r p a r t i c l e s were removed from the 
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exposed surface of copper using a svab soaked with 
acétone. The target so produced was a 10 cm x 10 cm 
copper sheet which was raounted beneath the B93 i n the 
same p o s i t i o n as f o r previous experiments (see Section 
3.3 .3 .*+) ' Due to the précision with which the squares had 
been eut, there was no s i g n i f i c a n t exposed area of s i l v e r 
or aluminium between any of the i n d i v i d u a l t a r gets. 

A f t e r the usual pump-down and source équilibration 
procédures, the target was exposed to an argon beam of 
Vg=2.55keV, Iß = 2 5 0 mA, 72 mm cathode aperture to target 
distance, f o r 100 minutes. The axis of the source was 
normal fo~~ thè target plane, the etchant gas was f i l t e r e d 
and the d i f f u s i o n pump b a f f l e was cooled with l i q u i d 
nitrogen. F i g . 3-5 shows the target a f t e r etching. 

The copper squares were removed from the backing 
plate a f t e r sputter etching, using acétone to re-suspend 
the s i l v e r . F i n a l l y , the squares were weighed and the 

_2 
weight loss was expressed d i r e c t l y as grammes cm 

The r e s u l t s are shown p l o t t e d i n F i g . 3 . 6 i n which 
unes on the X and Y axes represent columns and rows of 
the matrix. The Z ax i s i s p l o t t e d d i r e c t l y as weight 
l o s s , the peak représenta k.6 mg cm- . The " e f f e c t i v e 

2 

beam current density" over any 1 cm area of the matrix 
i s d i r e c t l y p r o p o r t i o n a l to the weight l o s s , provided: 

(a) v a r i a t i o n s due to bombarding p a r t i c l e angle of 
incidence, and 

(b) différences i n beam energy tare small enough to be 
disregarded 
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As stated previously, (a) i s expected to be very small f o r 
t h i s target. No expérimental data are a v a i l a b l e on the 
energy d i s t r i b u t i o n , t h i s must be analysed at a l a t e r date. 
Therefore, using the a v a i l a b l e data, Fig.3-6 i s a 
représentation of the B93 argon beara. 

The data produced by a n a l y s i s of the expérimental 
r e s u l t s are summarised i n Table 8 . The f i g u r e of 4.8 mA 
f o r the t o t a l "current" i s lower than the raean value 
(6.4 mA) described i n Section 3.3-4.2. The reason f o r 
t h i s i s as f o l l o w s : during the f i r s t few minutes of 
bombardment, the target appeared to darken, then thé 
centre graduàlly"became l i g h t e r as b r i g h t , a t o m i c a l l y 
clean copper was exposed. A f t e r etching, the edges of 
the target appeared dark, with "streaks" c l e a r l y v i s i b l e . 
The "streaks" coincided with the swabbing movements made 
to remove the excess "Dag" from the surface. In order 
to correct t h i s t o t a l beam "current" i t would be necessary 
to allow f o r : 

(a) The time différence: t, = t 1 + t 0 

t o t a l l ei 

where t ^ i s the time taken to remove the 
contamination by spu t t e r i n g 

t 2 i s the duration of s p u t t e r i n g the copper 
target 

(b) The reduced area of the beam - t h i s e f f e c t i s 
considerably smaller than that of (a). For the 
periphery of the beam, Where the "current" density 
i s low, the ion a r r i v a i rate i s s i m i l a r to the 
condensation rate of organic contaminants (from the 
"Dag" and from the vacuum pumps), there was only 
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TABLE 8 
Summarised Data f o r 

B93 Beam "Current" D i s t r i b u t i o n 

Parameter Tot a l 
Target 

Me an 
D i s t r i b u t i o n 

Weight Loss 81,4 mg 1.43 mg cm 

" E f f e c t i v e 
Current" * 4 ,8 mA 84 . 15 M-A cm"2 

Area with Measured 
Weight Loss 

2 

57 cm -

Area with Measured 
Weight Gain 

2 
30 cm 

(4 . 9 5 mg t o t a l ) 
-

Area with no 
Measured 

Weight Change 
m 2 
13 cm -

* Sputter y i e l d (S ) taken as 4 , 4 5 atoms/"ion" at 2 .55 keV 
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slow sputter removal of contamination introduced by 
the swabbing and the copper remained coated. I t i s 
of i n t e r e s t to note that a f t e r bombardment, the 
contamination présent on the targets outside of the 
defined beam area was tenaciously bonded and appeared 
to remain a f t e r u l t r a s o n i c a g i t a t i o n i n acétone. 
The d i s t r i b u t i o n of "current density" w i t h i n the 

beam i s shown p l o t t e d i n F i g . 3*7 • This graph shows the 
rate of decrease of "beam current density" when moving 
away from the point of maximum (271 \XA cm" ). 
3 . 5 . 2 Beam Divergence 

At the target surface (described i n Section 3-5*l)» 
the beam area i s defined by an etched région enclosed by 
an octagon. This géométrie shape i s s o l e l y due to the 
p r o j e c t i o n of the cathode g r i d matrix on to the target. 
The cathode g r i d comprises 52 holes i n a symmetrical array 
of 8 rows , the outerraost holes i n t h i s matrix form a 
regulär octagon. The beam contains 5 2 "beamlets" as a 
conséquence. The octagonal etched area at the target , 
however, i s elongated i n that plane, i n the d i r e c t i o n 
perpendicular to the anode axes. I t i s p o s s i b l e to 
characterise the beam i n terms of: 

(a) The component p a r a l l e l to the anode rods 
(b) The component perpendicular to the anode rods 
(e) The beamlet matrix ( t h i s w i l l be discussed i n 

Section 3 . 5 . 3 ) . 

3 . 5 . 2 . 1 The P a r a l l e l Component 
F i g . 3«8 shows a sectional,exploded view of the 

source and target arrangement. The weight loss 
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d i s t r i b u t i o n i s d i r e c t l y p r o p o r t i o n a l to the p a r t i e l e 
dose. From t h i s d i s t r i b u t i o n i t can be seen that a 
c e n t r a l , intense beam i s superimposed on a broad élément 
with steep leading and t r a i l i n g edges. This beam p r o f i l e 
i s t o t a l l y d i s s i m i l a r to the c o l l i n a t e d output of a heated 
filament source with e x t r a c t i o n g r i d s , but demonstrates 
the uniformity that has been obtained by designing the 
rods to be s i g n i f i c a n t l y l a r g e r than the cathode aperture. 
The angular divergence of the beam i n t h i s d i r e c t i o n i s 
3 8 . 3 degrees, taking the point of o r i g i n as the plane 
which i n t e r s e c t s both anode axes. 
3 - 5 • 2 , 2 "Trie "Perpendicular Component 

The component of the beam perpendicular to the anode 
rods i s depicted i n F i g . 3*9. In t h i s d i r e c t i o n , the 
target etch rates show that the c e n t r a l peak i s s t i l l 
présent, but that "beam current" decreases more slowly on 
moving away from the centre. In t h i s d i r e c t i o n , therefore, 
the beam divergence i s greater ( 4 2 . 8 ° from the anode plane 
centre p o i n t ) , and the uniformity i s reduced. 
3 . 5 . 3 Beam "Current"Density 

F i g . 3 ' 7 shows that the beam "current"density ' v a r i e s 
considerably. These data were obtained f o r a cathode 
aperture to target distance of 73 mm, but most of the 
etching of semiconductor m a t e r i a l s , t o b e deseribed, was 
c a r r i e d out at a C.A.T.T. séparation of 150 mm. Therefore 
i t i s necessary to c o r r e l a t e : 

(a) T o t a l beam "current" ( F i g . 3-3 ) 

(b) T o t a l beam area (Table 8 ) 
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(c) V a r i a t i o n of beam area with distance from the 
cathode and hence beam "current" density dependence 
on distance and discharge current. 

Fig . 3 > 1 0 gives the c a l c u l a t e d expansion i n beam area 
f o r the range of séparations normally encountered 
(100 - 250 mm). At greater distances the "current" 
density i s too low to be of p r a c t i c a l use. F i g . 3.11 i s 
the working calibrâtion chart f o r experiments to be 
described on the etching of semiconductor m a t e r i a l s . The 
error bars have been t r a n s f e r r e d from F i g . 3-3 and 
i n d i c a t e the spread of possible values f o r S . The 

m 
p o s i t i v e i n t e r c e p t on the abcissa i s due to the discharge 
current o f f s e t zéro, as described i n Section 3 . 3 . k . 2 . 

3 . 5 . 4 Beamlet Etch Patterns 
At C.A.T.T. distances of 150 mm or l e s s , etch 

patterns produced by i n d i v i d u a l beamlets are often 
c l e a r l y v i s i b l e to the unaided eye, as shown i n F i g . 3 « 1 2 . 

This e f f e c t i s most pronounced close to the centre of the 
beam where: 

(a) the "current" i s gréâtest and hence so i s the etch 
rate 

(b) i n d i v i d u a l "beamlets" are l e s s divergent than those 
at the edges of the beam 
Table 9 gives b r i e f détails of measurements taken 

on four wafers exposed to an argon beam. These data 
suggest a c o r r e l a t i o n between the beamlet divergence and 
discharge current, p o s s i b l y due to space charge l i m i t i n g . 
The i m p l i c a t i o n s of t h i s type of etching non-uniformity 
are important, and w i l l be discussed i n Section 9.2. 
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TABLE 9 
"Beamlet" Etching of S i 0 2 by 

B93 In.jected with Argon 
A i l a t : Y, = 3 kV A 

C.A.T.T. Distance = 1 5 0 mm 
Source Axis Normal to Target Plane 

Sample (mA) 
Mean Distance 

Between 
Centres mm * 

Mean Beamlet 
Etched Pattera 
Diameter, mm 

Beamlet 
Divergence 
Degrées 

(UBAO) 1 100 1 2 . 7 5 10 3 - 3 

2 150 1 2 . 9 1 0 . 5 3.-+ 

•3- 2 0 0 1 2 . 1 2 7 . 6 2 . 5 

k 2 5 0 1 2 . 5 6 . 7 5 2 . 2 

* 38 mm diameter wafers 
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At lover p a r t i c l e énergies ( < < 2 . 0 kV^), the 
beamlet etch patterns are less c l e a r l y defined- Operation 
of the source i n the "glow discharge" or "wide beam" 
mode at low anode p o t e n t i a l gives r i s e to t h i s 
c h a r a c t e r i s t i c of low p a r t i c l e e x t r a c t i o n e f f i c i e n c y . 

Fig.3*13 shows the v a r i a t i o n i n etch depth over a 
small area of sputtered SiOg. The r e s o l u t i o n t e s t pattern 
was defined i n negative photoresist and the etching 
conditions were as shown on the graph. As thèse patterns 
are arranged i n groups, some data are missing from the 
area between two sets of etched p r o f i l e s . The maximum 
vari a t i o n - is* 2240 to 2740 A" depth along a 2 . 2 mm Talysurf 
Scan length, which corresponds to an etch rate uncertainty 
of v- + 10$ ( 4 l . 5 + 4 . 1 8 % min" 1). 
3 - 5 . 5 P a r t i c l e E x t r a c t i o n E f f i c i e n c y 

This s e c t i o n continues the a n a l y s i s of the r e s u l t s 
described i n Sections 3 . 3 - 4 . 2 and 3 . 4, sp u t t e r i n g of 
copper with argon. The terras are defined as f o l l o w s : 

(a) E x t r a c t i o n - e l e c t r o s t a t i c accélération of a 
charged species ( s i n g l y or m u l t i p l y p o s i t i v e l y 
charged) across the ion sheath and out of the 
source through the cathode aperture. 

(b) P a r t i c l e s - p o s i t i v e l y charged species which raay be 
d e r i v a t i v e s of atoms or molécules, n e u t r a l i s a t i o n 
of the p o s i t i v e charge may or may not occur before 
impact at the target surface. 
From previous sections, the définition that I„, the 

13 

" e f f e c t i v e beam current" r e f e r s to a i l bombarding 
p a r t i c l e s i n the beam. The " e f f e c t i v e beam power" i s : 
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W. = V_ . I_ (watts) beam B B v y 

The power suppliecl to the discharge i s : 

V. . . = V, . I_ (watts) discharge A D x ' 

where = anode p o t e n t i a l , v o l t s 
= discharge current, amp 

The p a r t i c l e e x t r a c t i o n e f f i c i e n c y (which would be 
e l e c t r i c a l conversion e f f i c i e n c y i f the beam were compos 
e n t i r e l y of ions) i s 

W beam ___ , x 100 percent 
discharge 

Référence to Fig.3«l 4 shows that the e f f i c i e n c y slope of 
1^ = constant, i s greater than that f o r the case 
V. = constant A 

E f f i c i e n c y I constant = 2 . 8 6 $ 

E f f i c i e n c y V A constant = 1 .98$ 

The r e s u l t s appear to be consistent f o r the two 
groups as the same W, vas obtained ( 1 0 . 5 6 W) i n both * beam \ s / 

sets of experiments (argon beam, V : 3 kV, I : 150 mA). 
The increase i n the slope of the [ 1^ constant] curve 
i s considered to be due to the i n c r e a s i n g i o n i s a t i o n 
e f f i c i e n c y of électrons accelerated to greater énergies 
i n the saddle f i e l d , because of the r i s e i n anode 
p o t e n t i a l . 
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Construction d e t a i l s of the B 9 3 sour 
A l l dimensions i n mm. 
Scale 1:2 
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FIG.3.3 T o t a l Beam "Current", I-R. and removal 
rate of copper as a f u n c t i o n of B93-argon. 
discharge current f I p ) . For V = 2.55 keV 

Err o r bars i n d i c a t e the v a r i a t i o n of 
published s p u t t e r - y i e l d data 

8-
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FIG.3.4 Removal rate of copper as a fu n c t i o n of 
bombarding p a r t i c l e e n e r g y f o r a 3 
argon beam 

X Laegreid & Uehner(1961 
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experimental 
results 
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^ e x p e r i m e n t a l results 
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FIG.3.5 Copper f o i l matrix used for beam "current" 
d i s t r i b u t i o n measurements. 

Target shown a f t e r sputtering using: 
B93 source i n j e c t e d with argon 
V B: 2 .55 keV 
I D : 250 mA 
C.A.T.T.: 72 mm . 
100 minutes 
The octagonal o u t l i n e of the beam can be i d e n t i f i e d 
from the changes i n colour of the target. 



FIG.3.6 Représentation of the B93 beam based upon 
the argon s p u t t e r i n ^ of copper. For a 
matrix of 10 x 10 f o i l squares. 
V = 2 . 5 5 keV, I = 250 mA, C.A.T.T. = 72 mm, 
100 min. 
The Z axis i s p l o t t e d as weight l o s s , the 
peak corresponds to '4.6 mg cm"2 

Anodes 
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FIG.3.7 B93 Ar Beam "Current" D i s t r i b u t i o n 
P a r a l l e l and Perpendicular to the 
Anode Axes. 

V4 3kV 

ID 250mA 

CATT 72mm 



FIG.3.8 _B93 a r g o n beam d i v e r g e n c e and s p u t t e r e t c h 
r a t e o f c o p p e r f o r the component p a r a l l e l 
to rhe anode axes 

1 2 3 4 5 6 7 8 9 10 
position on centre line of target, cm 



FIG.3.9 B93 a r g o n beam d i v e r g e n c e and s p u t t e r e t c h 
r a t e o f cop p e r f o r the component p e r p e n d i c u l a r 
to the anode axe s . 

Anodes 

a=42-8 

Cathode 
Aperture 



FIG. 3.10 B 9 3 Beam Area (determined f o r argon) 
as a Function of the Cathode Aper i u r e 
to Target distance 

-89-



300-1 

i 

O 
1 

150mm. 

Beam "Current" Density. McnT"^ 

FIG. 3.11 B93 Beam "Current" Density; (determined f o r a r g o n ) as a fu n c t i o n of 
discharge current, with C.A.T.T. distance as parameter 



FIG.3.12 B93 argon beamlet etch, patterns on SiO 
C.A.T.T. 150 mm, V ß: 2.55 keV. Source 
normal to target plane. 

(a) Spe cimen 48A02, Ig (mean value): 26 LŁA cm" 

'—
1
 10mm 

(b) Spe cimen k8A0k f Ig (mean va l u e ) : 4 l p.A cm~^ 



FIG.3.13 Etch depth v a r i a t i o n produced by the a c t i o n of 
one beamlet. B93 argon beam, SiO n target. 
Vafer shown i n F i g . 3.12(b) 

'e •<l 
l i 

UJ 

Distance dlonq Talysurf scan, mm. 
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FIG. 3.14 P a r t i c l e E x t r a c t i o n E f f i c i e n c y f o r 
constant current and constant voltage. 
B93 5ource, argon beam, s p u t t e r i n g of 
copper. 

20—t 

Oischarqe power tWatts 
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4 . ION BEAM ETCHING WITH SADDLE-FIELD SOURCES 
h . 1 INTRODUCTION 

Ion beam s p u t t e r i n g (or "ion m i l l i n g " ) using noble 
gases such as argon i s an esta b l i s h e d technique that has 
been applied, using various types of ion source t o : 
shaping and p o l i s h i n g of glass f o r lenses (Townsend,1970), 

preparation of specimens f o r e l e c t r o n microscopy (Kynaston, 
1 9 7 0 ) , f a b r i c a t i o n of Surface Acoustic Wave (S.A.W.) 
devices ( B o l l i n g e r , 1 9 7 7 ), production of bubble memories 
(Maddox, 1 9 8 0 ; M e l l i a r - S m i t h , 1976; Texas Instruments, 
1 9 7 7 ) and i n - s i t u SEM studies of the s p u t t e r i n g process 
(Lewis, et a l . , 1 9 8 0 ) . 

This chapter w i l l describe the experimental r e s u l t s 
that have been obtained f o r various materials by i o n 
m i l l i n g using Saddle-Field sources, such as etch r a t e s , 
etch-rate r a t i o s and etched p r o f i l e s . These data w i l l be 
compared with the r e s u l t s of r e a c t i v e ion beam etching of 
the same ma t e r i a l s . Most of t h i s work has been c a r r i e d 
out with the B93 source, which was described i n d e t a i l i n 
Chapter 3- Ce r t a i n data are presented on the use of two 
other sources, the B21 and the B95, the c h a r a c t e r i s t i c s of 
which are given i n Appendix IV. 

Reactive ion beam etching (R.I.B.E.) (or "reactive 
ion m i l l i n g " , R.I.M.) i s a hybrid of two techniques and 
combines the anisotropy of spu t t e r i n g with the chemical 
a f f i n i t y of plasma/reactive i on etching. For the 
s a t i s f a c t o r y d e f i n i t i o n of sub-micron etched l i n e s 
v e r t i c a l p r o f i l e s are required and so the etchant species 
should be d i r e c t e d normally to the target and with the 

- 9 4 -



minimum of k i n e t i c energy to reduce s p u t t e r i n g e f f e c t s and 
damage to the ma t e r i a l . I t i s important that the etchant 
species possess chemical a f f i n i t y f o r the ta r g e t , i d e a l l y 
not f o r the r e s i s t and substructure and do not d i f f u s e and 
cause l a t e r a l etching. In a d d i t i o n , the products of the 
re a c t i o n must be s u f f i c i e n t l y v o l a t i l e at ^10°C (the 
usual température of a water-cooled wafer holder) to be 
removed i n the pump exhaust. 

As with plasma and r e a c t i v e ion etching, the 
re a c t i v e species u s u a l l y chosen i s a halocarbon or 
halogen-containing fragment, produced by the d i s s o c i a t i o n 
of a normally s t a b l e , parent halocarbon (or other source 
of halogens). The work to be described has been with four 
fluorocarbons of the "Fréon" family and sulphur 
hexafluoride. B r i e f détails of thèse Compounds are 
included i n Appendix I I I . 

The use of ch l o r i n e and chlorocarbons has r e c e n t l y 
been described by workers i n v e s t i g a t i n g the r e a c t i v e ion 
etching of S i l i c o n and I I I - V Compounds (Smolinsky, et. a l . , 
1981ï Donnelly and Flamm, 1981). Chlorinated Compounds 

have not been used as etchants i n t h i s study. As the B93 
source i s constructed mainly of aluminium, and the plasma 
Chamber i s l i n e d with graphite, expo sure to a discharge 
containing chlorine i s expected to lead to dégradation of 
the source components. 

A number of papers have been published i n the 
l i t e r a t u r e on the use of heated filament sources f o r argon 
ion m i l l i n g and r e a c t i v e ion beam etching. The author i s 
not aware of any published information, except that l i s t e d 
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i n Chapter 12, on the use of Saddle-Field sources with 
r e a c t i v e gases. Comparisons w i l l be made, where p o s s i b l e , 
between the expérimental work c a r r i e d out by the author 
and published data f o r heated filament sources. 
Etching of Polymeric R e s i s t M a t e r i a l s 

The etching c h a r a c t e r i s t i c s of r e s i s t (U.V. and 
electron-beam c r o s s l i n k i n g materials) have not been 
inve s t i g a t e d f o r the f o l l o w i n g reasons: 

(a) This programme was concerned with the mechanisms of 
etching at the target surface ( r e s i s t materials are 
s p e c i f i c a l l y excluded as targets i n t h i s context). 
Masks of phot o r e s i s t and electron-beam r e s i s t have 
been used s o l e l y to t r a n s f e r a patter n f o r the 
purposes of i n v e s t i g a t i n g the etching process. The 
c h a r a c t e r i s t i c s of r e s i s t f i l m s are, therefore, of 
secondary importance, and référence w i l l be made to 
t h i s aspect i n Section 9 . 6 . 

(b) The measurement of r e s i s t f i l m thickness could not 
be r e a d i l y undertaken. Contact methods (Rank-Taylor-
Hobson Talysurf IV instrument) proved to be too 
severe, producing scoring of the f i l m even a f t e r 
a p p l i c a t i o n of a sputtered gold f i l m . 

4.2 ETCHING OF 3 i 0 2 

The s i l i c o n dioxide used i n t h i s work was 
e x c l u s i v e l y of the form produced by the high température 
( x 1000°C) ox i d a t i o n of semiconductor q u a l i t y p o l i s h e d 
s i l i c o n ( f o r process schedule see Appendix l ) . This 
material i s required as an intégral part of the M.O.S. 
f a b r i c a t i o n procès s, which i s described elsewhere i n t h i s 
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t h e s i s (see Chapters 5 a n d 6 ) . I t i s of fundamental 
importance that the c r i t e r i a o u t l i n e d i n Section 1 . 4 

should be followed i n the case of SiO^ etching i f the 
required réduction i n device geometries i s to become a 
r e a l i t y . 

The etching of SiO^ t>y ion m i l l i n g i s w e l l 
documented i n the l i t e r a t u r e and t y p i c a l data are given 
i n Table 1 0 . This information may be compared with the 
etching c h a r a c t e r i s t i c s of the teams produced by Saddle 
F i e l d sources. As SiO^ i s etched more r a p i d l y than S i by 
fluorocarbon p a r t i c l e beams, t h i s i s a u s e f u l d i a g n o s t i c 
technique f o r the évaluation of w a l l p r o f i l e s and 
assessment of the etching process. Summarised data f o r 
the etching of SiO^ with beams produced by i n j e c t i n g 
various gases i n t o the B93 source, are shown i n F i g . 4 . 1 . 

4 . 2 . 1 Etching with Argon 
4 . 2 . 1 . 1 Etch Rate Dependence on P a r t i c l e Energy 

The SiO^ etch rate dependence on argon p a r t i c l e 
energy i s shown i n F i g . 4 . 2 f o r measurement made at four 
points on each of four wafers. P o s i t i o n B c o n s i s t e n t l y 
etches f a s t e r than the points c l o s e r to the periphery of 
the wafer, due to the increased current density on the 
beam a x i s . The drop i n etch rate at P o s i t i o n B, 2 . 5 5 keV 
beam energy i s greater than expected, but can be explained 
i n terms of errors introduced by not taking "Talysurf" 
measurements at i d e n t i c a l points on each wafer. S i m i l a r l y , 
p o s i t i o n i n g errors are probably responsible f o r the 
abnormally low etch rate at V D = 1 . 2 8 keV on P o s i t i o n D. 
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TABLE 10 

Published Etch-Rate Data f o r the 
Ar M i l l i n g of S i and SiQ 2 

M a t e r i a l Etch Rate 
S. min~l * 

B. CD. ** 
mA cm-2 

Ion Energy 
eV Reference 

SiO, 

120 
100 

55 
280 
399 
180 
255 
450 
4 l 7 
420 

0.32 
? 

0 . 4 
1 .0 
1 .0 
0 . 5 
0 . 6 
0 . 8 
0 . 8 5 
1 .0 

300 
500 
500 
500 
500 
600 

1000 
1000 
1000 
1000 

S i 

215 
488 
165 
230 
265 
420 
333 
360 

1 .0 
1 .0 
0 . 5 
0 . 4 
0 . 6 
0 . 8 
O.85 
1 .0 

5 0 0 
5 0 0 
6 0 0 

1 0 0 0 
1 0 0 0 
1 0 0 0 
1 0 0 0 
1 0 0 0 

Beam at normal incidence. ** Beam Current Density 
References 

( l ) Lee, 1979 
(21 H o r i i k e , et. a l . , 1979 
(3) Matsui, et. a l . , 1980 
(4) Gloersen, 1976 
(5) Harper, et. a l . , 1981 
(61 Mader and Hoepfner, 1976 
(7) Cantagrel and Marchal, 1973 
(8) Meusemann, 1979 
(9) Spencer and Schmidt, 1971 
10) B o l l i n g e r , 1977 
11) Hosaka, et. a l . , 198I 
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4.2.1.2 Sputter Y i e l d Déterminations 
Etch rate data are not very meaningful unless a i l 

the relevant etching parameters are quoted. Comparisons 
of r e s u l t s published by several workers using i d e n t i c a l 
equipment are often not possible as beam energy and 
current density are at variance. Table 10 illustrâtes 
t h i s point by showing a représentative sélection of etch 
rate data from l i t e r a t u r e published over an eight-year 
period. A i l of the r e s u l t s were obtained from the etching 
of s i n g l e c r y s t a l S i and thermal SiO^ by argon i o n beams 
at normal incidence, produced by heated filament 
("Kaufman") sources. 

The measured sputter y i e l d f o r argon bombardaient i s 
denoted by S . In the case of f l u o r i n a t e d etchants, the m 
measured or "apparent" y i e l d i s : 

S, = S + S where S i s the y i e l d due to A m e c 
chemical r e a c t i o n 

The true and apparent sputter y i e l d s f o r a i l materials 
have been determined using the r e l a t i o n s h i p : 

R(Q) = 9 - 6 x 1 0 2 5 I ̂  cos(d) ( B o l l i n g e r and Fink, 
n 1980) 

where R(6)= removal r a t e , A* min 
_2 

I = beam current, mA cm 
S(#)= Sputter y i e l d , atoms or molécules ion 1 

( p a r t i c l e """) 
Q = angle of incidence of the beam (cost9 = 1 f o r 

normal incidence) 
n = atomic or molecular density of the target 

(cm ) (see Appendix I I I f o r values used) 
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Number of atotns or molécules mole" 1 - 3 n = — -1 • " ' cm 
Molecular Weight/Density 

which i s the p r a c t i c a l method f o r the treatment of etch-
rate data. By rearranging and ensuring that: 

(a) the beam energy i s constant between experiments 
and(b) only data are taken from the sample exposed to 

that part of the beam at normal incidence (close to 
the centre of the B93 beam) then: 

Rn 
S = „ g atotns or m o l e c u l e s / p a r t i c l e 

m I x 9 . 6 x i o 2 5 

which may be used to give the true or apparent sputter 
y i e l d f o r i n d i v i d u a l etch-rate r e s u l t s . A l t e r n a t i v e l y , 
the f o l l o w i n g has been used where several data points were 
a v a i l a b l e (at constant p a r t i c l e energy), by p l o t t i n g R 
against I , the sputter y i e l d i s found from: 

_ Slope x n , / , . , S = — rrr atoms or mol e c u l e s / p a r t i c l e 
m 9 . 6 x l o 2 3 

F i g . 4 . 3 shows the sputter y i e l d dependence on ion 
energy f o r the published data présentée! i n Table 1 0 . 

Apart from the curious p o s i t i o n of point ( 3 ) » a i l of thèse 
data show the gênerai trend of in c r e a s i n g with i on 
energy. Only data taken from the etching of SiO^ by B 9 3 

argon beam at V values l e s s than 1 keV can be compared 
d i r e c t l y with the published "ion beam" data, but the 
agreement here i s good. Also shown f o r coraparison are 
f i v e data points f o r the A r + sputtering of fused quartz 
(Davidse and Mai s s e l , 1 9 6 7 ) . The v a r i a t i o n of sputter 
y i e l d data f o r the B 9 3 beam etched spécimens i s rather 
large. The raost accurate data, at 2 . 5 5 keV were taken 
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from the graph of R against I shown i n F i g . 4 . 4 f o r f i v e 
separate experiments. The v a r i a t i o n of the slope was 
from 1 3 0 0 to l46o (& min~ ) (mA cm" )" . The weight loss 
dependence of copper targets on p a r t i c l e energy ( F i g . 3 - 4 ) 

shows a smooth increase, i n accord with the published 
data. I t seems l i k e l y , therefore, that the shallow slope 
of the B93 curve i s mainly due to errors i n etch depth 
measurements at predetermined points on the four wafers. 
The B 9 3 beam r e s u l t s are also displaced towards higher 
energy (comparing sputter y i e l d s ) which i s i n agreement 
with the fi n d i h g s of Davidse and Ma i s s e l . The absolute 
values of sputter y i e l d appear to be consistent with those 
given i n the l i t e r a t u r e , which tends to confirra the 
estimations of beam "current" by the s p u t t e r i n g of copper. 
4 . 2 . 1 . 3 Etched P r o f i l e s 

From S.E.M. studies of etched bars defined i n 
photo r e s i s t using a g r a t i n g p a t t e r n , the w a l l angle i s 
estimated to be approximately 6 0 " to the substrate, as 
shown i n F i g . 4 . 5 . The angle of maximum etch r a t e , which 
leads to facets of corresponding w a l l angle, i s given by 
some workers (Lee, 1 9 7 9 ) and ( B o l l i n g e r and Fink, 1 9 8 0 ) as 
4 5 - 5 0 ° , and by others (Mader and Hoepfner, 1 9 7 6 ) as 6 0 ° , 

f o r beams produced by heated filament sources. Continued 
m i l l i n g causes thinning of the r e s i s t , t r a n s f e r of the 
angled w a l l to the target bulk and loss of l i n e w i d t h 
c o n t r o l . U l t i m a t e l y , as shown i n F i g . 4 . 6 the s i d e w a l l 
slopes j o i n at the centre of the bar. In t h i s micrograph 
the f ace t angle i s at about 30° "to the substrate, 
s i g n i f i c a n t l y lover than that seen i n F i g . 4 . 5 . I t i s 
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l i k e l y that t h i s d e v i a t i o n was caused by the two d i f f e r e n t 
C.A.T.T. distances used, and hence the v a r i a t i o n i n angle 
of incidence of the beam. Craters are also evident i n 
t h i s micrograph where, i t i s thought, l o c a l i s e d heating 
of the r e s i s t has caused b l i s t e r s to form and burs t , 
l e a v i n g the SiO^ unprotected. 

A f t e r etching S i 0 2 masked with a pattern i n 
polymethyl-methacrylate (PMMA), using an argon beam from 
a B21 source, redeposited debris has been observed, and i s 
described i n Chapter 5« Redeposited p a r t i c u l a t e debris of 
t h i s nature has not been observed on samples exposed to a 
B93 argon beam. 
4 . 2 . 2 Etching with CF,̂  
4 . 2 . 2 . 1 Etch Rate Dependence on P a r t i c l e Energy 

The apparent sputter y i e l d s obtained by two groups 
using heated filament sources are shown i n F i g . 4 . 7 » along 
with the experimental data f o r t h i s study. The s i n g l e data 
point due to the Japanese study (Matsui, et. a l . , 1 9 8 0 ) 

i s again conspicuously low, suggesting a po s s i b l e e r r o r 
i n beam current determination or etch depth measurement. 
The data points shown f o r B93 etching are derived from a 
graph of R against I at constant energy. The apparent 
sputter y i e l d dependence on p a r t i c l e energy has not been 
in v e s t i g a t e d f o r B93-CF i + beams. 

The work reported by Harper, et. a l . was expressed 
as atoms/ion and f o r consistency here has been scaled to 
give S i 0 2 molecules/ion. No data are given by Harper f o r 
ion energies i n excess of 1 .5 keV, which i s greater than 
the normal operating maximum f o r that type of source. I f 
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the same rate of increase with energy were to be 
maintained, the apparent sputter y i e l d would be 
approximately 1 . 2 3 at 2 . 5 5 keV, which i s only about 10% 
greater than the maximum value determined at that energy 
f o r the B93-CF^ etching of S i 0 2 . The r e s u l t s of Harper 
et. a l . show that when etching was performed with a s i n g l e 
g r i d heated filament source the sputter y i e l d was 
s i g n i f i c a n t l y lower ( l . 3 compared to 2 at 2 0 0 eV"), data 
were not presented f o r énergies i n excess of 250 eV. 
These authors a t t r i b u t e t h i s to an accumulation of 
Polymerie m a t e r i a l on the target and source anode, which 
depletes the beam of etchant S p e e l e s . I t i s not po s s i b l e 
to compare the c h a r a c t e r i s t i c s of the two sources d i r e c t l y 
as the B 9 3 w i l l not produce p a r t i c l e s of le s s than about 
800 eV (V_). Polymer deposits have not been observed 
i n s i d e the B 9 3 source or on targets when CF^ has been 
i n j e c t e d and when = 2 . 5 5 keV. The reported formation 
of polymers a t low energy i s i n d i c a t i v e of a free r a d i c a l 
mechanism (which would account f o r the formation of 
polymers on the hot anode surface of the heated filament 
source), p o s s i b l y based on the d i f l u o r o - m e t h y l d i r a d i c a l , 

The apparent sputter y i e l d s determined f o r SiO,-, 
etched by B93-CF^ beam appear to be e i t h e r s h i f t e d towards 
higher energy or a lower value of S,. For thèse r e s u l t s 

A 
to agrée with those f o r the heated filament source, the 
r e l a t i o n s h i p between V, and would have to be : V_ s Û.'t.V., 

A B B A 
A l t e m a t i v e l y , the value of i s a r t i f i c i a l l y low because 
of the use of i n v a l i d beam "current" data. The beam 
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"current" density f o r a CF^ beam has not been measured 
d i r e c t l y , any suggestion of a d e v i a t i o n from the value 
obtained f o r Ar would, therefore, be s p e c u l a t i v e . For 
agreement between values of S f o r the two sources, the 
B93 data would have to be increased to a mean of 1.25 
mol e c u l e s / p a r t i c l e . This would i n d i c a t e a "true" beam 
"current" density of 0.022 mA cm , which i s about 30$ 
lower than the value obtained f o r an argon beam at the 
same discharge current ( i ^ ) . 
4.2.2.2 Etched P r o f i l e s 

A micrograph of a v e r t i c a l w a l l p r o f i l e etched i n t o 
S i 0 2 using a "B21 CF^ beam" i s shown i n Chapter 5 as 
evidence of the s a t i s f a c t o r y nature of t h i s technique f o r 
etching sub micron geometries. 

Using a beam produced by i n j e c t i n g CF^ in t o the B93 
source, etched p r o f i l e s i n SiO^ have been observed to be 
v e r t i c a l and free of trenches, polymer formation and the 
deposition of p a r t i c u l a t e s . These observations suggest 
that s p u t t e r i n g mechanisms played a minor r o l e i n the 
etching experiments. 

N e a r - v e r t i c a l p r o f i l e s shown i n the l i t e r a t u r e 
(Harper, et. a l . , 198l) were produced at very low beam 
energies (200 eV) i n order to avoid sputtering-induced 
a r t e f a c t s , but the polymer residues v i s i b l e on the SiO^ 
are c l e a r l y undesirable. 

The i n d i c a t i o n s are, therefore, that s i m i l a r 
mechanisms are involved f o r etching with beams produced 
by the two types of source. U n c e r t a i n t i e s regarding the 
B93 beam energy and current when using gases other than 

-104-



Ar have yet to be resolved. 
4 . 2 . 3 Etching with CHF^ 
4 . 2 . 3 . 1 Etch Rate Dependence on P a r t i c i e Energy 

The v a r i a t i o n of apparent sputter y i e l d of S i 0 2 with 
etchant p a r t i c i e energy i s shown i n F i g . 4 . 8 . Also 
included on the graph i s one data point frotn the published 
literaturę (Meusemann, 1 9 7 9 ) i n which a heated filament 
source was used. As with the other etch rate 
déterminations, large v a r i a t i o n s have occurred on the 
depth measurements; the er r o r bars i n d i c a t e the maximum 
spread of r e s u l t s (as etch depth) at f i v e p o s i t i o n s on 
each wafer. The etch depths f o r the sample treated at 
Vg : 0 . 8 5 keV were a l l i n the region of 9 0 â and, hence 
close to the l i m i t of détection f o r the Tal y s u r f 
instrument. 

The pronounced energy threshold i s an e f f e c t that 
has not been observed elsewhere i n t h i s study. Data are 
not a v a i l a b l e f o r the etch rate dependence of S i 0 2 on 
etchant energy f o r other gases, except argon. The 
expérimental procédures d i d not d i f f e r from those adopted 
f o r other sample etchings, and there i s no reason to doubt 
the v a l i d i t y of thèse data. 

I t i s u s e f u l to compare thèse r e s u l t s with those 
shown i n F i g . 4 . 7 . The etch rate dependence on energy 
f o r CF^ suggested that the data were displaced towards 
higher energy, the same argument could apply to the CHF^ 
data. This would suggest that fewer etchant p a r t i c l e s 
were extracted at 0 . 8 5 keV than was the case f o r A r + at 
the same energy. This view tends to be contradicated, 
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however, by the data of F i g . 4 . 9 which shows a smooth 
apparent sputter y i e l d dependence on etchant energy. The 
présence of the one data point from the l i t e r a t u r e on the 
curve between 0 . 8 5 and 1 . 5 5 keV may be c o i n c i d e n t a l . I t 
seems l i k e l y , therefore that energetic p a r t i c l e a c t i v a t i o n 
of the SiO^ surface occurs i n a manner s i m i l a r to that 
described p r e v i o u s l y (Coburn et. a l . , 1 9 7 7), leading to 
enhanced chemical etching. 

F i g . 4 . 8 i n d i c a t e s , therefore, that an apparent 
sputter y i e l d dependence on etchant energy e x i s t s below 
1 . 5 keV, but that the présence of such a dependence at 
higher énergies i s debatable and should be c l a r i f i e d with 
f u r t h e r i n v e s t i g a t i o n . 
4 . 2 . 3 . 2 Etched P r o f i l e s 

Samples of S1O2 etched with a beam produced by 
i n j e c t i n g CHF^ in t o the B 9 3 source have c o n s i s t e n t l y 
e x h i b i t e d v e r t i c a l p r o f i l e s . Figure 4 . 1 0 i s a scanning 
électron micrograph of a patter n defined i n Kodak 747 

r e s i s t . The bars and troughs of approximately equal 
mark-space r a t i o have been accurately reproduced without 
apparent l i n e w i d t h los s. There i s no evidenc e of 
undercutting or sputtering-indueed e f f e c t s . Observations 
of the S.E. micrograph i n F i g . 4 . 1 1 may be described 
s i m i l a r l y . For t h i s spécimen the pattern was defined by 
o p t i c a l lithography i n Kodak 7^7 r e s i s t using a 
commercially a v a i l a b l e mask (M.I.T.E.). The rather large 
p a r t i e l e s are thought to have been introduced f o l l o w i n g 
etching and are not présent as a r e s u i t of that process. 
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4 . 2 . 4 Etching with Other Gases 
Etch rates have been determined f o r the a c t i o n of 

teams produced by i n j e c t i n g the B93 source with three 

other gases : ^2^6f ^ 3 F 8 a n d S ^ 6 " s u m m a r i s e d etch 
rate data are shown i n F i g . 4 . 1 . On the basis of the 
l i m i t e d expérimental work that has been c a r r i e d ont, there 
are no strong i n d i c a t i o n s of s i g n i f i c a n t différences i n 
etch rate caused by the f i v e r e a c t i v e gases. Due to the 
discharge p o t e n t i a l v a r i a t i o n s described i n Section 3 « 2 « 4 . 

not a l l of the samples were exposed to beams of constant 
energy and hence c e r t a i n inaccuracies are inhérent i n 
thèse r e s u l t s . 

The apparent sputter y i e l d data are summarised i n 
F i g . 4 . 12 and are compared with l i t e r a t u r e values obtained 
from work with heated filament sources i n j e c t e d with the 
same gases. The values determined by experiment a l l f a l l 
w i t h i n the range 0 . 8 - 1 . 4 . The reason f o r the apparently 
low published values i s not c l e a r , although i t could be 
that low etch rates r e s u l t e d from an accumulation of 
polymeric m a t e r i a l on the source filament or target. 

Of thèse three gases, only SF^ has been used to 
define a pattern i n SiO^. Etching with a beam produced 
by the B21 source generated v e r t i c a l w a l l p r o f i l e s w i t h 
no measurable loss of l i n e w i d t h , but the h o r i z o n t a l 
etched features were observed to be p i t t e d (Réveil 1 9 8 0 ) . 

4 . 3 ETCHING OF. S i 
4 . 3 . 1 Etch Rates 

Fewer expérimental r e s u l t s have been obtained f o r 
the etching of t h i s m aterial than was the case f o r S i 0 2 
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because of the low etch r a t e . 
F i g . 4.13 shows the sputter y i e l d dependence on Ar 

energy for published data on heated filament sources and 
B93 beam etched spécimens. The B93 data were taken from 
a curve of etch rate against beam current density, p l o t t e d 
f o r the r e s u i t s of s i x separate experiments. The points 
f a l l on a smooth curve over the range 0.5 to 2.55 keV, 
and the B93 expérimental r e s u l t s appear to be consistent 
i n t h i s respect. 

The etch rates f o r S i targets exposed to s i x 
etchant beams are shown i n F i g . 4.l4. I t can be seen that 
the four Fréons produced s i m i l a r etch rates i n t h i s 
m a t e r i a l . The "enhancement" of etching i s approximately 
2:1 over that obtained with an argon beam. SF^, however, 
etched S i approximately 4 times f a s t e r than Ar, which i s 
probably a t t r i b u t a b l e to the a c t i o n of atomic f l u o r i n e . 
Data to be presented l a t e r (Section 7 * 2 . l ) , however, w i l l 
show that attack by t h i s etchant i s probably not the 
major mechanism. 

The apparent sputter y i e l d dependence on etchant 
energy f o r S i i s shown i n F i g . 4.9 f o r a B93-CHF^ beam. 
As with the etching of SiÛ2 ( F i g . 4,8), an e x c e p t i o n a l l y 
low y i e l d i s observed at O.85 keV. In F i g . 4.9, however, 
the dependence i s more progressive and i s c h a r a c t e r i s t i c 
of a s p u t t e r - y i e l d curve as seen i n the work described 
p r e v i o u s l y f o r Ar beams. The mechanisms to be described 
l a t e r i n d i c a t e that an accumulation of carbon on the 
target surface can occur i f the bombarding species i s 
CF and oxygen i s not présent i n s u f f i c i e n t quantity f o r 
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the formation of CO or C02« The data of F i g . 4 . 9 tend 
to i n d i c a t e , therefore, that s p u t t e r i n g mechanisms occur 
with t h i s etchant-target combination. 
4 . 3 . 2 Etched P r o f i l e s 

For the d e t a i l e d examination of p r o f i l e s , etch 
depths of at l e a s t 3 0 0 0 A* are required. As the etch 
rate of S i i s so low, long periods of exposure to the 
beam are required, leading to complications with source 
i n s t a b i l i t y and varying beam energy. 

The hypothesis that atomic f l u o r i n e i s produced 
when the B93 i s i n j e c t e d with SFg could only be tested 
by examination of etched patterns, or by instrumental 
chemical a n a l y s i s . However, there was no évidence of 
attack by d i f f u s i n g species when a B93 SF^ beam was used 
to etch S i which was masked with s t a i n l e s s s t e e l . 

Shallow etched p r o f i l e s ( 1 0 0 0 - 2 0 0 0 S) produced i n 
S i with B93 CF^ and CHF^ beams were w e l l defined with no 
observed a r t e f a c t s due to s p u t t e r i n g or free r a d i c a l 
etching. Further experiments, aimed at producing rauch 
deeper etched s t r u c t u r e s , are required to evaluate the 
etch rate dependence on beam angle of incidence and facet 
angle. 
4 . 4 ETCHING OF Si^N^ 
4 . 4 . 1 Etch Rates 

The expérimental data obtained f o r the etching of 
Si^ N i ^ by s i x B93 etchant beams are shown i n F i g . 4 . 1 5 . 

In a i l cases, s i g n i f i c a n t (greater than 7 : l ) increases 
i n etch rate have been determined compared to the rate 
produced by Ar sputtering. The fa c t that C 2Fg etched 
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Si^N^ at twice the rate of CF^ could be explained i n 
terms of the increased production of etchant species, 
but the same r a t i o was not determined f o r the etching of 
SiO^. The wide v a r i a t i o n s i n CHF^ etch rate on différent 
samples using the same etching conditions suggest varying 
spécimen c h a r a c t e r i s t i c s . V a r i a t i o n s i n processing 
conditions could have been responsable f o r the formation 
of f i l m s of différent density and elemental composition, 
e i t h e r of which could have caused the observed e f f e c t s . 
I t i s not p o s s i b l e to compare t h i s work with published 
information as there i s a s c a r c i t y of data i n t h i s area. 
4 . 4 . 2 Ëtched P r o f i l e s 

Films no greater than 2 0 0 0 A* t h i c k were deposited 
on S i . Consequently, a d e t a i l e d évaluation of the etched 
p r o f i l e s has not been p o s s i b l e . Etching with CF^, 
however, ( B 9 3 source, 3 kV A, 1 5 0 mA I , C.A.T.T. 1 5 0 mm) 
has shown that accurate p a t t e m r e p l i c a t i o n and c o n t r o l 
of l i n e w i d t h can be achieved (Réveil and Evans, 1 9 8 2 ) . 

4 . 5 ETCHING OF A l 
4 . 5 . 1 Etch Rates 

For the e f f i c i e n t sputter etching of aluminium 
f i l m s , the native oxide must f i r s t be removed and the 
oxygen concentration i n the vacuum Chamber must be 
s u f f i c i e n t l y low to preclude the reformation of that 
l a y e r . Work with argon ion beams produced by heated 
filament sources has i n d i c a t e d that by i n c r e a s i n g the 
oxygen p a r t i a l pressure from 3 . 5 x 10 ^ t o r r to 3 x 10 ^ 

t o r r the etch rate decreased from — 2 0 0 A* min 1 to 
^ 1 0 S min" 1 (Mader and Hoepfner, 1 9 7 6 ) . 
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The etch rates of A l f i l i n s exposée! to beams 
produced by the B93 source i n j e c t e d with f i v e différent 
gases are shown i n F i g . 4.l6, Thèse data are d i f f i c u l t 
to analyse because of the unknown thickness and sputter 
y i e l d of the oxide f i l m . Of p a r t i c u l a r i n t e r e s t hère are 
the increased etch rates when f l u o r i n a t e d species 
bombarded the targets. The s i m i l a r removal rates 
determined f o r the a c t i o n of the three Fréons suggests 
that the e f f e c t i s caused by the same fluorocarbon 
species. I t may be that removal of the metal i s due to 
the s p u t t e r i n g of a f l u o r i n a t e d compound of aluminium. 
A l t e r n a t i v e l y the metal oxide may be removed by the 
oxidation of the fluorocarbon which l e f t the metal f i l m 
unprotected, and hence more susceptible to spu t t e r i n g . 

For the case of SFg, the etch rate i s approximately 
twice that determined f o r the fluorocarbons. The 
chemistry of etching reactions using SFg are not as w e l l 
characterised as those f o r the fluorocarbons and so the 
processes are somewhat spéculative. The a c t i o n of the 
lower sulphur f l u o r i d e s (SF^, SF^) on the oxide f i l m to 
form v o l a t i l e oxyfluorides cannot be r u l e d out, however, 
This could lead to enhanced removal of the metal by 
sput t e r i n g mechanisms, 

For the expérimental r e s u i t of spu t t e r i n g with 
argon, a s p u t t e r - y i e l d of 0.085 i s i n d i c a t e d . This i s 
very much lower than the value of 0.35 quoted i n the 
literaturę by one group of workers (Maniv and Vestwood, 
1980) who used argon ions of 1 keV, but only marginally 
lower than that reported by others (Davidse and Maissel, 
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1967) : 0.12 at 2 keV. 
Ad d i t i o n a l experiments which were conducted with 

the B95 source (the c h a r a c t e r i s t i c s of which are 
summarised i n Appendix IV) showed that run-to-run and 
day-to-day v a r i a t i o n s of etch rate occurred. F i g . 4.17 

shows the r e s u l t s of thèse experiments which c l e a r l y 
f a l l i nto two groups: "high" etch rate ( 27 A* min - 1) 
and "low" etch rate ( ^7 i min The beam current 

density of t h i s source has not been est a b l i s h e d , and i n 
view of the wide v a r i a t i o n i n published values of sputter 
y i e l d f o r aluminium and aluminium oxide, no attempt has 
been made to f u r t h e r analyse thèse data. I t i s 
considered that thèse r e s u l t s are symptomatic of 
u n r e l i a b l e vacuum condi t i o n s . This could have been due 
to the r e s i d u a l oxygen i n the Chamber, or to water vapour 
which Condensed on the s t a i n l e s s s t e e l v e s s e l w a l l s when 
the door was opened. 
4 . 5 . 2 Etched P r o f i l e s 

A d e t a i l e d examinâtion of etched p r o f i l e s i n 
aluminium f i l m s has not been p o s s i b l e , except i n i s o l a t e d 
cases, because of: (a) the shallow etch depth r e s u l t i n g 
from the low etch rate of the m a t e r i a l , and (b) the 
présence of topographical features such as "cônes" and 
"r i n g s " . 

E a r l y work i n t h i s study using the B21 source 
showed that cone formation was dépendent upon the 
température of the aluminium f i l m . F ilm températures 
were not measured, but thermal t r a n s f e r from the 
bombarded layer through the substrate using "heat-sink 
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grease" to a water cooled p l a t t e n , was shown to be 
necessary f o r the prévention of cone growth (Réveil, 
1 9 7 9 b ) . Analysis by E.D.A.X. (Energy Dispersive A n a l y s i s 
by X-rays) confirmed that the p a r t i c l e s were aluminium. 
I t was concluded that the growth of thèse features was 
e s s e n t i a l l y by surface d i f f u s i o n . A study of cone growth 
on argon beam bombarded surfaces (Robinson, 1 9 7 9 ) showed 
that the c r i t i c a l température below which thèse struc t u r e s 
d i d not form was approximately 400°C f o r A l . An example 
of aluminium cone formation i s shown i n F i g . 4 . 1 8 . In 
t h i s micrograph i t can be c l e a r l y seen that the 
concentration of cônes i s very much greater on areas 
coated with p h o t o r e s i s t than those c o n s i s t i n g of bare 
aluminium. This i s thought to be due to the higher 
surface température of the r e s i s t f i l m and the 
a v a i l a b i l i t y of s i t e s f o r n u c l e a t i o n . 

The présence of aluminium r i n g s , as shown i n 
F i g . 4 . 1 9 , has also been frequently observed on samples 
that were exposed to B93 and B95 argon beams. This 
micrograph c l e a r l y shows that r i n g formation has only 
occurred on areas not protected with r e s i s t . The 
micrograph i s included here only to i l l u s t r a t e the 
phenomenon, the mechanism by which thèse struc t u r e s are 
formed i s uneertain. One suggestion i s that the r i n g 
represents a low energy state f o r the a c c r e t i o n of 
p a r t i c l e s . I t i s also p o s s i b l e that secondary électron 
émis sion from the bare aluminium caus es charging of the 
surface, which because of the e l e c t r i c a l i s o l a t i o n 
cannot d i s s i p a t e . Qui te how t h i s could lead to 
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aggregates i n the form of rings i s unclear at the 
présent time. An i n v e s t i g a t i o n of t h i s phenomenon might 
be a f r u i t f u l area f o r f u r t h e r study, 
4.6 ETCHING OF W 
4.6.1 Etch Rates 

Tungsten (w) f i l m s , prepared by the method 
described i n Appendix I have been etched with noble gas 
and r e a c t i v e p a r t i c i e beams from the B93 source. Thèse 
data are presented i n F i g . 4.20.. The three Fréons 
produced etch rates i n t h i s materiał that were between 
two and three times lower than those f o r an argon beam. 
On the basis of k i n e t i c energy t r a n s f e r r e d to the target , 
the CF^ ion (proposed as the prédominant species when the 
B93 source i s i n j e c t e d with a Freon) would be expected to 
be more e f f e c t i v e than A r + (as shown i n F i g . 7»3). The 
expérimental r e s u l t s , however, suggest that elemental 
tungsten was removed at a slow rate by s p u t t e r i n g when 
CF x species bombarded the metal surface. This could be 
a t t r i b u t a b l e to the formation of a p a s s i v a t i n g f i l m of 
tungsten f l u o r i d e with a low sputter y i e l d , or the 
d i s s o c i a t i o n of CF to form a carbon f i l m . 

x 
The etch rate f o r the a c t i o n of a B93-SFg beam on 

W was determined to be s i m i l a r to that f o r an argon beam. 
I t seems l i k e l y that a combination of processes occurs: 
sp u t t e r i n g due to bombardment by CF^ species (formed by 
the process described i n Section 7-3.2) and attack by 
f l u o r i n e free r a d i c a l s which d i f f u s e from the source. 
4.6.2 Etched P r o f i l e s 

As the f i l m thickness of t h i s materiał was on the -114-



order of 2000 X , a d e t a i l e d evaluation of etched p r o f i l e s 
has not been p o s s i b l e . A step etched i n t o V using a B93-
SF^ beam was examined using the S.E.M. and the 
observations were of a clean p r o f i l e free of redeposition 
and trenching. The edge appeared to be v e r t i c a l , but 
fu r t h e r work with an increased thickness of metal should 
be c a r r i e d out to confirm t h i s . 

Debris i n the form of p a r t i c u l a t e s and spikes have 
been observed using the S.E.M. on a V f i l m etched with a 
B93-C^Fg beam. These a r t e f a c t s are s i m i l a r to those which 
were observed on aluminium f i l m s f o l l o w i n g argon 
bombardment. The chemical composition of these p a r t i c l e s 
has not been e s t a b l i s h e d . 
4 . 7 VACUUM EQUIPMENT 

The c o n d i t i o n of.the vacuum pumps used i n t h i s study 
has been monitored by: 

( i ) measuring the time taken f o r the pumps to reduce 
the chamber to a predetermined pressure, and 

( i i ) comparing the r e s u l t s of i n f r a - r e d spectroscopic 
ana l y s i s on v i r g i n o i l s and those p e r i o d i c a l l y 
sampled from the rot a r y and d i f f u s i o n pumps. 
Pump-down times were influenced by f a c t o r s such as 

the sample change-over time (duration f o r the chamber 
open to atmosphere and r e l a t i v e humidity). The chamber 
roughing cyc l e , from atmospheric pressure to 0 . 0 5 t o r r 
l a s t e d between 2 . 7 5 and 3 - 1 minutes. The time taken to 

- 4 

reduce the chamber pressure from atmospheric to 1 x 10 

t o r r ( i o n i s a t i o n gauge determination) was u s u a l l y no 
greater than 3 . 5 minutes using automatic valve operation. 
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Longer pumping times were only measured a f t e r experiments 
with e x c e p t i o n a l l y high gas loads ( f o r example, using the 
B93 source with 1 kV applied at the anodes). A short 
period of opération with the rot a r y pump on f u l l gas 
b a l l a s t corrected t h i s . No détérioration i n the 
performance of the pumps has been detected a f t e r — 200 
hours of opération with B93-Freon beams. 

An i n f r a - r e d spectrophotometric examination over 
the wavenumber range kOOO to 200 cm"1 (2.5 to 50 um) was 
c a r r i e d out on unused I n v o i l 30 and Duo Seal o i l s and on 
the sarae type of f l u i d withdrawn from the d i f f u s i o n and 
r o t a r y pumps a f t e r exposure to B93-Fréon and SFg beams 
f o r approximately 25 hours. No évidence was obtained 
f o r the présence of f l u o r i n a t e d compounds i n any of the 
"exposed" samples. The i n f r a - r e d spectra were compared 
over the range 1400-1000 cm 1 which i s the région 
assigned to the C-F s t r e t c h i n g absorption. The absence 
of new absorption maxiraa i n t h i s région i n d i c a t e d that 
the concentration of compounds containing t h i s bond 
structure was below the l i m i t of détection f o r the 
instrument used (1 or 2$> by volume). 
k.8 SUMMARY 

Using f l u o r i n a t e d beams from the B93 source the 
etch rates of S i , SiO^ a n <3 Si^N^ are greater than those 
obtained by spu t t e r i n g with argon under the same 
conditions of beam "current" and energy. Chemical 
reactions are important f o r the removal of thèse target 
materials with f l u o r i n a t e d etchant species. Thèse 
r e s u l t s are generally consistent with the f i n d i n g s of 
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workers using heated filament sources i n j e c t e d with 
s i m i l a r compounds (Mayer, et. a l . , 198l). Using the 
conditions that have been described, the etch rates of 
s i l i c o n compounds were s i g n i f i c a n t l y lower than would be 
required i n a commercial f a b r i c a t i o n process. Etched 
p r o f i l e s , p a r t i c u l a r l y i n CF^ and CHF^-beam etched S i 0 2 

have been observed to be v e r t i c a l and free of s p u t t e r i n g -
induced a r t e f a c t s . 

The etching of aluminium f i l m s proceeds at greater 
rates with f l u o r i n a t e d beams than with argon. The 
inc o n s i s t e n t etch rate data obtained when argon beams 
were used i n d i c a t e that v a r i a t i o n s occurred i n the oxygen 
p a r t i a l pressure and/or water vapour concentration i n the 
vacuum chamber. The production of topographical defects 
(cônes, ri n g s ) on etched aluminium f i l m s i s associated 
with inadéquate cooling of the target. 
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FIG.4.1 

2001 

Etch-rate data f o r the a c t i o n of beams produced 
bv the B93 source on S i l i c o n dioxide targets. 
Source axis normal to targe t plane, C.A.T.T. 
150 mm. Targets cooled, s t a t i c . Mean beam ^ 
"current" density(determined f o r Ar): 27 U.A cm 
Beam energy (Vg, keV) shown i n parenthèses. 
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FIG.4.2 SiO^ etch-rate dependence on argon energy 
using the B93 source. 

V a r i a t i o n of etch-rate at four p o s i t i o n s on 
wafers normal to the ax i s of the B93 source. 
C.A.T.T.: 150 mm, mean beam "current" density 
34 . \iA cm~2. tfater cooled, s t a t i c t a r g e t s . 
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SiOp sputter y i e l d dependence on A r + energv 
f o r published data and expérimental r e s u l t s . 
Data points f o r heated filament sources r e f e r 
to Table 10. 
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FIG AA S i 0 2 Sputter Etch Rate Dependence on 
"Current" Density f o r a B93-Ar Beam. 
V"B: 2.55 keV, C.A.T.T.: 150 mm, normal 
incidence. 
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FIG.4.5 Sloping sidewalls etched i n t o SiOo using a B93 argon beam 
V : 2 . 5 5 keV, I„ : 3^ MA cm"2, C.A.T.T. : I 5 0 mm, 20 minutes 
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FIG.4.6 Facet formation i n SiOo caused by 
over-etching v i t h an argon beam. 
B94 source, V B : 2.55 keV, I D : 150 mA, 
C.A.T.T. : 251 mm, 500 minutes 
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FIG.4.7 SiO^ apparent sputter y i e l d dependence on 
_Ç_F x et chant p a r t i c l e ener g-y . 
For beams produced by i n j e c t i n g CFZj. i n t o 
heated filament sources (published data) and 
expérimental r e s u l t s using the B93 source. 
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2/um 

FIG.4.10 A n i s o t r o p i c etching of SiO r using a 
B93-CHF0 beam. 

Pattern defined i n Kodak 7^7 r e s i s t (negative), 
removed a f t e r etching. 
S t a t i c , cooled target, on and normal to source a x i s . 
V : 2 . 5 5 keV, I : 34 uA cm"2, C.A.T.T.: 1 5 0 mm, 
2 0 minutes. 
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FIG.4.11 V e r t i c a l p r o f i l e etched i n t o S i Op 
using a B93-CHF^ beam. 

MITE Resolution t e s t pattern defined i n Kodak jkj 
(negative) r e s i s t , removed a f t e r etching. 
S t a t i c , cooled t a r g e t , on and normal to source a x i s . 
V B: 2 . 5 5 keV, I B : 4 l jiA cm-2, C.A.T.T.: I 5 0 mm, 
25 minutes. 
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FIG.4.12 _S_i02 Apparent Sputter Y i e l d Dependence on 
Etchant P a r t i c l e Energy f o r B91 beams and 
Published Data f o r Heated Filament Sources. 
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FIG.4.13 S i l i c o n s putter y i e l d dependence on 
p a r t i c l e energy. 

For argon beams produced by heated filament 
sources and the B93 Saddle F i e l d source. 
Data points are f o r the références i n Table 10 
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FIG.4.14 
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(213) 

Etch-rate data f o r the a c t i o n of beams 
produced by the B93 source on si n g l e 
çrystal S i l i c o n t argets, 
Source a x i s normal to target plane, 
C.A.T.T. 150 mm. Targets cooled, s t a t i c 
Mean beam "current" density (determined 
f o r A r ): 27 uA cm"2. 
Beam energy{V ß, keV)shovn i n parenthèses 
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FIG.4.15 Etch-rate data f o r the act i o n of beams produced 
by the B93 source on s i l i c o n n i t r i d e t a r g ets. 
Source axis normal to target plane, C.A.T.T. 
150 mm. Targets cooled, s t a c i c . Mean beam 0 

" curren t" density(de t ermined f o r Ar ) : 27 |lA cm 
Beam energy (Vg, keV). shown i n parenthèses. 
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FIG.4.16 
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Etch-rate data f o r the a c t i o n of beams 
produced bv the B93 source on aluminium 
( f i l m )_ targe ts . 
Source axis normal to target plane, 
C.A.T.T. 150 mm. Targets cooled, 
s t a t i c . Mean beam "current" density 
(determined f o r A r ) : 27 LLA cm"2. 
Beam energy(Vg,keV)shown i n parenthèses 
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FIG.4.17 
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AI Film Etch Rate V a r i a t i o n with Duration of 
Exposure to" B95-Ar beams'* 
\\: 3 kV, I D : 3 0 0 mA, C.A.T.T.; 2 5 0 mm 
Chronological sequence given by A, B, C, 
fo r each day. 
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FIG.k.18 Aluminium cones produced during 
exposure to a B95 argon beam. 

MITE r e s o l u t i o n t e s t pattern defined i n Kodak 7^7 
(negative) r e s i s t , not removed. 
V A: 3 kV, I D : 300 mA, C.A.T.T.: 250 mm, 120 minutes, 
uncooled planetary target holder. 
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FIGA.19 Aluminium r i n g formation produced 
during exposure to a B95 argon beam. 

MITE r e s o l u t i o n t e s t pattern defined i n Kodak 7*+7 
(négative) r e s i s t , not removed. 
V A: 3 kV, I D : 300 mA, C.A.T.T.: 250 mm, 90 minutes, 
uncooled planetary target holder. 
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FIG.4.20 Etch-rate data f o r the a c t i o n of beams produced 
bv the B93 source on tungsten ( f i l m ) target s . 
Source axis normal to target plane, C.A.T.T. 
150 mm. Targets cooled, s t a t i c . Mean beam ^ 
"curren t" density(de termined f o r Ar ) : 27 l-LA cm 
Beam energy(V B, keV)shown i n parenthèses. 
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5. SUB-MICRON DEVICE GEOMETRIES 
5.1 INTRODUCTION 

The trend towards smaller device dimensions vas 
recognised some time ago and embodied i n "Moore1 s Law" 
(Moore, 1975 ) which p r e d i c t s c e r t a i n t e c h n o l o g i c a l 
advances i n the raicroelectronics industry based on 
previous performance. I f the slope of the curve remains 
constant ( t h i s has been the case between 19&8 and 1 9 8 0 ) , 

réductions i n feature s i z e from 5 u.m to 0 . 5 Lim w i l l be 
accomplished by 1989 f o r expérimental processing 
(stringent design and f a b r i c a t i o n ) and by 2010 f o r 
i n d u s t r i a l production (Coker, 1980). In p r a c t i c a l terms, 
one goal of the American VHSIC (Very High Speed Integrated 
C i r c u i t ) programme i s f o r the expérimental production of 
devices with 0 . 5 Lim minimum features by 1985 (Weisberg, 
1978)• By t h i s date, the t y p i c a l area of one gâte i s 
predicted to be 129 î m (Douglas, 1981) . 

5 .2 ADVANTAGES OF REDUCING DEVICE DIMENSIONS 
The continuing réduction of device linewidths i s 

important f o r several reasons: 
( i ) Increasing the packing density and degree of c i r c u i t 

complexity per u n i t area. This i s p a r t l y due to 
"fashion" - consumer demands f o r i n c r e a s i n g 
m i n i a t u r i s a t i o n and p a r t l y to the i n c r e a s i n g 
c a p a b i l i t i e s of the more complex c i r c u i t s . 

( i i ) Reducing the current consumption and voltage 
requirements of i n d i v i d u a l t r a n s i s t o r s . 

( i i i ) Improvements i n speed of response, by reducing the 
clock period ( i . e . the time between charging and 
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discharging of the device capacitance). 
For a t e n - f o l d reduction of a l l dimensions, i t has 

been shown that (Mead and Conway, 1 9 8 0 ) : 

(a) the number of t r a n s i s t o r s w i l l be increased by two 
orders of magnitude f o r the same surface area 

(b) the voltage w i l l be reduced by a f a c t o r of 10 

(c) the t o t a l power supplied to a unit area w i l l remain 
constant 

One disadvantage i s , however, that the current supplied 
f o r a u n i t surface area increases by an order of 
magnitude. This may impose l i m i t a t i o n s on the s i z e and 
shape of metal tracks on the I.C. f o r d i s t r i b u t i n g the 
current. 

Volume-production of some devices which incorporate 
l p m minimum features have been a v a i l a b l e f o r some time 
(Hunter, et. a l . , 1978). These insulated-gate f i e l d 
e f f e c t t r a n s i s t o r programmable l o g i c arrays (IGFET-PLA) 
were f a b r i c a t e d using e l e c t r o n beam lithography and 
CF^ - 0 2 R.I.E. to achieve c o n t r o l over linewidths and to 
provide h i g h l y d i s c r i m i n a t o r y etching of p o l y s i l i c o n 
( 2 0 : 1 against S i 0 2 ) described elsewhere i n the l i t e r a t u r e 
(Ephrath, 1 9 7 9 ) . High density memory c i r c u i t s , f o r 
example a 16 k S t a t i c CMOS-RAM (Random Access Memory) 
have also been reported with minimum features of 2 m̂ 
( l i z u k a , et. a l . , 1 9 8 0 ) , again using R.I.E. as an i n t e g r a l 
part of the process. 

I t would appear that most production f a c i l i t i e s have 
not incorporated device geometries at the sub-micron l e v e l . 
In discussions the author has had with personnel from 
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i n d u s t r y , the current minimum feature s i z e s employed i n 
routine f a b r i c a t i o n are: 3 p.m (UK) and 2 um (USA) . 
5.3 LITHOGRAPHY 

The etching procèss i s only capable of t r a n s f e r r i n g 
patterns defined i n a r e s i s t on the target surface. The 
li t h o g r a p h i e processes by which thèse patterns are 
tr a n s f e r r e d to the r e s i s t are becoming i n c r e a s i n g l y 
s o p h i s t i c a t e d as linewidths are reduced. 

The r e s o l u t i o n of o p t i c a l lithography, by which 
patte r n t r a n s f e r to pho t o r e s i s t i s accomplished with a 
glass mask and a U.V. source i s l i m i t e d by mechanical 
alignaient, i n c o r r e c t r e g i s t r a t i o n of the mask and wafer, 
and the wavelength of the l i g h t . "State of the a r t " 
o p t i c a l exposure Systems c u r r e n t l y producing volume-
q u a n t i t i e s of devices are d e f i n i n g minimum features of 
2 um ( C o b i l t , 1981 ) • The use of shorter wavelengths 
(deep U.V., 2000-2500 &) and a l t e r n a t i v e methods of 
p r i n t i n g on the wafer w i l l probably extend t h i s l i m i t to 
about 1 m̂ (Coker, 1980). The définition of features 
smaller than t h i s w i l l require the use of x-ray or 
électron beam techniques. 

One of the major r e s t r i c t i o n s on the use of électron 
beam d i r e c t - w r i t e Systems has been the low wafer 
throughput. Equipment which has r e c e n t l y been described, 
however, can expose up to 20, 3 inch wafers per hour at 
1 um feature sizes (Moore, et. a l . , 1 9 8 l ) . To deal with 
VLSI requirements w e l l i n t o the foreseeable future i t may 
be that electron-beam p r o j e c t i o n equipment such as that 
r e c e n t l y described (Vard, 1 9 8 l ) with an ultimate 
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r e s o l u t i o n of 0.2 um and a throughput p o t e n t i a l of up to 
25 wafers per hour w i l l be used. 
5.^ LINEWIDTH C0NTR0L 

In a d d i t i o n to the design c r i t e r i a d i c t a t e d by 
s p e c i f i e d device performance, e l e c t r o n i c engineers 
responsible f o r a t y p i c a l wet etch process are u s u a l l y 
required to incorporate "over etch f a c t o r s " (compensation 
fo r l a t e r a l etching). For a wet etch stage, i n which the 
removal of m a t e r i a l i s purely I s o t r o p i e ( n e g l e c t i n g some 
s p e c i a l l y formulated reagents f o r the p r e f e r e n t i a l 
etching of c e r t a i n c r y s t a l planes), the r e s u l t i n g width 
of C h a n n e l or l i n e i s dépendent on the etch depth, as 
shown i n F i g . 5.1 and F i g . 5 . 2 . Calculated values f o r 
the r a t i o of etched width to opening width ( i . e . the 
width defined i n the r e s i s t ) are shown p l o t t e d against 
etch depth f o r u n e s and C h a n n e l s , f o r the purely 
Is o t r o p i e c o n d i t i o n , i n F i g . 5« 3 and F i g . 5-*+ r e s p e c t i v e l y . 
Refe r r i n g to F i g . 5*3 and taking a p r a c t i c a l example of a 
5 Jim wide l i n e defined i n r e s i s t , removal of a 1.0 um 
thi c k l a y e r (of S i 0 2 , f o r exaraple) w i l l r e s u i t i n a 
minimum width of the apex of 3«0 um. I f t h i s p r o p o r t i o n a l 
réduction i n l i n e w i d t h were to be considered acceptable, 
the maximum depth of etching f o r 1 um wide l i n e s would be 
0.2 um and f o r 0.5 um wide l i n e s t h i s would be reduced to 
0.1 p.m. For devices made on t h i s b asis with a l i n e a r 
réduction of "VlO on a i l dimensions, the S i 0 2 f i l m would 
be 0.1 um t h i c k and the r e s u l t i n g l i n e w i d t h would be 
0-3 um at the apex. 
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Considering the e f f e c t of i s o t r o p i c etching on 
channel width, reference to F i g . 5.k shows that etching 
of a 1.0 um t h i c k (e.g. S i 0 2 ) f i l m with an i n i t i a l r e s i s t 
opening width of 5 um w i l l r e s u l t i n a maximum etched 
width of 7 um. A r e s i s t opening of 0.5 um would expand 
to 0.7 um i f the underlying f i l m were to be etched to a 
depth of 0.1 |im. 

Design r u l e tolerances assume a greater proportion 
of the f i n i s h e d feature s i z e as linewidths are scaled 
down. I d e a l l y , a l l etched features should be of the same 
dimensions as shown on the design and layout artwork, as 
depicted i n F i g . 5-5- Disregarding the question of 
pattern t r a n s f e r to the r e s i s t l a y e r , which has been 
discussed separately, l i n e w i d t h m o d i f i c a t i o n may occur at 
the etching stage as a r e s u l t of 

( i ) Resist pattern deformation (shrinkage, loss of 
adhesion, d i s t o r t i o n ) 

( i i ) I s o t r o p i c etching 
The s u i t a b i l i t y of an etching process f o r d e f i n i n g 

linewidths of 1 um and l e s s has been assessed i n t h i s 
study according to the dimensional s t a b i l i t y of the r e s i s t 
and the r e s u l t i n g etched p r o f i l e . 
5.5 EXPERIMENTAL 

High r e s o l u t i o n t e s t patterns, with minimum 
linewidths of 0.5 um were defined i n PMMA (polymethyl
methacrylate) r e s i s t on SiO^ using electron-beam d i r e c t -
w r i t i n g at the Science and Engineering Research Council's 
Rutherford Laboratory e l e c t r o n beam f a c i l i t y , f o r the use 
of the author. 
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As the wafers supplied to Rutherford Laboratory were 
of non-standard s i z e , they could not be c o r r e c t l y clamped 
and r e g i s t e r e d on the wafer holder, as a r e s u i t the 
pattern définition was imperfect and considérable 
v a r i a t i o n i n r e s i s t exposure occurred. 

P r o f i l e s etched i n t o S i 0 2 using thèse patterns as 
r e s i s t against a "B21 CF^ team" have been shown i n the 
l i t e r a t u r e (Goldspink and Réveil, 1 9 8 0 ) . At p o s i t i o n s on 
the pattern where the r e s i s t was t h i c k e s t , v e r t i c a l 
p r o f i l e s were observed. At p o s i t i o n s where the r e s i s t 
tap'ered due to électron beam dose v a r i a t i o n , the etched 
p r o f i l e sloped s i m i l a r l y , as the PMMA was préfèrentially 
removed from the thinner areas. The existence of a small 
quantity of redeposited débris, presumably SiO^, was only 
observed on the unetched pattern adjacent to the 0 . 5 and 
1 . 0 um wide troughs. This e f f e c t , which has not been 
observed on any other sample etched with a "B21 CF^ beam" 
may have been caused by s p u t t e r i n g with a trace of 
r e s i d u a l argon i n the gas supply, Evidence of the 
a r t e f a c t - f r e e v e r t i c a l w a l l p r o f i l e i n S i 0 2 a f t e r etching 
with a "B21 CF^ beam" i s seen i n F i g . 5 . 6 F i g . 5 - 7 shows 
a l a r g e r p o r t i o n of the same sample, i n d i c a t i n g that 
accurate pattern r e p l i c a t i o n from the r e s i s t l a y e r has 
occurred without measurable l i n e w i d t h l o s s . 

The B93 source, i n j e c t e d with CHF^, has been used 
to t r a n s f e r the electron-beam generated p a t t e r n i n t o S i 0 p 

as shown i n F i g , 5 . 8 . This scanning électron micrograph 
i s not s u f f i c i e n t l y c l e a r to permit a d e t a i l e d évaluation 
of the etched p r o f i l e s , but the dimensions of the etched 
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troughs are the same as those i n the unetched r e s i s t 
l a y e r of another spécimen. The "ragged" appearance of 
the bars betveen the 1 um troughs has been f a i t h f u l l y 
reproduced from the PMMA, and i s due to the scanning spot 
of the électron beam lithography u n i t , 
5.6 SUMMARY 

Etched p r o f i l e s defined i n S i and SiO^ using beams 
produced by i n j e c t i n g CF^ or CHF^ in t o the B21 and B93 
sources have been shown to accurately reproduce the 
r e s i s t pattern. For the d e l i n e a t i o n of sub-micron 
features, pattern t r a n s f e r i n t o the r e s i s t l a y e r i s 
probably the most c r i t i c a l stage i n the l i t h o g r a p h i e 
process. Provided n e a r - v e r t i c a l r e s i s t features of 
thickness adéquate f o r the proposed etch depth are used, 
R.I.B.E. with a Saddle F i e l d source i s capable of 
accurate pattern t r a n s f e r of dimensions l e s s than one 
micron. 
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FIG.5.1 Linewidth loss due to i s o t r o p i c etching 

RESIST 

FILM 

SUBSTRATE 

Wet I 

etch 

- J —c 1 ^ 

I t 4 

Assuming: No erosion, shrinkage or reduced 
adhesion of r e s i s t . 

For c l a r i t y some target material i s shown 
remaining a f t e r etching. 
Relationship between mask width and etched 
l i n e width: 

For mask width 3 

Undercut C = etch depthb 

Resultant l i n e width at apex, (J = 3 - 2 C 

= a - 2 b 
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FIG.5.2 Increase of Channel width due to 
i s o t r o p i c e t c h i n g 

RESI5T 
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SUBSTRATE 

Wet 

etch 

•S-

Assumptions as f o r F i g . 5-1* 

For c l a r i t y some target material i s shown 
remaining a f t e r etching. 
Relationship between exposed areas and etched 
Channel width: 

For Channel width 3 

Undercut C = etch depth b 

Résultant Channel width a t apex,d = 3 + 2C 

= a + 2 b 

P r o f i l e curvature given by radius C a t point o f 
i n t e r s e c t i o n of r e s i s t with o r i g i n a l surface. 
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I s o t r o p i c Line Etching• 
F r a c t i o n a l l i n e - w i d t h loss as a fun c t i o n 
of etched depth f o r various r e s i s t 
pattern widths 
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FIG.5.4 I s o t r o p i c Channel Etching. 
F r a c t i o n a l channe1-width increase as a 
functi o n of etched depth f o r various 
dimensions of r e s i s t opening 
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FIG.5.5 Dimensionally i d e a l case f o r the 
accurate r e p l i c a t i o n of a r e s i s t 
pattern. 
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Anisotropic 
etch

 H 

Remove 
resist 

Assumes that the r e s i s t dimensions are unchanged 
as a consequence of the etching proceedure. 
Residual f i l m i s shown f o r c l a r i t y . 
Line or channel widthd = r e s i s t or opening width3 
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FIG.5.6 V e r t i c a l etched p r o f i l e i n S i 0 o produced 
with a B21-CF,, beam. 

Target on and normal to source a x i s , cooled, s t a t i c . 
Photoresist removed a f t e r etching. 
V A ¡ 5 kV, I ; 2 mA, C.A.T.T.: 75 mm, 300 minutes. 
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t J 

Linewidth c o n t r o l achieved bv etching 
SiCU v i t h a B21-CF^ beam. 

Another view of the spécimen shovn i n F i g . 5.6, 
etching conditions as described before, 
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6 . 0 RADIATION DAMAGE STUDIES 
6 . 1 Introduction 

The objectives o f t h i s study were as f o l l o w s : 
(a) To evaluate the change i n e l e c t r i c a l c h a r a c t e r i s t i c s 

of M.O.S. capacitors a f t e r etching with ion beams 
produced by two Saddle-Field Sources. 

(b) Using the known c h a r a c t e r i s t i c s of MOSFET devices, 
to i n v e s t i g a t e the c h a r a c t e r i s t i c s of the ion beam. 

Using the procédures described i n Section 6 . 5 

M.O.S. capacitors have been f a b r i c a t e d . Measurements of 
the C-V c h a r a c t e r i s t i c s (using apparatus described i n 
Section *6~. 5 .4 ) of these devices have provided information 
on : 
(a) the etching c h a r a c t e r i s t i c s of beams produced by two 

sources (B21 and B 9 2 ) 

(b) the e f f e c t s of energetic p a r t i c l e bombardment on the 
e l e c t r i c a l c h a r a c t e r i s t i c s of the devices. 

(c) the r e l a t i v e abundance of ions and n e u t r a l species 
i n the beams produced by the two sources. 

6 . 2 Theory of the M.O.S. Capacitor 
The construction of a t y p i c a l M.O.S. capacitor 

i s shown diagrammatically i n F i g . 6 . 1 . The S i l i c o n substrate 
doping may be p or n-type, but the l a t t e r was used 
e x c l u s i v e l y i n t h i s work. The thickness of the oxide 
f i l m , t y p i c a l l y i n the range 100 to 2 0 0 0 X (Zaininger & 
Heiman, 1 9 7 0 a ) , i s u s u a l l y steam grown to provide a 
convenient value of capacitance f o r the métal contact 
area to be deposited, according to the r e l a t i o n s h i p : 

( i ) 
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where: C i s the capacitance i n farads 
2 A i s the metal electrode area, cm 

d i s the oxide thickness, cm 
Z0 i s the r e l a t i v e p e r m i t t i v i t y of the oxide, 

- l 4 -1 taken as 8 0 8 6 x 10 F cm 

Islands of SiO^ may be etched down to the 
substrate, as shown i n F i g . 6. 1. The gate electrode 
( u s u a l l y aluminium) i s deposited on to the oxide and then 
etched to leave pads of known area. Ohmic contact to the 
substrate i s accomplished with s i l v e r dag, a probe or a 
vacuum chuck, and must be c a r r i e d out immediately a f t e r 
removal'of oxide from the a f f e c t e d area using buffered HF. 

Fig.6 . 1 shows the band structure f o r a 
capacitor at room temperature, with no applied bias 
voltage ("Vç, = 0 ) . The S i conductor band i s represented by 
E_, and i t can be seen that the Fermi l e v e l (E_) i s at a 
constant height through the three m a t e r i a l s . There are 
four important and d i s t i n e t conditions f o r the c a p a c i t o r , 
depending upon the p o l a r i t y and magnitude of the b i a s 
voltage. Figure 6.2 shows the band structure f o r 
these conditions, which are: 
6 . 2 . 1 Accumulation V_ =• 0 

M a j o r i t y c a r r i e r s (electrons i n the case of 
n-type S i ) are a t t r a c t e d to, and accumulate at the 
Si-SiOp i n t e r f a c e . The surface p o t e n t i a l , V i s greater 
than zero, and describes the degree of bending of the 
semiconductor conduction band at the surface of the S i . 

6 . 2 . 2 Depletion v"G-= 0 (small negative bias) 
Electrons are r e p e l l e d , the r e s u l t a n t space-

charge region i s occupied by uncompensated i o n i s e d donors. 
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In t h i s condition v g ""̂  0. 
6 . 2 . 3 Inversion V _ —= -= 0 

Minor i t y c a r r i e r s (holes i n the case of n-type 
S i ) are a t t r a c t e d to the S i - S i O p i n t e r f a c e . 

vs = V i . d + vh 

^ = charge due to io n i s e d donors 
= charge due to accumulated holes 

6 . 2 . 4 F i a t Band Condition V " S = 0 
When there i s no bending of the conduction band, 

the flat—band voltage (V___) i s defined as being equal to 
the gâte bias (V ). The capacitance at t h i s point i s 
defined as the F i a t Band Capacitance, C M . The magnitude 
of V _ _ i s dépendent upon the différence i n work f u n c t i o n 
(<P) between the métal contact and the semiconductor, and 
on the charge due to surface s t a t e s , Qgg: 

Q 
â ss = {-v + <J> ) — — (2) q FB ^MS; q V } 

-19 
where q = the e l e c t r o n i c charge, 1.6 x 10 coulomb 

C = oxide capacitance at accumulation, farads ox * 
The value of may be found from: 

* M S = «Vox - <"s-ox - If - * P O) 

where 

MS ^iM- OX ^S - OX 2q F 

^M-OX * h e m e t a l - o x i d e work f u n c t i o n , 4 . 3 V f o r 

A l on S i 0 2 

<pg Q^. the s i l i c o n - o x i d e work f u n c t i o n , 4.35 V 

the S i l i c o n band-gap v o l t a g e , 1.12 V 

<|Xp the Fermi l e v e l ( o r b a c k g r o u n d p o t e n t i a l ) , 
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-0.33 V f o r n-type S i at a donor 
concentration of 10^^ atoms cm ^ 

^MS ^ S n e S a * ^ v e ^ o r n a n c i p-type S i and i s 
l o g a r i t h m i c a l l y dependent on the doping density (Burger 
and Donovan, 1967 ) . 

<PMS = 0 . 0 6 2 log N D - 1.228 (k) 

where i s the donor density i n n-type S i . 
C-V curves produced by évaluation of t h e o r e t i c a l 

data have been published (Goetzberger, 1966 ). These 
graphs were p l o t t e d a f t e r s e t t i n g <î> c and Q C G to zero, 

Mb o o 
thus simulating the i d e a l M.O.S. capa c i t o r . 

In t h i s work the value f o r C__ i s taken as 
r B 

C p B = 0.95 C M (5) 

where C v ~ C , and i s derived from the p l o t of C ox max' * 
against V f o r each device. The f l a t band voltage f o r 
n-type S i i s , therefore: 

V ™ = V ( c F B ) <6> 

as reported (Zaininger and Heiman,1970b and Cu l l e n , 1 9 7 8 ) . 

This method of evaluating the r e s u l t s of C-V 
curves has been reported (Zaininger and Heiman, 
1970»b;Deal, 197^) to be i n good agreement with a n a l y s i s 
performed by numerical techniques, and i s used e x t e n s i v e l y 
to provide comparative data on large numbers of spécimens 
(Hosaka, et a l . , 1981; Burggraaf, I 9 8 0 ) . 

One c r i t i c a l c h a r a c t e r i s t i c of a i l M.0.S. 
devices i s the tum-on, or threshold voltage (v_ ), the 
point at which the surface r e s i s t i v i t y equals the bulk 
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r e s i s t i v i t y when the device i s i n the i n v e r s i o n mode. 
Later sections w i l l describe the various charges 
responsible f o r m o d i f i c a t i o n of the threshold voltage. 
V__ i s , therefore, a convenient estimation of device 
q u a l i t y and i s r e l a t e d to V by: 

I r l 

VTH = VFB +
 2% - TT (7) 

ox 
-8 -2 where Q_ = the bulk charge, 1.4 x 10" coulomb cm a 

15 -3 for = 10 donors cm 
Threshold voltages may be p o s i t i v e or negative, 

a high value would be i n the région of 3 to 4 v o l t s , 
w h i l s t jf~to 2 v o l t s i s considered low (Cannon, e t . a l . 1974), 

6.3 The S i - S i 0 2 Interface 
Semiconductor grade S i l i c o n i s now manufactured 

with an acceptably low i n t r i n s i c impurity concentration 
(impurity concentration*:*: 1 i n 10 atoms) ( H a l l , 1978)» 

known doping l e v e l and c o n t r o l l e d dopant p r o f i l e . The 
formation of a S i l i c o n dioxide l a y e r on the substrate 
S i l i c o n i s an e s s e n t i a l stage i n M.O.S. f a b r i c a t i o n and 
the c h a r a c t e r i s t i c s of the i n t e r f a c e between the two 
materials s i g n i f i c a n t l y influences the device performance. 
The i n t e r f a c e c h a r a c t e r i s t i c s are dépendent upon four 
types of charge associated with the oxidised S i l i c o n 

structure (Deal, 1974), these are : 
6.3.1 Q ; Fixed Surface State or Fixed Charge 

o 

This i s always p o s i t i v e , located w i t h i n ^ 200A 
of the i n t e r f a c e i t confers n-type behaviour on the oxide. 
This charge cannot be removed, does not migrate with 
applied f i e l d and i t s magnitude i s dépendent upon the 
method of ox i d a t i o n and annealing. Q v a r i e s with 

5 S 
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c r y s t a l o r i e n t a t i o n , being greatest with [ l l l ] =- [llO] =• 
0 s s 

[lOO] (Grove, 1 9 6 7 ) . The value f o r — — u s u a l l y l i e s 
11 — 2 — 8 i n the range 1 to 10 x 10 cm ( i . e . Q = 1.6 x 10" s s 

• 7 2 to 1.6 x 10 coulomb cm" ) 
6 . 3 . 2 Q : Mobile Ionic Charge 

The charge due to p o s i t i v e i on contaminants 
introduced into the oxide during processing; sodium (Na +) 
and potassium (K +) are the most common. M o b i l i t y of 
thèse ions increases with i n c r e a s i n g température and 
applied f i e l d . Methods adopted to reduce the contamination 
include: replacement of quartz furnace l i n e r s with those 
made of~*alumina, the a d d i t i o n of HCl to water bubblers and 
réduction i n O p e r a t o r h a n d l i n g . Phosphosilicate glass 
acts as a getter f o r thèse ions at ^ 900°C. 

6 . 3 . 3 N ^: Fast Surface States 
S i m i l a r i n sotne respects to Q__, to which i t i s 

S s 

p r o p o r t i o n a l i n i t i a l l y . The magnitude of t h i s charge i s 
dépendent on c r y s t a l o r i e n t a t i o n , annealing i n hydrogen 
above ̂  300°C reduc es the charge density. Changes i n the 
S i l i c o n surface p o t e n t i a l causes v a r i a t i o n i n N , as 

* s t 
holes or électrons becorne trapped at various energy 
l e v e l s . 
6 . 3 . 4 ^; Traps Ionised by Radiation 

I o n i s i n g r a d i a t i o n ( i . e . x-rays, électrons, 
neutrons) causes trapping of holes associated with N 

O X 

and also The measured charge i s dépendent upon the 
f i e l d across the oxide during r a d i a t i o n , the p a r t i c l e 
energy, i t s i o n i s a t i o n p o t e n t i a l and the t o t a l dose 
received. Annealing at 350-450°C i n an i n e r t ambient 
i s reported (McCaughan and Kushner, 197^ ) to 
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s i g n i f i c a n t l y reduce, or even eliminate N , and N . 
O "C s ~c 

6.3.5 Total Charge 
I t i s not nece5sary to consider the e f f e c t s of 

a i l four charges i n the expérimental work to be described. 
The f i x e d charge, Q i s présent as a r e s u i t of c r y s t a l 
o r i e n t a t i o n and o x i d a t i o n conditions; provided thèse 
remain constant f o r any experiment and a s t a t i s t i c a l l y 
tneaningful number of c o n t r o l samples are included, 
spécimens w i t h i n the group may be q u a n t i t a t i v e l y compared. 

Q s s Q , or the density of states has been evaluated ob q. 
from the expression quoted p r e v i o u s l y (2). The présence 
of charge due to mobile contaminant (Q ) i s determined 
by processing stages before and during the o x i d a t i o n of 
the S i l i c o n surface. In a d d i t i o n , contaminant species 
such as Na + présent at the a i r -SiO^ i n t e r f a c e w i l l give 
r i s e to charge Qq upon bombardment by energetic p a r t i c l e s 
(charged and uncharged), as described i n the l i t e r a t u r e 
(Kushner, et. a l . 197^)• I t w i l l be shown l a t e r that an 
a n a l y s i s of the i o n i c density r e s u l t s provides information 
on the nature of the bombarding species. The density of 
charges Qq due to process-induced contamination may be 
eliminated with the use of data from c o n t r o l spécimens, 
provided a i l samples have been treated i d e n t i c a l l y . The 
inadvertent a d d i t i o n of Na + f o r example, to the SiO^ 
surface, may be a s i g n i f i c a n t source of errors i n an 
experiment c o n s i s t i n g of a small number of wafers. The 
assumption has been made that spécimens subjected to 
etching by an i o n beam were not exposed to mobile 
contaminants at a concentration l i k e l y to place undue 
bias on the r e s u l t s . This assumption i s shown to be 
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substantiated (see secti o n 6 . 6 . 4 ) . A d e t a i l e d a n a l y s i s 
of the data (see secti o n 6 . 6 . 4 ) shows that the e f f e c t s 
caused by such contamination can be separated from the 
v a r i a b l e under i n v e s t i g a t i o n . 
6 . 4 Radiation E f f e c t s 

Considérable data are a v a i l a b l e i n the published 
l i t e r a t u r e q u a n t i f y i n g the dégradation of the S i O ^ t S i 
i n t e r f a c e as a fu n c t i o n of r a d i a t i o n species, energy and 
dose. The parameters which have a bearing on t h i s study 
are shown i n Table 11 . The main points which émerge 
are : 

( i ) The e l e c t r i c a l c h a r a c t e r i s t i c s of the SiO^: S i 
i n t e r f a c e are modified by exposure to r a d i a t i o n 
over a wide range of énergies (u.V. photon 
energy to 20 keV électrons and x-rays at 
1.2 x 1 0 7 eV) 

( i i ) Incident r a d i a t i o n dégrades the i n t e r f a c e by 
modi f i c a t i o n of mat e r i a l properties (SiO^, S i 
or the i n t e r f a c e ) - producing d i e l e c t r i c 
breakdown and an increase i n charged states 
( i n t e r f a c e s t a t e s , f o r example) 

( i i i ) Degradation caused by a m o d i f i c a t i o n of the 
device c h a r a c t e r i s t i c s incorporated as a 
r e s u i t of the processing. In p a r t i c u l a r , the 
m o b i l i s a t i o n of i o n i c contaminant ( f o r example 
Na +) incorporated i n the oxide or at the 
SiO„: S i i n t e r f a c e . 
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TABLE 11 
RADIATION DAMAGE IN M.O.S. DEVICES, CAUSES AND EFFECTS 

Mature of 
Radiation 

Enargy Range iaV) Charge or 
Damage Producod 

Effect of 
Anneallng 

Positive Ions 

50 - litOO 

50 - 2000 
Energy dépendant 

U.V. Photons(-€ eV) 

50 - 2000 

» 1 5 0 eV 

Dlelectrlc breakdown 
at doaa ^ Î O

1

^ ions cm
-2 

Mobilisation of Na* -
diffusion througn 5i0

2 

Xntarface states 
producod by ion.-surface 
c o l l i s i o n . 
Increaae in fixed 
Charge. Poor interface 
dagraded. 
Implantation - diffusion 
of trapped gaa-metal 
l i f t s 

Mo improvement 

9Q0°C inert ambiant, 
a ignificant 
improvemant 
Removed at ^^0O

o

C 

No data available 

Heat treat bars 
oxide, improvament at 

Ar" (1) 

L P . »-11 eV('2) 

Indue ed 

Ar* (3) 

50 - litOO 

50 - 2000 
Energy dépendant 

U.V. Photons(-€ eV) 

50 - 2000 

» 1 5 0 eV 

Dlelectrlc breakdown 
at doaa ^ Î O

1

^ ions cm
-2 

Mobilisation of Na* -
diffusion througn 5i0

2 

Xntarface states 
producod by ion.-surface 
c o l l i s i o n . 
Increaae in fixed 
Charge. Poor interface 
dagraded. 
Implantation - diffusion 
of trapped gaa-metal 
l i f t s 

Mo improvement 

9Q0°C inert ambiant, 
a ignificant 
improvemant 
Removed at ^^0O

o

C 

No data available 

Heat treat bars 
oxide, improvament at 

Atoms 

200 - 20OO 
Small energy 
dépendance 

Interface states. Small 
inercase i n fixed 
charge. Significantly 
lover charge denaity 
tban wlth ion of same 
energy at aame doaa 

Compléta rénovai i n 
inart ambiant, 
k0O°C, 30 min 

Nj,Ar°(>) 200 - 20OO 
Small energy 
dépendance 

Interface states. Small 
inercase i n fixed 
charge. Significantly 
lover charge denaity 
tban wlth ion of same 
energy at aame doaa 

Compléta rénovai i n 
inart ambiant, 
k0O°C, 30 min 

X-Ravs <2\ al.Z x 10
7 

Slmilar dégradation to 
that observed with 
atora» 

500° ramovea most 
damage 

al.Z x 10
7 

Slmilar dégradation to 
that observed with 
atora» 

500° ramovea most 
damage 

Photcns (4) -S.8, malnly U.V. 
wavelsngtha 

Interface dégradation 
Transport of holes 
acroaa SiOj film 

500° raraoves most 
charge 

-S.8, malnly U.V. 
wavelsngtha 

Interface dégradation 
Transport of holes 
acroaa SiOj film 

500° raraoves most 
charge 

Electrons (2) 100 - 5000 

5000 - 20,000 

20,000 

Increasa in fixed 
charge and interface 
states. Dlelectrlc 
dégradation. 
Interface charge and 
interface 3tate 
increasa. 
Ma* mobilisation 

500° ramovea ziost 
charge 
Partial recovery. 

Improvemant after 
anneal at iioa°C 

Improvemant at ar 900°C 

100 - 5000 

5000 - 20,000 

20,000 

Increasa in fixed 
charge and interface 
states. Dlelectrlc 
dégradation. 
Interface charge and 
interface 3tate 
increasa. 
Ma* mobilisation 

500° ramovea ziost 
charge 
Partial recovery. 

Improvemant after 
anneal at iioa°C 

Improvemant at ar 900°C 

Xe«ativ« Ions L i t t la experimental 
data avallable 

Suggested (2) that 
di e l a c t r i e breakdovn 
(as for électrons)will 
oecur, and Increaae in 
interface s tatea as 
for positive ions and 
atoms. Mo mobilisation 
of Xa* in S i Û

2 

Predicted that most 
damage should be 
removable at 

500°C (2) 

0 ' (5) 

L i t t la experimental 
data avallable 

Suggested (2) that 
di e l a c t r i e breakdovn 
(as for électrons)will 
oecur, and Increaae in 
interface s tatea as 
for positive ions and 
atoms. Mo mobilisation 
of Xa* in S i Û

2 

Predicted that most 
damage should be 
removable at 

500°C (2) 

Pulsed 

Laser (6) 

CO2 laaer, 9.23 um 
0.Í* j/puiae 
(¡45 noec) 
[middle infra-red 

région 
a 0.13

1

* «Vj 

Claimed as radiation-
damage frea prooesa 
No data on charges 
producod. Energy level 
should be low enough 
to avoid damage in 
ntajoriry of structures 

No data available 
Annoaling may not be 
necessary 

Références,' 

(l) McCaughan A Murphy U 9 7 3 ) {<*) McCaughan, et. a l . (1980) 
Í21 McCaughan A Xushnarf19741 5Í Hughes * Baxter (1972 ) 
( 3 ) Koch, et. a l . (197

1

*) (6) ôteinfald, et. a l . fl98o) 
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6 . 5 Expérimental 
Three experiments were c a r r i e d out, of which 

complète data from one w i l l be presented. 
6 . 5 - 1 Préparation and Oxidation of tfafers 

2 0 , 50 mm diameter " T o p s i l " S i l i c o n wafers were 
used. The c r y s t a l o r i e n t a t i o n was [ l l l ] , thickness 
318 - 25 |im and the r e s i s t i v i t y was 9-15 ftcm, n-type 

l 4 3 

( N ^ = 5 x 10 cm ) « The wafers were cleaned and 
ox i d i s e d according to the current M.0.S. f a b r i c a t i o n 
schedule (see Appendix i ) . The set was d i v i d e d i n t o 
5 groups of h wafers as f o l l o w s ; 

A : ^"Etching of oxide with B 2 1 argon beam 
B: Etching of oxide with B 2 1 CF^ beam 
C: Etching of oxide with B92 argon beam, 20 minutes 
D: Etching of oxide with B 9 2 argon beam, 30 minutes 
E: Control group, oxide not etched 

6 . 5 . 2 Ion Beam Etching of SiO^, 
The thickness of oxide grown on thèse wafers was 

estimated to be approximately 1000 The gâte électrode 
p a t t e m consisted of an array of squares covering the 

- 3 2 

range 1.6 to 6 .9 x 10 cm , and so to produce capacitors 
w i t h i n the range of the capacitance bridge the etching 
stage was adjusted to remove no more than ^ 500 A" of 
oxide. 
Etching Using the B 2 1 Source 

The B 2 1 source was po s i t i o n e d with i t s axis 
perpendicular to the target plane. Wafers were etched 
w h i l s t s t a t i o n a r y and bonded to a water cooled p l a t t e n 
with thermally conductive grease, The vacuum System was 

_ 5 
pumped to a base pressure of 2 x 1 0 t o r r before each 

- 1 6 2 -



experiment, the chevron b a f f l e was maintained at l i q u i d 
nitrogen temperature (77°K) throughout. Venting to 
atmospheric pressure was accomplished between runs by-
b a c k f i l l i n g with oxygen-free nitrogen. The etchant gases 
were passed through molecular sieve (dessicated at 200°C 
f o r 6 hours with f l o w i n g nitrogen) followed by a 2 tim 

s i n t e r - f i l t e r to remove gross p a r t i c u l a t e s . 
Etching Using the B 9 2 Source 

The B92 was mounted, as was the B21, with i t s 
axis normal to the target plane. One set of four wafers 
was etched simultaneously, i n good thermal contact with 
the target holder, which was r o t a t i n g at k r.p.m. The 
vacuum system was pumped to a base pressure of 2 x 10~^ 

t o r r before each experiment and the chevron b a f f l e was 
cooled with running mains water ( —2 8 3°K). The chamber 
was vented using atmospheric a i r . The etchant gas was 
supplied to the source without f i l t r a t i o n . 

The experimental conditions f o r a l l i o n beam 
etching experiments are summarised i n Table 12 , 

6 . 5 . 3 M e t a l l i s a t i o n and Electrode D e f i n i t i o n 
A l l 20 wafers were coated with high p u r i t y 

aluminium to a thickness of approximately 1 \im i n a 
commercial M.O.S. processing f a c i l i t y . 

Kodak Microneg 7̂ 7 (negative working) 
photoresist was spun on to each wafer and baked as 
described i n Appendix I. Using the mask pr e v i o u s l y 
described ( s e c t i o n 6 . 5 . 2 ) the photoresist was exposed on 
a mask a l i g n e r . A f t e r development and baking the 
aluminium f i l m was etched i n "Isoform" at 45°C, with 
constant gentle a g i t a t i o n . Photoresist was removed from 
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TABLE 12 
EXPERIMENTAL CONDITIONS 

ION BEAM ETCHING OF OXIDE FILMS FOR M.O.S. CAPACITORS 

Group Wafer 
Xumbers 

Ion 
Source 

Etchant 
Gas 

Cathode 
Aperture 

to 
Target 

Distance 
H llll 

Anode 
P o t e n t i a l 

VX 

kV 

Dls charge 
Current 

rD 

aiA 

Duration 
of 

Etching 

min 

Chamber j 
Pressure | 

with 
Source j 

Opérating : 
to r r 

A 1,2,3,«* B21 Ax 75 6 2.5 20 5 * l O " 4 \ 

B 
5,6 

7,8 

B21 

B21 

CFk* 

CYk* 

75 

75 

5 

5 

3 

3 

20 

5 

1 x 10~ J ' 

1 x 1 0 " 5 ' 

C 9,10,11,12 B92 Ar 253 3 150 20 k x 10"* ' 

D 13,1'*,15,16 B92 Ar 253 3 150 30 4 x M>-h 

E 17,l87l9,20" ÎOL GROUP, MOT ETCHEI E 17,l87l9,20" ÎOL GROUP, MOT ETCHEI 

* Etcn rate data (Table ih ) i n d i c a t e à graduai blending of CT,4 * Ar 
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a i l wafers using " J 1 0 0 " s t r i p p e r , followed by acétone 
quenching and r i n s i n g i n deionised water. 
6 . 5 - ^ C-V Measurements 

The rear surface of each wafer was swabbed with 
buffered HF and thoroughly r i n s e d immediately p r i o r to 
e l e c t r i c a l t e s t i n g . Ohmic contact to the substrate was 
e f f e c t e d by means of a vacuura chuck, 

Capacitance-voltage (C-V) c h a r a c t e r i s t i c s were 
measured at f i v e points on each wafer (centre, N", S, E, W)t 

under dark cond i t i o n s . Apparatus s i m i l a r to that used f o r 
thèse measurements has been described i n the l i t e r a t u r e 
(Burggraaf, 1 9 8 0 ) . The measurement frequency was 1 . 0 MHz, 
the capacitance values were displayed on a Boonton Bridge 
and simultaneously recorded as a f u n c t i o n of the D-C. 
bias using an a r b i t r a r y scale on the Y-axis of an X-Y 
recorder. The d.c. b i a s was c o n t r o l l e d by a ramp 
generator over the range + 9 V to - 9 V (maximum f i e l d 
strength - 9 x 1 0 5 V cm"1 f o r 1 0 0 0 1 t h i c k f i l m ) . Two 
curves are shown, superimposed, i n F i g . 6 . 3 » i n which a 
c o n t r o l wafer (unetched, not bombarded) i s compared with 
wafer 16 which was subjected to a t o t a l dose of 
l.k x 1 0 1 7 Ar (o) cm - 2. 
6 . 6 RESULTS 

The expérimental r e s u l t s are shown i n Tables 13 

and lh . Wafer 2 was broken during m e t a l l i s a t i o n , hence no 
data are a v a i l a b l e . To obtain thèse data the f o l l o w i n g 
procédure was adopted: 
6 . 6 . 1 Control Wafers 

VFC = VFB " *MS <8> 
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TABLE 13 

EXPERIMENTAL RESULTS 
ION BEAM ETCHING OF SiO^ FOR M.O.S. CAFACITORS 

Vafer 
Number 

Etch Rate 
A tn±n~ 

P a r t i c l e 
Energy 

keV ( l ) 

Mean beam 
"current" d e n s i t y 

yA cm *-

Mean t o t a l dose 
(Ar or CF X) (5) 

cm" 2 

Vafer 
Number 

min. inax. 

P a r t i c l e 
Energy 

keV ( l ) 

Mean beam 
"current" d e n s i t y 

yA cm *-

Mean t o t a l dose 
(Ar or CF X) (5) 

cm" 2 

1 
2 
3 
k 

3 - 3 5 

1 - 3 5 

3 . ^ 5 

1 6 . 6 

1 3.7 
3 - 1 { A T ) 
5-1 
5-1 

1 5.6 (2) 1 . 1 2 x 1 0 1 7 

5 
6 

ZA 
5 

1 6 . 2 5 

18 . 2 3 
< » . 2 5(CT U) 
i t . 2 5 

15.6 (2) 1 . 1 2 x 1 0 1 7 

7 
3 

a . 2 

3 . 3 

2 6 . 6 
3 2 

'+-Z5(CFu) 
£t.25 15.6 (2) 2 . 8 x 1 0 1 6 ' 

i ( 3 ) 
1 2 

" 6 T 9 5 
6 . 9 5 

*.9 
7.^5 

f 2 i . 5 3 ) " 
1 1 . 3 5 

12.65 
11.6 

2.35 
2.55 
2.55 
2.55 

1 3 CO 9A x 1 0 L 6 

1 3 

1 6 

1 2 . 8 

1 2 . 8 

1 3 - 3 

1 3 . 3 

1 3 - 8 

1 3 . 8 

V4.5 

A.S 

2.55 
2.55 
2.55 
2 . 5 5 

1 3 CO IA x 1 0 1 7 

17 
i a 
19 
2 0 

Mean oxide 
thickness 
(fron. C o x 

meaaurements) 
= 1 0 3 3 1 

Notes 

(1) 

(2) 

(3) 

CO 

(5) 

Cal c u l a t e d as V„ 3 0.35 V,. Assumes beam i a i s o e n e r g e t i c . 
ö A 

Beam "current" d e n s i t y values ( f o r Ar) quoted by Ion-Tech Ltd 
(see Appendix IV). 
For comparison of etch rares for wafers 9 - 1 2 and 1 3 - 1 6 . see text. 

Beam "current" density values based on data r e p o r t e d - i n Section 
3 . 3 . The B 9 2 source produces a beam very s i r a i l a r to Chat of the 
B 9 3 -

1 M_rV cm s 6 x 10 cm" sec" p a r t i c l e s . 
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TABLE l 4 
EXPERIMENTAL RESULTS 

MODIFICATION OF FLATBAND CHARACTERISTIC^ M.O.S. CAPACITORS 
í 

Vu fer 
Pur'tic le 

Enargy 

<V 
k e V 

Tota 1 
l ' u r t i c l u 

D o s u 

cm 

* D v o l t * 

I n i t i a l Dwnsity of 
States ut Mld-Gup 
N S ¿ (co n t r o l 1 
ciu- zuV x l O 1 1 

Totul Donsity of 
States fit Mid-Gup 
N s g ( t o t ) cm"2eV x 

1 0 u 

Htidlu t ion-induced 
Density of Stu tea 
ut Mid-Gap, Nyg(ni) 

x l O H 
Vu fer 

Pur'tic le 
Enargy 

<V 
k e V 

Tota 1 
l ' u r t i c l u 

D o s u 

cm min, mux. min. max. min. mux. m i n . IHM* . 

L 
*> 

3 
5 . 1 
5 . 1 
5 . 1 

U.8 
O . 5 8 
0.8h 

1. 1 
1 . 2 
1 . 1 6 

O . 9 8 
O . 9 6 
1.01 

2. 
1.08 
0 . 5 6 
1. 16 

A l l 
~* NSy (con t r o l ) 

L 
*> 

3 
5 . 1 
5 . 1 
5 . 1 

1.1. W 7 
U.8 
O . 5 8 
0.8h 

1. 1 
1 . 2 
1 . 1 6 

O . 9 8 
O . 9 6 
1.01 

2. 5 7 * 
1.08 
0 . 5 6 
1. 16 

2.dl 
2 . 5 
J. 7 2 

A l l 
~* NSy (con t r o l ) 

5 
<•, 

i l . 25 
' 1 . 2 5 

l, U'x l O 1 7 O.3Í4 
I . 3 8 

1 . 3 
1 . 9 

0 . 8 8 
1 . 5 9 

2 . 5 7 
0 . 0 5 
3 . 3 

2.61 
•J.^5 

Mux 0.8B 
Min O.Qil 

7 
8 

' » . 2 5 2 . 8 x L 0 l Ć ü . 8 
ü . 5 

1.6 
J . J i 

1.1') 
0 . 9 9 

2 . 5 7 
1 .Oit 
0 . 3 9 

3.08 
2 . 6 8 

Mux 0.51 
Min 0 . 1 1 

9 
lO 
1J 
12 

2 . 5 5 
2 . 5 5 
2 . 5 5 
2 . 5 5 

y,'i it î o 1 6 

2.MĆ 
1 . 9 
1 . 2 6 
1 . 3 

2 . 5 6 
1.96 
1 . 6 8 
1 . 5 8 

2 . 3 9 
I . 9 2 
I . 5 3 
1 . i i 7 

2 . 5 7 

<*. 6 8 
3 . 9 6 
2.6 
2.6'i 

8 . 0 3 
it. 21. 
3.5*1 
3 . 3 9 

2 . 1 1 
1 . 3 9 
0 . 0 3 
O . 0 7 

5 . i » 6 
1 . Ć 7 
0 . 9 7 
U.82 

1 i 

15 
16 

2 . 5 5 
^ . 5 5 
2 . 5 5 
2 . 5 5 

1 . i t K l o ' 7 

' 1 . Iß 
it.6 
3 . 1 ' ' 
5 . 5 6 

'K 5 
6.08 
3.7'i 
6 . 3 

'<. 3 7 
5 . 5 7 
3 . ^ 3 
6 . 0 1 

2 . 5 7 

1 2 . 9 

9 . 9 
1 7 . 9 

1*1.6 
1 9 . 2 
I 2.it 
2 1 . 6 

1 0 . 3 3 

7 . 3 3 
1 5 . 3 

1 2 . 0 3 
1 6 . 6 3 

9 . 8 3 
1 9 . 0 3 

17 
18 
19 
•¿o 

- -
l . ' i 
l . i i 
1 . 0 
l . i i 

2 . i ) i | 
1.8 
1.0 
2 . 0 6 

1 - 9 7 
l.6k 
1 . 0 
1 . 6 7 

2 . 3 5 
2.2Ć 
l . ' i 6 
2.18 

Í 4 . 5 2 
3 . 0 9 
l . i * 6 
3 . 2 5 

Mean 
2.57 - -

* M<jari va lue f o r con tro 1 rumple a 
= 2 . 5 7 x l O 1 1 cm"2 
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where = p o t e n t i a l due to f i x e d charge (see belov) 
= p o t e n t i a l at f l a t band capacitance 

r a 

= metal-seraiconductor work f u n c t i o n 
where from équation 4: 

( p M S = 0.062 log 5 * 10lk - 1.228 (9) 

= - 0.317 V 
The f i x e d charge i s made up of: 

Q s g: f i x e d surface state charge 
Q : f a s t surface state charge 

: mobile ion charge 
By d e f i n i n g as the i n i t i a l charge on the c o n t r o l wafers 
as a r e s u i t of c r y s t a l o r i e n t a t i o n , o x i d a t i o n and other 
f a b r i c a t i o n stages, then 

and s o, 
x ss st o 

C 
Q - — V 
i ~ A VFC 

where i s i n coulombs 
C 
ox 

— — i s the capacitance at accumulation 
-2 

i n u n i t s of F cm 
V ç i s the p o t e n t i a l , from (8), ( v o l t s ) . 

From t h i s , the density of i n t e r f a c e or surface states at 
raid-gap i s found from: 

N = ^ 
s s q 

-2 where N i s i n u n i t s of states cm eV * s s 
q i s the e l e c t r o n i c charge 

Table ik shows that the i n i t i a l density of states 
11 2 

(N ) v a r i e s over the range 1.46 to h, $2 x 10 cm" eV. 
To évaluate the r a d i a t i o n indueed charge density, the 
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11 2 
mean value i s used, 2.57 x 10 cm eV. 
6.6.2 Ion Beam Etched Wafers 

The measured f l a t band voltage consis t s of the 
f i x e d charge (v ) and the p o t e n t i a l due to the r a d i a t i o n 
indueed charge ( ) 

V + V = V - <D 
R I FC FB ^ M S 

V i s the p o t e n t i a l due to: 
K l 

Q RI 
Q ot 
Q st2 
Q 02 

and s o, 
Q R I 

the t o t a l r a d i a t i o n induced charge 
traps i o n i s e d by r a d i a t i o n 
increased surface state charge 
increased mobile i o n charge 

Q o t + Q s t 2 + «02 
from which: 

Q R I ox 
A ( v F B - <PM Q) - V MS FC 

The number density of radiation-induced states 
i s best found from 

N (Rl) = N ( t o t a l ) - N ( c o n t r o l ) 
5 S S S S S 

and these data are l i s t e d i n Table l4. 

6.6.3 Etch Rates 
The oxide f i l m thickness was c a l c u l a t e d from 

the measured value of C q x , aecording to équation ( l ) , 
The etch rate data f o r saraples 2-8, shown i n 

Table 13 suggest that the B21 source was not operating 
on Ar (wafers 2-4), and then CF^ (wafers 5-8)» and i t 
appears that the gas supply through the dessicant 
car t r i d g e had not been adequately purged. The 
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progressive increase i n etch rate between wafers 5 to 8 

suggests the gradual blending of the two gases (CF^ 
concentration i n c r e a s i n g ) . The large v a r i a t i o n i n etch 
r a t e s , e s p e c i a l l y across wafers 2-4 i s to be expected 
with the l i m i t e d beam area produced by the B21 source 
mounted close to the wafer. 

The maximum etch rate r e s u l t f o r wafer 9 appears 
to be spurious and has been disregarded i n c a l c u l a t i o n s of 
beam current density etc. The v a r i a t i o n i n etch rates 
across wafers 9-12 i s much greater than that measured 
across wafers 13-16. This i s a t t r i b u t e d to the thermal 
s t a b i l i t y of the B92 source (see se c t i o n 3-2.4) as 
f o l l o w s . Wafers 9-12 were etched f i r s t (as described i n 
sec t i o n 6 . 5 . 2 ) with the source c o l d at start-up. No 
shutter was a v a i l a b l e so the wafers were exposed to a beam 
that increased i n energy over the f i r s t 10 minutes or so 
of the run, although some c o n t r o l was exercised by the 
adjustment of the plasma chamber gas pressure. Under 
these c o n d i t i o n s , the current d i s t r i b u t i o n w i t h i n the 
beam would have been less uniform (Evans, 1 9 8 l ) than with 
the source operating at thermal e q u i l i b r i u m . The second 
batch to be etched, wafers 13-18, show a greater 
degree of etch depth u n i f o r m i t y , suggesting that the 
source was operating i n a stable c o n d i t i o n . 
6.6.4 M o d i f i c a t i o n of C-V C h a r a c t e r i s t i c s 

Reference to Table l4 shows that, f o r samples 
i r r a d i a t e d by B21 beam, the t o t a l surface state density 
( N s s i s c o n s i s t e n t l y lower than f o r the u n i r r a d i a t e d , 
c o n t r o l wafers ( 0 . 0 5 - 3-45 x l O 1 1 compared to 1.46 -

11 2 
4 .52 x 10 cm" eV). The consistency of the B21 beam 
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etched r e s u l t s i n d i c a t e that any contamination which may 
have been introduced during bombardment w a s reasonably 
constant and of i n s i g n i f i c a n t concentration. I t i s not 
possible to be c e r t a i n i n proposing mechanisms to 
expla i n some of thèse expérimental r e s u l t s i n view of the 
small sample s i z e and l i m i t e d number of v a r i a b l e s 
i n v e s t i g a t e d . The réduction c a l c u l a t e d f o r the density 
of surface states (wafers 2, 3, 4) could be due to: 

( i ) The annealing e f f e c t of joule heating by the beam. 
For t h i s to have occurred, the température at.the 
Sij^SiCLp i n t e r f a c e must have increased to about 
400°C (the température reported to be required f o r 
removing damage due to Ar° bombardment, McCaughan 
et. a l . , 1980). The etching of A l f i l m s p r e v i o u s l y 
described (Section 4.5.2) has suggested that the 
surface température of thèse targets probably 
exceeded 400°C when exposed to a B95-Ar beam. 

( i i ) The e f f e c t of water vapour ( i n the vacuura C h a m b e r ) 

or water chemisorbed i n the SiO,,. Energetic 
p a r t i c l e bombardment of water molécules could 
produce atomic hydrogen, which has been shown to 
be e f f e c t i v e , both i n the form of implanted H 9

+ and 
as annealing ambient, i n the trapping of i n t e r f a c e 
states (Belson and Wilson, 1979). 
The r e s u l t s of the other B21-beam etched samples 

show no dependence on p a r t i c l e dose, again i n d i c a t i n g that 
mechanisms as described above could be responsible. The 
e f f e c t of bombarding with CF x S p e e l e s (wafers 7 and 8) 
has not produced any increase i n N (Hl) above the l e v e l 

S S 
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déterminée! f o r an argon beam. 
The increase i n density of states f o r the two 

groups of B 9 2-Ar beam bombarded wafers i n d i c a t e s a dose 
dependence s i m i l a r to that shown f o r the published work 
of McCaughan et. a l , , ( l 9 8 0 ) . These r e s u l t s cannot be 
compared d i r e c t l y , however, as the bombarding species 
were différent. Comparing the r e s u l t s of B 9 2-Ar beam 
bombarded spécimens with those obtained using a 5 0 0 eV 
A r + beam (McCaughan and Murphy, 1 9 7 3 ) , N (Ri) has been 
found to be 10 times lover f o r a t o t a l dose which was 

3 
greater by a f a c t o r of 10 , suggesting that a s i g n i f i c a n t 
proportion of the t o t a l dose was not charged. 

As f u r t h e r s u b s t a n t i a t i o n f o r the hypothesis that 
a large proportion of uncharged p a r t i c l e s were présent 
i n both B21 and B93 Ar beams, no évidence has been found 
f o r d i e l e c t r i c breakdown i n any of the 15 treated wafers. 
This i s i n d i c a t e d by the shape of the C-V curve f o r one 
capacitor on wafer l 6 (see F i g . 6 . 3 ) , which shows no 
abnormality up to füll bias voltage (+ 1 . 5 x 10^ V cm ^ 
fo r the most h e a v i l y etched oxide). Published r e s u l t s 
i n d i c a t e that f o r non-annealed samples, a dose of 1 0 " ^ 

A r + cm ^ (50-2800 eV range) caused d i e l e c t r i c breakdown 
at 2 x 10^ V cm 1 i n 9 0 $ of the samples tested (McCaughan 
and Murphy, 1 9 7 3 ) • 

In the absence of bias-temperature st r e s s (B.T.) 
and température-voltage-ramp (T-V-R) r e s u l t s , i t i s not 
possible to i d e n t i f y the i n d i v i d u a l charges c o n t r i b u t i n g 
to the t o t a l QR̂ .. S i m i l a r l y , the e f f e c t of annealing on 
the bombarded spécimens has not been studied. 
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6 . 7 Summary of Results 
Using the high-frequency capacitance-voltage 

measurement technique, the combined s u r f a c e - i n t e r f a c e 
state density (N ) has been deterrained f o r contro1 and 
i r r a d i a t e d S i 0 2 f i l m s on n-type S i . 

Wafers etched with the beam produced by the B21 
source i n j e c t e d with argon or a mixture of argon and CF^ 
showed two e f f e c t s : no increase i n N above the c o n t r o l 

ss 
l e v e l and a marginal increase which was not dependent 
upon p a r t i c i e dose. Joule heating of the oxide f i l m or 
trapping by hydrogen, produced by the d i s s o c i a t i o n of 
water molécules raay have been responsible f o r the 
réduction i n charged st a t e s . 

Vafers exposed to an argon beam produced by the 
B92 source displayed an increase i n N g s which appears to 
co r r e l a t e with i n c r e a s i n g to t a l dose. The dose 
dependence and absolute values of N , when compared with 

s s 
the published literaturę strongly suggest a high degree 
of beam n e u t r a l i t y . 

The C-V measurements also show that none of the 
bombarded oxide f i l m s suffered d i e l e c t r i e breakdown at 
f i e l d s of 9 x 10"̂  V cm ^ and greater which again i n d i c a t e s 
that any charged component, i f présent, must be a small 
proportion of the t o t a l beam. 
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FIG.6.1 The M.O.S. C a p a c i t o r : P h v s i c a l and 
E l e c t r i c a l D e t a i l s . 
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FIG.6.2 Band Struc tures f o r the M.0.S. Capacitor 
under various conditions of applied gâte 
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C = 1 U p F WaferW 
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FIG.6.3 1 MHz C-V c h a r a c t e r i s t i c s f o r B93 a r g o n beam bombarded and 
c o n t r o l ( n o t bombarded) M.O.S. c a p a c i t o r s . 
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Radiation indueed surface sta te d ensity 
as a fu n c t i o n of t o t a l p a r t i c l e dose. 
f o r M.0.5. oxide f i l m s bornbarded bv beams 
from two Saddle F i e l d sources. 
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7.0 MECHAN!SMS OF REACTIVE ION BEAM ETCHING 
7.1 INTRODUCTION 

Work described i n Chapter h has shown tha t , f o r most 
ma t e r i a l s , the etch rate i s increased by s u b s t i t u t i n g a 
gas containing f l u o r i n e i n place of argon. 

Sputtering with argon i s a purely p h y s i c a l process, 
but to understand the mechanisms of etching by a r e a c t i v e 
io n beam i t i s necessary to consider energy t r a n s f e r and 
chemical a f f i n i t y . 

In the case of ion m i l l i n g i t i s necessary to 
understand the formation and c h a r a c t e r i s t i c s of charged, 
mas s ive 'part i c l e s and the i r e f f e c t at the targe t surfac e. 
The d i s s o c i a t i o n of fluorocarbons and SFg, however, 
produces a vide range of fragments containing i o n i c , free 
r a d i c a l and atomic species, many with the capacity to 
enter i n t o s puttering and/or chemical r e a c t i o n s . 
7.2 ETCHING BY CHEMICAL REACTIONS 
7-2.1 Etching of S i l i c o n Compounds by F l u o r i n e and 

Flu o r i n a t e d Compounds 
The s c i s s i o n and formation of chemical bonds are 

low energy processes, r e q u i r i n g the t r a n s f e r of u s u a l l y 
no more than ~5 eV. 

Detailed work on the chemistry of plasma etching 
(Flamm, et. a l . , 198l,b) has shown that the etch rate of 
S i by F atoms i s dépendent on the concentration of 
etchant species (n^) and the température (T) according 
to the r e l a t i o n s h i p : 

R g i = 2.91 - 0.2 x 10" 1 2n FT^" exp(-E/kT); A min" 1 ( l ) 
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The a c t i v a t i o n energy ( E ) was found by these workers to 
be 0.108 - 0.005 eV, The r a t e - l i m i t i n g step i s the 
formation of Si-F bonds at the surface: 

S i + 2F — ^ S i F 2 (2) 
which may be removed from the s i t e of the r e a c t i o n as a 
v o l a t i l e product, or become f u l l y f l u o r i n a t e d : 

S i F 2 + 2 F 2 - * S i F 4 ( 3 ) 

( b o i l i n g point - 65° at 76O mm) 
(Handbook of Chemistry and 
Physics, 1963) 

where t h i s v o l a t i l e compound of S i ( S i F ^ ) i s most u s u a l l y 
observed by mass spectrometry studies ( V a s i l e , 1 9 8 0 ) . 

Tfce~~*etch rate of S i by F atoms i s approximately 
4 l times greater than that of S i 0 2 at 20°C (Flamm, et. a l . , 
I98l,b) . This s e l e c t i v i t y i s ascribed to the comparable 
r e a c t i v i t i e s of oxygen and f l u o r i n e towards S i . For the 
etching of S i 0 2 by f l u o r i n e atoms, the v o l a t i l e end 
product i s again S i F ^ : 

4F + S i 0 2 — S i F ^ + 0 2 o v e r a l l (4) 

Free molecular oxygen has been detected by mass 
spectrometry ( V a s i l e , 1980) and has been shown to combine 
with carbon atoms from the d i s s o c i a t i o n of pump f l u i d s or 
CF (see 7 .3.1) i n the presence of a source of e x c i t a t i o n 
(such as e l e c t r o n bombardment) (Thomas, 197^): 

C + 0 —»• CO (5) 

and u l t i m a t e l y to: 
CO + 0 — c o 2 (6) 

The r e a c t i o n of f l u o r i n e atoms with Si^N^ would be 
expected to f o l l o w a s i m i l a r a d d i t i o n - a b s t r a c t i o n 
sequence as i n ( 4 ) , but with less energy required 
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i n i t i a l l y f o r the cleavage of the Si-N bond : 
12F + S i 3 N ^ — • 3SiF 4 + 2N 2 (7) 

with the l i k e l y removal of nitrogen i n atomic or molecular 
form (Kumar, et. a l . , 1976). Thèse reactions demonstrate 
that i t i s possible f o r v o l a t i l e end products to be 
formed during the attack of f l u o r i n e atoms on s i l i c o n 
compounds. 

The présence of fluorocarbons (CF x) leads to the 
formation of several possible by-products during the 
etching of s i l i c o n compounds. The f o l l o w i n g are suggested 
by the author as possible reactions f o r the p r x n c i p l e 
species i d e n t i f i e d (Coburn, et. a l . , 1977) i n a CF^ 
discharge, namely CF^*, C F 2

+ and CF + ( C + , CF+ +, CF^++ and 
F + were also detected). Thèse reactions only describe the 
pos s i b l e chemical reactions without considération of 
po s s i b l e charge on the species i n i t i a l l y . 

The etching of s i l i c o n i n e v i t a b l y leads to the 
présence of atomic carbon i n varying q u a n t i t i e s : 

4CF + S i —+• S i F ^ + kC (8) 
2CF 2 + S i — S i F ^ + 2C (9) 
2CF 3 + S i —*• S i F ^ + F 2 + C (10) 

The présence of atomic oxygen, l i b e r a t e d from the 
S i 0 2 l a t t i c e , however, leads to the formation of a greater 
proportion of v o l a t i l e products: 

2CF + S i 0 2 —*-SiOF 2 + CO + C ( i l ) 
4CF + S i 0 2 — ^ S i F ^ + 2C0 + 2C (12) 
CF 2 + S i 0 2 — ^ S i O F 2 + CO (13) 
2CF 2 + S i 0 2 - * * S i F ^ + 2C0 (l4) 
2CF^ + S i 0 2 SiOF 2 + C0F 2 + F 2 + C (15) 
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2CF^ + S i 0 2 —*- S i F ^ + C 0 F 2 + CO ( l 6 ) 

2CF^ + S i 0 2 — S i F ^ + F 2 + 2C0 ( l 7 ) 

The etching of Si^N^ i s probably analogous to that 
of S l 0

2 » w i t h the e v o l u t i o n of nitrogen and d e p o s i t i o n of 
carbon: 

12CF + S i ^ — 3 S i F ^ + 2 N 2 + 12C ( l 8 ) 

6CF 2 + S i ^ — 3 S i F ^ + 2N 2 + 6C (19) 
UCF^ + S i ^ — - 3SiF 2 + + 2 N 2 + kC (20) 

I t i s possible that recombination of nitrogen and 
carbon occurs, complexes such as CF^—CN have been 
detected by mass spectrometry (Coburn and Kay, 1979). 

The formation of cyanogen ((CN) 2, b o i l i n g point -21° at 
76O mm, Handbook of Chemistry and Physics, 1963) i s an 

-1* / 

endothermic process, r e q u i r i n g 71 k c a l mole (Cotton 
and Wilkinson, 1967), which i s e a s i l y a v a i l a b l e under the 
conditions present during bombardment by p a r t i c l e s 
extracted from the B93 source. 
The f o l l o w i n g reactions are proposed: 

12CF + S i — 3 S i F ^ + 2(CN) 2 + 8C (21) 

6CF 2 + S i ^ —*• 3 S i F ^ + 2(CN) 2 + 2C (22) 

^CF^ + S i ^ — 3 S i F I | + 2(CN) 2 (23) 

Previous work (Coburn and Kay, 1979) has shown tha t , 
i n the plasma etching of s i l i c o n compounds, the reactions 
that lead to the presence of atomic carbon proceed at a 
slower rate than those i n which a l l products are v o l a t i l e . 
Reactions (8) to (23) show that the expected r e l a t i v e 
etch rates would be as f o l l o w s , the r e a c t i o n number i s 
shown i n parentheses: 

*1 eV = 23.O6 k c a l mole" 1 
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CF^ CF 2 CF 
S i 0 2 > S i (l6 or 17,10) (13 or l4,9) 

S i 3 N 4 =~Si (23,10) 
S i 3 N 4 > S i 0 2 (23,15) 

S i 0 2 =- Si^N^ (l6 or 17,20) (13 or l4,19 or 22) -

S i =- S i 0 2 - - -

S i =- S i - -
These hiérarchies only d i s t i n g u i s h betveen reactions 
forming atomic carbon and those that do not. There are 
also various p o s s i b i l i t i e s where the quantity of carbon 
i s différent i n two reactions i n v o l v i n g the same CF 
species T~~ 

Table 15 shows the expérimental etch rate r a t i o s 
f o r various combinations of materials and parent gases. 
S i 0 2 i s seen to c o n s i s t e n t ! / etch f a s t e r than S i , which 
i n d i c a t e s attack by e i t h e r CF^ or CF 3 < S i 3 N ^ c o n s i s t e n t l y 
etches at a greater rate than S i which suggests CF 3 i s the 
a c t i v e species. With the exception of CF^, a i l of the 
parent gases produced S i 3 N ^ etch rates greater than those 
of S i 0 2 , again suggesting attack by CF.̂ . The r e l a t i v e 
etch rate hierarchy p r e v i o u s l y shown i n d i c a t e s that S i 3 N ^ 
may etch f a s t e r or slower than S i 0 2 , depending on the 
nature of the products. I t seems probable that CF 3 i s the 
etchant responsible when the parent gas i s a Fréon. When 
the parent gas i s SF^, however, the question becomes 
rath e r more d i f f i c u l t as a v a r i e t y of species may have 
been extracted from the source (see Section 7.3-2). 
S i l i c o n has been shown to etch 70 times f a s t e r than S i 0 2 

i n a plasma of pure SFg (d'Agostino and Flamm, 1981 ), 
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TABLE 15 
Experimental Etch Rate Ratios f o r 
Selected Combinations of Ma t e r i a l s 

Etch Rate, Target 1 (S min" 1) Expressed as T ° * 
Etch Rate, Target 2 (£ min" ) 

CombinatIon 
of 

Materials 
Ar CHF 3 C 2 F 6 C 3 F 3 S F 6 

S i 0 2 : S l 2.1-2.2 
(1) 

6-6.35 
(2) 

3 .3-^-6 
(2) 

3-3-3-7 
(1)Ä(2) 

^ . 5 - 6 . 1 
(1) 

2.86-3.3 

S ± 3 N t i S ± O a 0 . 6 2 - 0 . 6 7 
(1) 

0.65-0.83 
(2) 

1.1-1.5 
(1) 

1.32-2.11 
(1) 

1.03-1.33 
(2) 

0.9-1-21 
(2) • 

S i
3 V - s i l.U 

(1) 
3.9-5.25 

(2) 
^ . 9 - 5 . 0 2 

(1) 
6 . 7 - 7 . 0 3 

(1) 
6-6.25 

(2) 
2.95-3.^6 

(2) 

Conditions : 
B93 source, on and normal to a x i s , C.A.T.T. 1 5 0 mm, beara 
"current" density ( f o r Ar) 26 uA cm" , Vfî = 2 . 5 5 keV ( l ) 

V- = 2 . 1 2 keV ( 2 ) 
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from which the major etchant species was concluded to be 
atomic f l u o r i n e . The data i n Table 15 i n d i c a t e s that 
t h i s i s not the case when SFg i s i n j e c t e d i n t o the B93, 
thus suggesting that d i s s o c i a t i o n recombination reactions 
i n v o l v i n g the carbon of the plasma Chamber components 
lead to the e x t r a c t i o n of CF^ + species as i s the case 
with Fréons.(Section 7 -3.2 gives more détails). 
7.2.2 Etching of Aluminium and Tungsten b y F l u o r i n e 

and Fluorinated Compounds 
The only known f l u o r i d e of aluminium which occurs 

at ambient température i n unco-ordinated form i s AlF^, 
melting point 1290°C (Cotton and Wilkinson, 1967). 

Chemical reactions leading to the formation of t h i s 
Compound are, therefore, unsuitable f o r etching purposes 
due to the high température required f o r v a p o u r i s a t i o n . 
As a i l f i l m s of aluminium become passivated by the 
formation of A^O^, the f i r s t stage i n the etching 
process must be removal of that l a y e r . I t seems l i k e l y 
that replacement of oxygen by f l u o r i n e can occur, with 
the formation of AlF^: 

A 1 2 0 3 + 6F — 2 A 1 F 3 + 3 / 2 0 2 ( l ) 

or A 1 2 ° 3 + 2 C F 3 — " 2A1F 3 + C0 2 + CO (2) 

S p u t t e r - y i e l d data f o r A1F 3 have not been seen i n the 
l i t e r a t u r e , the removal of t h i s Compound by p h y s i c a l 
processes alone i s , therefore, spéculative. There i s no 
évidence f o r the existence of aluminium o x y f l u o r i d e s , 
which might o f f e r a convenient route to d i r e c t 
v o l a t i l i s a t i o n . S i m i l a r r e a c t i o n s on deoxidised f i l m s 
would be expected to produce the same i n v o l a t i l e 
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a l u m i n i u m Compound: 

A l + 3F — A 1 F 3 (3) 

w i t h the possible formation of carbon f i l m s when CF^ 
i s the a c t i v e species 

AI + CF 3 — A 1 F 3 + C (k) 

In contrast, however, tungsten i s known to form 
one v o l a t i l e f l u o r i d e b o i l i n g point 17°C, Cotton 
and Wilkinson, 1967). The formation of WF̂  may f o l l o w 
removal of surface oxide, W02,by libération of WOF̂  
which sublimes 

V 0 2 + 2 F 2 ~~*" W 0 F 4 + i °2 ' (5) 
and, asśuming the absence of oxygen f o r f u r t h e r 
o x i d a t i o n of the clean tungsten surface: 

W + 6F — ¥ F 6 (6) 

or a l t e r n a t i v e l y by CF^: 
W02 + 2CF 3 — • WOF^ + COF2 + C (7) 

which suggests that f u r t h e r etching may be retarded as 
a carbon f i l m i s formed, which i s also l i k e l y i n the 
re a c t i o n f o l l o w i n g removal of the oxide: 

W + 2CF 3 —*• WFg + 2C (8) 
7.2.3 Etching by Free Radicals 

The term "free r a d i c a l " i s for m a l l y defined i n the 
Glpssary. There appears to be a degree of ambiguity i n 
some of the literaturę regarding the use of t h i s term. 
In the reactions of i n t e r e s t ( i . e . the production of 
v o l a t i l e Compounds of S i l i c o n by the r e a c t i o n of f l u o r i n e 
on S i , S i 0 2 or Si 3N^) there i s no d i s t i n c t i o n between the 
end r e s u l t of etching by f l u o r i n e free r a d i c a l s and that 
due to f l u o r i n e atoms. The e s s e n t i a l différence between 



f l u o r i n e atoms and f l u o r i n e free r a d i c a l s i n t h i s 
a p p l i c a t i o n i s the a c t i v a t i o n energy with respect to a 
s p e c i f i c target m a t e r i a l . In p r a c t i c e , the term free 
r a d i c a l i s often used to describe the i s o t r o p i c nature 
of the etchant. From t h i s i s derived the d i s t i n c t i o n 
"Ion Associated Etching" ( a n i s o t r o p i c , due to charged 
species d i r e c t e d e l e c t r o s t a t i c a l l y ) compared with "Free 
Radical Etching" ( i s o t r o p i c , m o b i l i t y of species by 
d i f f u s i o n ) ( G i l l , 1980; Doken and Miyata, 1979). 

The free r a d i c a l s of i n t e r e s t to t h i s work are 
formed by the homolytic f i s s i o n of a covalent bond. The 
bonding electrons are, therefore, shared equally between 
the two products of the d i s s o c i a t e d parent. There i s no 
net t r a n s f e r of electrons and the products are 
e l e c t r i c a l l y n e u t r a l , as shown with CF^ as an example: 

F F 
AE 

F : C : F —*- F : C : F + F ( l ) 
* 

F 
trifluoromethy 1 

r a d i c a l 
where AE i n d i c a t e s energy gain. 
The lone e l e c t r o n attached to the carbon atom i s denoted 
by CF^ i n subsequent r e a c t i o n mechanisms, the same 
no t a t i o n i s used f o r the f l u o r i n e r a d i c a l , F. In the 
representation shown i n ( l ) i t can be seen that the 
carbon atom r e t a i n s three covalent bonds and, therefore, 
one e l e c t r o n i n the 2p s h e l l remains unpaired. The 2p 
s h e l l i n the f l u o r i n e atom requires the a d d i t i o n of only 
1 e l e c t r o n f o r completion (hence the e l e c t r o n a f f i n i t y of 
3-^5 eV") and hence the unpairing of one e l e c t r o n i s 
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accomplished v i t h the s c i s s i o n of the C-F bond. This i s 
analogous to the U.V. d i s s o c i a t i o n of molecular f l u o r i n e : 

F 2 ™ + F + F (2) 
The question of etching by CF fragments (where 

x = 1, 2 or 3) i s rather complex as i o n i c and free r a d i c a l 
forms probably e x i s t . I t would appear that the o v e r a l l 
r e a c t i o n of a free r a d i c a l moving by d i f f u s i o n alone: 

2CF 3 + S i 0 2 — S i F u + F 2 + 2C0 (3) 

could give the same end products as impact by an ion 
(or ion n e u t r a l i s e d by c o l l i s i o n with an électron): 

2CF 3
+ + S i 0 2

 +-^- S±Fk + F 2 + 2C0 (h) 

althougli~~the etched p r o f i l e s would be t o t a l l y différent. 
The r a d i c a l s of i n t e r e s t here are s h o r t - l i v e d ( h a l f -

l i f e , t± = 10 x 10" 6 sec) (McTaggart, 1967) and decay to 
2 

the ground state by: a d d i t i o n reactions to s u i t a b l e 
m a t e r i a l s , such as S i l i c o n , 

S i + 2F —» S i F 2 (g) followed by: (5) 

S i F 2 + 2F — SlFk (g) (6) 

recombination at the ves s e l w a l l : 
F + F - ~ F 2 (7) 

or by d i r e c t additon to a r a d i c a l scavenger such as oxygen 
trapped i n the source graphite l i n i n g s or at the vacuum 
Chamber w a l l : 

• 

-J-0„ + 2F — F - O - F ( b o i l i n g point - (8) 
145°C) 
(Handbook of Chemistry 
and Physics 1963) 

As the d i s t r i b u t i o n of free r a d i c a l s (such as 
CF 3, F) and atoms (e.g. F ) i s by d i f f u s i o n , etching 
reactions i n which thèse species play a major rôle are 
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characterised by "undercut 1 1 p r o f i l e s . Evidence of t h i s 
i s seen i n F i g . 7 -1 where, during the f a b r i c a t i o n of 
Mesa diodes the S i l i c o n has been etched i s o t r o p i c a l l y 
beneath the aluminium électrode dis e , by f l u o r i n e from 
an SFg plasma ( 0 . 1 5 t o r r , ground électrode température 
kO°C i n i t i a l l y , not c o n t r o l l e d , power density 0 . 9 9 W cm - 2 

1 3 . 5 6 MH , etch rate 2 . 2 um min" 1). 
I t i s considered possible that a charged p a r t i c l e 

(say CF^ +), extracted from the B93 oy accélération across 
the i on sheath i s n e u t r a l i s e d by the capture of a 
secondary électron : 

* 

CF'~+ + e —**• CF„ (électron capture to form ( 9 ) 
radicals.has been proposed 
f o r other organic ions) 

( S t i r l i n g , 1 9 6 5 ) 

and continues as a free r a d i c a l with n e g l i g i b l e change i n 
d i r e c t i o n or momentum. The time of f l i g h t across the 
f i e l d - f r e e région between the cathode and target i s 
given by: 

t = - 4 - ( 1 0 ) 

</2E/m 

where t i s i n sec 
d i s 0 . 1 5 m (normal C.A.T.T. distance) 

-19 
E i s the ion energy x 1 . 6 0 2 x 10 7 Joules 

- 27 

m i s the ion raass x 1 , 6 7 x 10~ kg 
For C F 3

+: accélération by V A = 0 . 6 kV, t = k x 1 0 " 

sec, and f o r V A = 3 . 0 kV, t = 1 . 8 x 1 0 " 6 sec. As these 
times are at the longest one h a l f of one h a l f - l i f e , a 
s i g n i f i c a n t proportion of free r a d i c a l s could, i f 
produced by t h i s process, a r r i v e at the target surface. 
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7.3 FORMATION OF REACTIVE SPECIES WITHIN THE B93 
7 . 3 . 1 D i s s o c i a t i o n of Fréons and Recombination 

Processes 
There are probably two d i s t i n c t mechanisms by which 

fluorocarbon fragments are produced w i t h i n the B93 and are 
subsequently extracted i n charged form: 

( i ) électron impact d i s s o c i a t i o n 
( i i ) thermal d i s s o c i a t i o n 

At the inst a n t of ene r g i s a t i o n with the source at 
20°C, the c h a r a c t e r i s t i c s are not s t a b l e , and 

d i s s o c i a t i o n of a fluorocarbon molécule such as CF^ may 
be primâ~î*ily by électron impact leading to the rupture of 
one or more C-F bonds: 

CF^ C F * + F" (bond energy 121 k c a l ( l ) 
mole*"l) 

( S t i r l i n g , 1965) 

Vhen the anodes hâve achieved thermal e q u i l i b r i u m 
at about 900°C, however, the increased c o l l i s i o n rate 
f o r CF^ molécules which d i f f u s e i n t o t h i s high température 
région i s l i k e l y to lead to t o t a l d i s s o c i a t i o n , probably 
stepwise: 

CF^ A H CF 3 + F (2) 

CF 3 
A H ^ 

* . 
CF 2 + F (3) 

CF 2 
A H p 

. . 
CF + F ( M 

CF A H ^ * • 
C + F (5) 

For which the me an bond energy i s ^ 116 k c a l mole" 1 

(Finar, 19^7) . At t h i s température i t has been shown 
that the most l i k e l y d i s s o c i a t i o n mechanism i s the 
homolytic f i s s i o n of each bond (Cadogan, 1973) leadin g 
to free r a d i c a l s as shown. 
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As the gas i s i n j e c t e d i n t o the source approximately 
35 °™ from the anodes (see F i g . 3 . 1 ) , and where a high 
density of o s c i l l a t i n g electrons e x i s t s , mechanism ( l ) 
i s l i k e l y to predominate. 

From reactions (2) - ( 5 ) , the o v e r a l l thermal 
d i s s o c i a t i o n process i s described by: 

CF^ — » C + 4F (products i n the ground (6) 
state ) 

from which atomic carbon may coalesce i n t o p a r t i c l e s and 
condense on cooler areas of the plasma chamber and ends 
of the anode rods, or may undergo r e a c t i o n with the atomic 
f l u o r i n e ^ 

CF,. — C + 4F-
(7) 

U c + F L*X (CF,CF 2,CF^)(exothermic) 
• p a r t i c l e s deposited 

The observation that p a r t i c u l a t e carbon of low 
density i s formed w i t h i n the source suggests that r e a c t i o n 
(7) occurs to some degree. Sputtering i s thought not to 
be responsible f o r these carbon deposits. Carbon 
sputtered from the anodes and graphite l i n e r s of the 
plasma chamber and redeposited w i t h i n the source f o l l o w i n g 
operation with argon i s of such greater density and 
cohesion than the " f l u f f y " deposits observed a f t e r 
operation w i t h fluorocarbons. 

The removal of carbon ( r e a c t i o n (7)) leads to 
f l u o r i n e enrichment. Atomic f l u o r i n e may react at the 
hot graphite anodes: 

F + C CF + + e (9) 

or may capture an e l e c t r o n i n the exoergic process: 
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F + e — - F* (-80.2 k c a l g.atora) (lO) 
( B e l l and L o t t , 1966) 

followed by r e a c t i o n at the anodes: 
F" + C — ^ CF + + 2e ( i l ) 

2F* + C —•*• C F 2
+ + 3e ( 1 2 ) 

3F" + C — ^ C F 3
+ + 4e ( 1 3 ) 

These products are i n e q u i l i b r i u m w i t h those shovn 
i n reactions ( 2 ) - ( 5 ) due to thermal d i s s o c i a t i o n . In 
other words, the dissociation-recombination reactions 
occur simultaneously and escape from the cycle i s only 
p o s s i b l e f o r charged species that are accélérated out of 
the source before d i s s o c i a t i o n occurs. 

The existence of polymer deposits w i t h i n the source 
has not been observed although the etch rate data i n d i c a t e 
the présence of CF species, one t y p i c a l r e a c t i o n of 
which i s ( f o r CF 2 d i r a d i c a l ) : 

: CF 2 + F 2C : 7 0 0 - 9 0 0 ° ^ F ^ c = CF 2 — - ( C F ^ C F ^ ( l 4 ) 

PTFE 
used i n the i n d u s t r i a l production of p o l y t e t r a f l u o r e t h y l e n e 
(Roberts and Caserio, 19&5 ) . 

The reasons f o r the apparent absence of t h i s 
r e a c t i o n are thought to be: 

( i ) The pressure w i t h i n the source i s too low f o r 
s i g n i f i c a n t numbers of c o l l i s i o n s leading to 
chain propagation, 

( i i ) The présence of the considérable e l e c t r o s t a t i c 
f i e l d which tends to produce i o n i c , rather than 
free r a d i c a l species. 

( i i i ) The loss of free r a d i c a l s by recombination ( f o r 
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example at the walls of the plasma chamber) and 
i n h i b i t i o n of the chain séquence. 

Hexafluoroethane ( C
2

F 6 ' F r e o n 1 16) may be expected 
to fragment i n i t i a l l y at the weak C-C bond, when close to 
the hot anode rods: 

F^C - CF^ 2CF^ ( 6 9 k c a l mole" 1) ( 1 5 ) ' f6 9 k c a l mole j 
J ( S t i r l i n g , 1 9 6 5 ) 

from which t o t a l d i s s o c i a t i o n can occur according to 
reactions ( 3 ) - ( 5 ) . Thèse reactions lead to the 
déposition of carbon and attack of f l u o r i n e at the hot 
graphite surface. E l e c t r o n impact at the parent molécule 
may, however, lead to i o n i c fragments which are extracted 
from the source : 

F^C - CF^ 2 C F 3
+ + 2e ( l 6 ) 

S i m i l a r l y , with t r i f l u o r o m e t h y l r a d i c a l s , although 
with a lower energy requirement: 

CF^ C F 3
+ + e (17) 

The c h a r a c t e r i s t i c s of octafluoropropane (C^Fg, 
Fréon 2 1 8 ) are not w e l l documented i n the l i t e r a t u r e . In 
considération of the mass of the terminal f l u o r i n e atoms 
and t h e i r e l e c t r o n e g a t i v i t y (k.10, Allred-Rochow) 
(Cotton and Wilkinson, 1967) a l o c a l i s a t i o n of charge 
would be expected towards the CF^ groups which would 
also impart a bending moment. F i s s i o n of the carbon-
carbon bonds by électron impact or thermally induced 
v i b r a t i o n would lead to: 

F 3C - CF 2 - CF 3 -e-*- 2 C F 3
+ + C F 2

+ + 3e ( 1 8 ) 

or 
F 3C - CF 2 - CF 3

 A-S* 2CF 3 +;CF2 (19) 
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Ionic species would probably be extracted at the 
cathode aperture. CF^ r a d i c a l s could be reta i n e d i n s i d e 
the source plasma chamber and d i s s o c i a t e d or i o n i s e d 
(reactions (3) - ( 5 ) or (17)) - Possible reactions of the 
d i r a d i c a l would be f l u o r i n a t i o n : 

: CF 2 + F — ^ CF^ (20) 
d i r e c t combination with another d i r a d i c a l : 

: CF 2 + F 2C : —*- FgC = CF 2 (21 ) 

or d i s s o c i a t i o n at the anodes (reactions (k) and ( 5 ) ) -

Trifluoromethane (CHF^, Fréon 23) i s a somewhat 
spécial case with the s u b s t i t u t i o n of one hydrogen atom 
f o r one f l u o r i n e atom, and the conséquent high strength 
(13k k c a l mole - 1) ( S t i r l i n g , 1965) of the H-F bond. 
Thermal d i s s o c i a t i o n would probably proceed as f o l l o w s : 

CHF ^ » CF„ + H (103 k c a l (22) 
J J mole- 1) 

( S t i r l i n g , 1965) 
» . . 

CF^ — * C + 3F ( o v e r a l l ) (23) 

followed by 
H + F — ^ HF (2k) 

E l e c t r o n impact to produce i o n i c species would 
lead to two charged p a r t i c l e s extracted from the source: 

CHF 3 C F 3
+ + H + + 2e (25) 

In view of the f a c t that latéral etching of S i 0 2 

i s not observed a f t e r exposure to a "CHF^ beam", 
reactions leading to the génération of HF (2k) are 
considered to be of minor importance. 
7-3*2 D i s s o c i a t i o n of SF^ and Recombination Processes 

The observation that a substance with the appearance 
of elemental sulphur i s formed as a low density, pale 
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yellow coloured deposit on the anodes of the B93 suggests 
that t o t a l d i s s o c i a t i o n of SF^ does occur. The o v e r a l l 
d i s s o c i a t i o n r e a c t i o n would be: 

SF 6 ^ - S + 6F ( 1 ) 

The f o l l o w i n g mechanism has been proposed (Brasted, 1966) 

f o r the électron-impact d i s s o c i a t i o n of SFg: 
e + SF 6 _ ^ ( S F 6 - ) * ( 2 ) 

( S T f ) * - ^ S F 6 " + h ( 3 ) 

—»"SF5" + F (k) 

— S F 5 + F" (5) 

•—»-SF5 + F + e (6) 

I t has been found (d'Agostino and Flamm, 1 9 8 1 ) that 
f l u o r i n e i s the p r i n c i p l e etchant responsible f o r attack 
on S i i n an SFg plasma. As SF x" species are u n l i k e l y to 
be extracted from the discharge w i t h i n the B 9 3 source, 
attack of f l u o r i n e r a d i c a l s (from ( l ) , above) at the hot 
anodes probably leads to the formation of fluorocarbon 
r a d i c a l s and ions, f o r example: 

3F + C — C F 3 (7) 
3F + C —*• C F 3

+ + e (8) 
The a d d i t i o n reactions are i n e q u i l i b r i u m with those 
leading to d i s s o c i a t i o n , as shown before (Section 7-3»l)« 
There are i n d i c a t i o n s that free f l u o r i n e leaves the 
source by d i f f u s i o n , f o r example the sub-mask érosion 
of S i 0 2 , see F i g . 7.2. 

The sub-mask érosion on an aluminium f i l m exposed 
to an "SFg beara" also i n d i c a t e s attack by free r a d i c a l 
species, but the chemistry of t h i s r e a c t i o n i s not 
understood at the présent time. Further work would be 
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needed before a s a t i s f a c t o r y mechanism could be 
proposed. 
7 . 4 ETCHING BY SPUTTERING AND CHEMICAL PROCESSES 
7 . 4 . 1 Energy Transfer Considérations f o r some 

Etchant-Target Combinations 
The rate of material removal due to s p u t t e r i n g i s 

dépendent on the energy, c o l l i s i o n c r o s s - s e c t i o n and mass 
of the bombarding p a r t i c l e and the atomic mass of the 
tar g e t , f o r a given angle of incidence. Sputter y i e l d s 
f o r combinations of etchant species and target have not 
been c a l c u l a t e d due to the paucity of data on cross-
sections at thèse "low" énergies. The cross-sections of 
CF, CF 2 and CF^ would be expected to d i f f e r s i g n i f i c a n t l y 
due to the s i z e and the e l e c t r o n e g a t i v i t y of the f l u o r i n e 
atoms. 

Using the f o l l o w i n g r e l a t i o n s h i p , i t i s po s s i b l e to 
compare the energy t r a n s f e r r e d by various i o n i c species 
i n head on c o l l i s i o n s with the t y p i c a l target m a t e r i a l s : 

4 m , m2 

E, . , = E. =• (Holland, 1 9 7 2 ) 
t r a n s f e r r e d 1 0 v * ' 1 ( n ^ + m 2 ) 

where E^ i s the energy of the bombarding p a r t i c l e 
m-̂  and m2 are the masses of the p a r t i c l e and 
target r e s p e c t i v e l y . 

Assuming that the i o n i c species CF +, C F 2
+ and CF^ + may 

be extracted from the source, and are in c i d e n t at the 
target surface as r i g i d sphères, the r e l a t i o n s h i p f o r the 
t r a n s f e r of energy with target mass i s shown i n Fig.7-3 
I t i s c l e a r from thèse curves that the maximum energy i s 

- 1 9 5 -



transferred as the mass of the p a r t i c i e (m^) approaches 
the value of the target mass (ra^). 

I t can be Seen that the t r a n s f e r of energy due to 
impact by CF^ + i s marginally greater than that due to 
A r + when SiO^ i s the target. The s i t u a t i o n i s reversed 
with S i tar g e t s , however, and impact by A r + i s more 
e f f e c t i v e than by CF^ +. The mass of Si^N^ i s such that 
none of these p a r t i c l e s e f f i c i e n t l y t r a n s f e r energy by 
head on c o l l i s i o n , but CF-j + i s s i g n i f i c a n t l y more 
e f f i c i e n t than A r + . 
7 - 4 , 2 Expérimental Evidence of Sputtering and 

Chemical Etching 
C h a r a c t e r i s t i c features may be etched i n t o the 

target as a r e s u l t of sputter i n g , f o r example: 
( i ) The formation of "facets" and w a l i angles between 

kO - 6 0 ° from the plane of the substrate, 
caused by the materiał etch rate dependence on 
the angle of incidence of the beam. This has 
been exten s i v e l y described i n the literaturę 
(f o r example: Spencer and Schmidt, 1 9 7 1) and has 
been the subject of computer modelling 
(Neureuther, et. a l . , 1979). 

( i i ) Channel or trench formation due to secondary or 
r e f l e c t e d i on sputtering at the base of a r e s i s t 
p a t t e r n or other surface f eature ("Wilson, 1973 ) • 

Other topographical features may also be observed, 
such as re d e p o s i t i o n which has been shown (Gokan and 
Esho, 1 9 8 l ) to be most s i g n i f i c a n t at ion beam incidence 
angles of l e s s than 4 0 ° . Redeposition may take the form 
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of a coating on the r e s i s t w a l l s which i s l e f t as a 
r a i s e d "fence" around the feature i n r e l i e f a f t e r etching 
(Gloersen, 1976). 

Etching by chemical processes due to free r a d i c a l s 
and atoms without momentum d i r e c t e d at the t a r g e t , i s 
characterised by l a t e r a l etching, pénétration between 
target and non-contiguous masks and s l o p i n g p r o f i l e s . 
P r e f e r e n t i a l etching at l o c a l i s e d s i t e s may cause "etch 
p i t s " . 

Table l 6 summarises the topographical features 
observed by the author i n S.E.M. studies on f i v e materials 
etched b"y beams produced by i n j e c t i n g the B93 with various 
gases. 

The data contained i n t h i s table must be examined 
with caution, however. In cases where the mask was 
s t a i n l e s s s t e e l (S.S.) the experiments were c a r r i e d out 
f o r the purpo s e of ob t a i n i n g " ab so l u t e11 e t ch rate da t a . 
I t i s c l e a r frora the r e s u l t s that some of the 
topographical features have a r i s e n d i r e c t l y as a r e s u i t 
of the mask shape and m a t e r i a l . For example, on saraples 
of Si^N^ etched with a beam produced by i n j e c t i n g CF^ i n t o 
the source, secondary s p u t t e r i n g and r e d e p o s i t i o n were 
observed on S.S. masked spécimens, but not on those with 
a photoresist pattern. This phenomenon i s f u r t h e r 
exeraplified, as shown i n F i g . 7-2. SFg was i n j e c t e d i n t o 
the B93 source, which was operated at = 2 to 2.5 kV, 
mean beam "current" density ( f o r A r ) : 26 uA cm" (see 
Appendix I I f o r expérimental procédures). This Scanning 
E l e c t r o n Micrograph c l e a r l y shows érosion of the target 
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TABLE 16 

Topographical Features Observed Aft e r 
Reactive Ion Beam Etching of Various M a t e r i a l s 

Material CF^ CHF-j 
C 2 F 6 C 3 F 3 S F 6 

P r o f i l e 
Features 

S i V B (keV) 
Mask 

w.v. 
Nona 
2.55 
S.S. 

W.V.( 80°) 
Mona 
2.55 
P.R. 

W.V. 
R.E. 
2.12 
S.S. 

No Data 
R 

2.55 
S.S. 

w.s. 6o° 
T,R 
2.12 
S.S. 

P r o f i l e 
- . „ Features 
S l 0 2 V_ (kev) 

M§sk 

W.V. 
None 
2.55 
P.R. 

V.S. 30° 
None 
2.12 
S.S. 

W.V. 
None 
2.55 
P.R. 

W.V. 
T,R 
2.55 
S.S. 

No Data 
No Data 

a * 
w.s. 30 

E 
2.12 
S.S. 

P r o f i l e 
_. „ Features 
S i 3 ^ V_ (keV) 

Mäsk 

V.S. 60° 
Nona 
2.55 
P/R 

V.S. 6o° 
T,R 
2.12 
S.S. 

No Data 
None 
2.55 
P.R. 

No Data 
None 
2.55 
S.S. 

No Data 
None 
2.12 
S.S. 

No Data 
None 
1.9 
S.S. 

P r o f i l e 
AI Features 

(AI 0 ) V _£keV) 
J Mäsk 

Too Maay 
P a r t i c l e s f o r Analysis 

. 2.55 
S.S. and P.R. 

No Data 
Mo Data 

No Data 
R 

2.55 
S.S. 

No Data 
T 

2.12 
S.S. 

V.S. 60° 
E 

2.12 
S.S. 

P r o f i l e 
W Features 

(VO,) V (keV) 
Mask 

No Data 
R 

2.55 
S.S. 

No Data No Data 
E or R 

2.55 
S.S. 

w.s. 6o° 
R 

2.55 
S.S. 

V. V. 
None 
2.12 
S.S. 

Notes * See F i g . 7 - 2 

P r o f i l e W.V. : Wall p r o f i l e approximately v e r t i c a l 
W. S. : Wall p r o f i l e at stated angle to S u b s t r a t e 

Features T : Trench at foot of etched p r o f i l e 
R : Redeposition at mask edge 
E : Erosion beneath mask (For S.S. mask only) 

Mask S.S.: Masked with s t a i n l e s s s t e e l (see Appendix I I 
P.R. : Masked with polymeric r e s i s t (see Appendix I 
Samples etched s t a t i c on water-cooled t a b l e , on and 
normal to ax i s of B 9 3 , C.A.T.T. 1 5 0 mm. 
Mean beam "current" density 2 6 piA cm"2 

Beam V ß = 2 . 5 5 keV (V A = 3 kV) 
Energy V ß = 2 . 1 2 keV (V A = 2 . 5 kV) 
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beneath the(non-contiçuous)mask, which was probably caused 
by the a c t i o n of f l u o r i n e atoms or free r a d i c a l s which were 
trapped i n the intervening space. "Etch p i t s " are also 
v i s i b l e , a fréquent feature when SFg i s the parent gas. 
The p i t s are thought to be due to sélective attack a t 
régions of d i s c o n t i n u i t y i n the SiC>2 s u r ^ a c e structure. Using 
a B21 source i n j e c t e d with SF^, the etching of patterns 
defined i n photoresist produced v e r t i c a l w a l l p r o f i l e s 
without évidence of undercutting, although roughening of 
the h o r i z o n t a l etched surface was s t i l l évident. 
7 . 4 . 3 Discussion 

From an examination of the information obtained by 
experiment and from the l i t e r a t u r e , i t i s possible to compare 
the arguments f o r and against the two mechanisms by which 
m a t e r i a l i s removed using R.I.B.E. techniques. Only the 
etching of photoresist patterned targets w i l l be discussed 

The etch rate dependence on p a r t i c l e energy, as shown 
i n Section 4.3 -is i n d i c a t i v e of a s p u t t e r i n g mechanism. 
This could be as a r e s u i t of the reduced chemical a f f i n i t y 
f o l l o w i n g carbon déposition as shown by r e a c t i o n (îo), 
Section 7.2.1. However, the etched p r o f i l e s of S i , S i 0 2 

and Si^N^ exposed to a "CHF^ beam" show no évidence of 
f a c e t s , trench formation or r e d e p o s i t i o n . S i m i l a r l y with 
a "CF^ beam",Si and SiC^ are observed to have n e a r - v e r t i c a l 
p r o f i l e s , and freedom from features associated with 
s p u t t e r i n g . Si^N^ etched with a "CF^ beam" has a 
shallower etched p r o f i l e ( ̂ 6 0 ° ) which may suggest an 
angular dependence on etch r a t e , but there are no other 
features to substantiate t h i s . 
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The absence of redeposited material may i n d i c a t e 
Chemical r e a c t i o n leading to v o l a t i l e products, or may 
simply be a r e s u i t of etching with the beam at normal 
incidence (the présence of débris on SiOg e x P o s e d "to a n 

argon beam vas only observed on a small number of 
spécimens). The etch rate increase f o r a i l materials 
above the l e v e l measured with argon, i s str o n g l y 
suggestive of chemical r e a c t i v i t y ; however, the freedom 
from "undercutting" on "CT^ and CHF^ beam" etched samples 
in d i c a t e s that the d i f f u s i o n of free r a d i c a l and/or 
atomic species at the target surface i s not a s i g n i f i c a n t 
mechanisra. 

This leads to the conclusion that a hy b r i d process 
i s involved. There are several p o s s i b l e mechanisms which 
s a t i s f y thèse r e s u l t s , to varying degrees. 

( i ) Sputtering enhanced by chemical r e a c t i o n 
i n v o l v i n g bond formation without d i s s o c i a t i o n of 
the r e a c t i v e species. 

( i i ) A combined sputtering-chemical r e a c t i o n i n which 
bond formation i s preceeded by d i s s o c i a t i o n of 
the r e a c t i v e species to smaller fragments, 

( i i i ) Enhanced chemical etching produced by l a t t i c e 
damage induced by the energetic p a r t i c l e 
bombardment. A s i m i l a r mechanisra vas proposed 
(Gibbons, et. a l . , 19^9 ) to ex p l a i n sélective 
etching of A r + and Ne + bombarded s i l i c o n . In 
t h i s work, the etchants were aqueous, and the 
etch depth (and hence etch s e l e c t i v i t y ) was 
l i n e a r l y dépendent on the ion energy up to 65 keV. 
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Thèse r e s u l t s , when i n t e r p o l a t e d to ~ 5 keV show 
that enhanced etching occurred i n the range 
50 - 100 S below the surface f o r A r + doses of 
5 x 10 J cm . 

The proposai i n ( i i ) would probably lead to a degree 
of latéral etching by fragments produced by d i s s o c i a t i o n . 
There i s no etch rate or topographical évidence to suggest 
that f l u o r i n e ( i n atomic or free r a d i c a l form) i s 
a v a i l a b l e at the target surface when Fréons are the 
parent gases. For the mechanism i n ( i ) to occur, there 
would surely be évidence of enhanced s p u t t e r i n g 
("trenches") and w a l l p r o f i l e s l e s s than 9 0 ° , although 
the doubtful c r i t e r i o n of r e d e p o s i t i o n could be explained 
w i t h or without chemical attack. On the b a s i s of the 
évidence a v a i l a b l e at présent, the most l i k e l y explanation 
seems to be that of ( i i i ) , a more d e t a i l e d account of 
which f o l l o w s . 
7 . 4 . 4 Suggested Mechanism 

On the basis of chemical r e a c t i v i t y towards S i and 
the two s i l i c o n compounds i n v e s t i g a t e d , CF^ has been 
suggested as the most l i k e l y etchant produced by the 
d i s s o c i a t i o n of Fréons i n the B93• I t i s assumed that 
the p a r t i c l e i s extracted from the source as CF^*, which 
a r r i v e s at the target at a v e l o c i t y determined by the 
e x t r a c t i o n p o t e n t i a l . E l e c t r o n capture by the p a r t i c l e , 
i f i t occurs, i s expected to a f f e c t the r e s u l t i n g charge 
on the t a r g e t , but not the topography or v o l a t i l e 
compounds produced by the etching process. 
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Fig.7 . 4 shows the suggested mechanism f o r the 
enhanced chemical etching of S i 0 2 by CF^. A f t e r the 
approach and impact of the p a r t i c l e (steps 1 and 2 ) , 

l a t t i c e damage (step 3) w i l l extend i n t o the surface to a 
distance determined by the energy of the p r o j e c t i l e . At 
the maximum energy used i n t h i s study (v__ = 2.55 keV") 
the projected range (Rp) i s probably l e s s than 50 S ( f o r 
10 keV A s + (atomic weight 7^.9) i n S i , Rp = 97 - 36 S 

(Gibbons, et. a l . , 1975)) • As the energy of the p a r t i c l e 
i s increased, the damage becornes more extensive and 
extends f u r t h e r below the surface, thus leading to more 
rap i d chemical attack as shown i n the f o l l o w i n g suggested 
mechanism. 

Co-ordination (step 4) to form an a c t i v a t e d 
intermediate would be expected due to the électron 
de f i c i e n c y at the carbon atom and the région of high 
électron density between S i l i c o n atoms. Due to the 
el e c t r o n a f f i n i t y of the f l u o r i n e atoms, the formation of 
the carbon-oxygen bond would f o l l o w (step 5) with the 
conséquent rupture of S i - 0 bonds. L a t t i c e damage 
producing broken S i - 0 bonds would enable d i r e c t 
co-ordination of CF^ at t h i s stage. In step 6 the 
c e n t r a l S i l i c o n atom becomes électron déficient as the 
d i s t r i b u t i o n of negative charge moves towards the f l u o r i n e 
atoms. An a c t i v e complex i s formed between two 
( e l e c t r o p h i l i c ) f l u o r i n e atoms and the c e n t r a l S i l i c o n 
atom and simultaneously the second bond i n C = 0 i s 
créâted. Further f l u o r i n a t i o n of S i F p i s possible or i t 
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may be removed, along with COF^ as v o l a t i l e end products 
(steps 7 and 8). 
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lOO^m 

PIG.7.1 I s o t r o p i c etching of s i l i c o n using 
an SF^ plasma. 

Mesa diodes f a b r i c a t e d on oxygen-implanted s i l i c o n . 
Dises are aluminium électrodes which a l s o served as 
etch r e s i s t . 
Etched i n a planar reactor using a discharge of SFg. 
0 . 1 5 t o r r , 0 . 9 9 V cm"2, 1 3 . 5 6 MHz. Wafer on earthed 
électrode, without température c o n t r o l . 
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Etched /Masked V m 

FIG.7.2 Etch p i t s i n SiO 2_produced by free 
r a d i c a l attack beneath a non-contiguous 
mask. 

E-93 source i n j e c t e d with SFg, s t a i n l e s s s t e e l mask. 
V ß: 1.7-2.13 keV, 1^; 26 \XA cm"2. Target on and 
normal to source a x i s , cooled, s t a t i c . 
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T h e o r e t i c a l Maximum Energy Transfer to 
Various Targets, f o r 3 Fluorocarbon Ions 
and Argon. 
For B93 Beam Energy of 2.55 keV 
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FIG.7.4 
Proposed Mechanism f o r the Enhanced 
Chemical Etching of SiO^ by CF^. 

1 Approach of etchant particle 
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2. Impact 
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8 . CONCLUSIONS 
The etching of sub-micron features i n c e r t a i n 

s i l i c o n corapounds can be c a r r i e d out at commercially 
acceptable rates using a plasma discharge of halogenated 
species i n a planar r e a c t o r . The s e l e c t i v i t i e s a t t a i n a b l e 
using t h i s technique are generally lower than those 
obtained with aqueous etchants. 

An argón beam produced by the B93 source vas found 
to be s i g n i f i c a n t l y divergent with a non-uniform current 
density d i s t r i b u t i o n . M.O.S. capacitors f a b r i c a t e d using 
t h i s beam suffered less degradation than those produced by 
an argón ion beam of lower energy and with a t o t a l p a r t i c l e 
dose four orders of magnitude greater. 

Apparent sputter y i e l d data f o r B93 fluorocarbon 
beam etching are comparable to those reported f o r s i m i l a r 
work using heated filament sources. Saddle F i e l d sources 
with s i m i l a r beam current d e n s i t i e s to these heated 
filament devices should, therefore, be capable of etching 
at comparable r a t e s . Chemical reactions play a major r o l e 
i n the etching of s i l i c o n compounds by f l u o r i n a t e d species 
i n the B93 beam. 

Sub-micron features free of undercutting, f a c e t s , 
trenches and rede p o s i t i o n have been accurately t r a n s f e r r e d 
from the r e s i s t layer i n t o s i l i c o n dioxide using a 
f l u o r i n a t e d beam produced by both B21 and B93 Saddle F i e l d 
sources. The máximum etch rates obtained with the B93 are 
four to seven times lower ( f o r s i l i c o n dioxide and s i l i c o n 
n i t r i d e ) than those required f o r commercial processing, 
Mechanical movement, such as a planetary system, i s 
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required to improve the uniformity of etching across 
i n d i v i d u a l wafers. 
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9- REC OMMENDATION S FOR FURTHER WORK 
9.1 THE B93 SOURCE 
9-1.1 Beam Uniform!ty 

The argon beam "current" p r o f i l e has been shown i n 
Section 3-5 to be non-uniform with. an intense c e n t r a l 
area. Work i s planned f o r a d e t a i l e d a n a l y s i s of the 
beam p r o f i l e by etching a glass p l a t e with a matrix of 
aluminium dises serving as masks. Ta l y s u r f measurements 
of step heights a f t e r rénovai o f the aluminium w i l l give 
a more d e t a i l e d p i c t u r e of the beam. The T a l y s u r f w i l l be 
i n t e r f a c e d with the Data A c q u i s i t i o n System as the 
quantity of data w i l l be d i f f i c u l t to manipulate manually. 
I t i s proposed that thèse experiments w i l l be conducted 
using several values of V^, i n order to i n v e s t i g a t e the 
beam divergence and uniformity dependencies. 

Following t h i s a n a l y s i s , the cathode aperture could 
be redesigned. I t i s possible that an improvement i n 
un i f o r m i t y would a r i s e from p r o v i d i n g more widely spaced, 
smaller p e r f o r a t i o n s at the centre of the graphite g r i d . 
9 . 1 . 2 Control of Gas Flow 

The time taken f o r the source to s t a b i l i s e f o l l o w i n g 
e n e r g i s a t i o n at room température can be a s i g n i f i c a n t 
proportion o f the duration of etching, as shown i n Section 
3 - 2 , 4 . This period cannot be u s e f u l l y employed as the 
c h a r a c t e r i s t i c s of the beam are not constant. I t i s 
proposed that gas flow to the source i s regulated by a 
mass flow C o n t r o l l e r . The anode voltage would be 
constantly sensed and the s i g n a l applied t o the C o n t r o l l e r , 

which would adjust the flow to maintain the correct plasma 
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chamber pressure. In the case of a t r a n s i e n t e l e c t r i c a l 
disturbance (caused by, f o r example carbon p a r t i c l e s on 
an i n s u l a t o r bush) the gas flow could be automatically 
reduced i n order to increase V,. The source could, with 
t h i s type of c o n t r o l , operate unattended f o r extended 
periods. 
9.1.3 Carbon P a r t i c u l a t e s 

Operation of the source with fluorocarbons leads to 
an accumulation of p a r t i c u l a t e carbon on the plasma 
chamber l i n e r s and anode rods (see Section 3*2.3). 
Thermal c y c l i n g i s thought to be responsible f o r the 
detachment of these deposits, which lead to e l e c t r i c a l 
malfunction of the source. With the source i n i t s 
present form and with s i n g l e gases i t i s doubtful i f 
there are any means of preventing t h i s accumulation. The 
heating excursions of the plasma chamber components can, 
however, be reduced. The r e l a t i v e l y high etch rates of 
SiO^ and Si^N^ would permit a batch of wafers to be 
processed reasonably q u i c k l y (precise times cannot be 
cal c u l a t e d at present because of the dependence on other 
equipment-related parameters such as the required 
uniformity of etching and hence C.A.T.T.). 

I t would appear to be f e a s i b l e to incorporate a 
load-lock system i n t o the vacuum chamber and to operate 
the source continuously. A beam shutter, p r e f e r a b l y 
actuated electro-mechanically would also be necessary f o r 
the p r o t e c t i o n of wafers during the source warm-up cy c l e . 
9.1.4 The Production of Etchant Species 

This proposal requires the use of a mass flow 
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C o n t r o l l e r , as already described. In t h i s case the 
C o n t r o l l e r would be used p r i r a a r i l y to tneasure the rate of 
gas flow to the source, rather than to regulate i t . With 
a knowledge of the number of fluorocarbon molécules 
entering the source and the known quantity of target 
m a t e r i a l removed, the beam c h a r a c t e r i s t i c s could be 
in v e s t i g a t e d . This would reduce sotne of the uncertainty 
caused by the use of argon beam "current" data i n 
expérimental work with other gases. A q u a n t i t a t i v e 
estimation of the d i s s o c i a t i o n and etching reactions 
could also be attempted with t h i s information. 
9 . 1 . 5 Beam Energy Déterminations 

I d e a l l y , three parameters should be measured f o r 
B93 argon and fluorocarbon beams: 

( i ) The maximum beam energy (v ), as confirmation that 
B 

V B = 0 . 8 5 V A 

( i i ) The range of p a r t i c l e énergies présent i n the beam 
( i i i ) The proportion of the beam a t t r i b u t e d to each 

energy and i t s l o c a t i o n . 
I f i t i s assumed that the beam "current" 

déterminations are s u f f i c i e n t l y accurate, the beam energy 
c h a r a c t e r i s t i c s may be obtained i n d i r e c t l y by measuring 
beam power. A scanning c a l o r i m e t r i c technique such as 
that described f o r ion implanter c h a r a c t e r i s a t i o n 
(Hemment, 1978) could be used f o r the three measurements. 
A s i m i l a r design f o r the equipment could be used as the 
B93 beam area at a CA. T. T. distance of 70 mm i s s i m i l a r 
to the dimensions of the implanter beam. The a n t i c i p a t e d 
maximum power of ~ 7 0 O mW at the centre of the beam i s 



s i g n i f i c a n t l y higher than that measured by Hemment and 
the p r o f i l e i s considerably less uniform. 
9 . 2 ETCHING UNIFORMITY 

The large v a r i a t i o n s i n etch depth on targets 
exposed to the B93 beam are h i g h l y undesirable. I t i s 
apparent that some degree of movement of the wafer w i l l 
be required to reduce these v a r i a t i o n s to acceptable 
l e v e l s . Rotary motion may be adequate provided the 
centre of the wafer i s not concentric with the source 
a x i s . The most s a t i s f a c t o r y s o l u t i o n i s probably a 
planetary motion; plans are i n hand f o r the construction 
of a water cooled target holder of t h i s type. 

Solutions to t h i s problem should be considered i n 
conjunction with those of improving beam current 
u n i f o r m i t y , and not i n i s o l a t i o n . 
9 . 3 ANGLE OF INCIDENCE OF THE BEAM 

Both from an academic and a p r a c t i c a l point of view, 
the etching c h a r a c t e r i s t i c s of some targets with d i f f e r e n t 
beam angles should be i n v e s t i g a t e d . 

I f the conclusions are correct that the etching 
mechanism by f l u o r i n a t e d beams i s e s s e n t i a l l y chemical, 
then the etch rate dependence on beam angle should be 
minor or non-existent. 

Structures with s l o p i n g features, such as 
holographic g r a t i n g s , could be f a b r i c a t e d using r e a c t i v e 
beams at various angles of incidence. 
9 . 4 MASS SPECTROMETRY OF REACTIVE ION BEAMS 

The use of t h i s technique i s a n t i c i p a t e d to be of 
value i n : (a) confirming that c e r t a i n fluorocarbon 



species e x i s t i n the beam and that the proposed r e a c t i o n s 
with s i l i c o n compounds do occur, and (b) the continuing 
study of RIBE using other halogenated compounds and 
d i f f e r e n t targets. Data from the considerable quantity of 
published l i t e r a t u r e on the mass spectrometry of 
halocarbon discharges w i l l be used i n i t i a l l y to e s t a b l i s h 
the necessary sampling techniques. 
9-5 ETCH RATE SELECTIVITIES 

The experimental r e s u l t s i n d i c a t e that r e l a t i v e l y 
l i t t l e c o n t r o l can be exercised over the type of species 
which can be extracted from the B93 source when i n j e c t e d 
with f l u o r i n a t e d gases. The a d d i t i o n of oxygen or 
hydrogen to fluorocarbons before i n j e c t i o n i n t o the B93 
would probably not s i g n i f i c a n t l y a l t e r the measured SiO^: 
S i s e l e c t i v i t i e s as the extracted species i s probably 
CF^ +. Xt i s po s s i b l e that t h i s approach would lead to an 
increase i n isot r o p y , caused by the d i f f u s i o n of atomic 
f l u o r i n e . 

The best approach i s considered to be the use of 
d i f f e r e n t halogens, mixed before i n j e c t i o n i n t o the 
source, f o r example CF^ and CCl^. The concentrations of 
each compound could be adjus ted i n d i v i d u a l l y to provide a 
wide range of etching conditions, from CF^ + r i c h to CC1^+ 

r i c h . A l t e r n a t i v e methods would involve the use of gases 
of mixed halogens, such as halocarbon - 1 3 (CCIF^) or 
halocarbon - 1 3 B l (CBrF^), but i t would be more d i f f i c u l t 
to p r e d i c t r e s u l t s as mass-spectrometry data are scarce 
f o r the d i s s o c i a t i o n of such complex molecules. 
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9 . 6 ETCHING CHARACTERISTICS OF RESIST MATERIALS 
Expérimental work c a r r i e d out f o r t h i s study has 

i n d i c a t e d that the photoresist and electron-beam r e s i s t s 
used possessed adéquate adhésion and freedom from érosion. 
For the continuing study of sub-micron pattern définition, 
more emphasis w i l l be placed on electron-beam r e s i s t s . I t 
w i l l become important to i n v e s t i g a t e : 

( i ) r e s i s t edge p r o f i l e s produced by électron beam 
lithography 

( i i ) r e s i s t edge p r o f i l e s f o l l o w i n g curing treatments 
and the e f f e c t of beam heating 

( i i i ) r e s i s t removal r a t e s , which are p a r t i c u l a r l y 
important during the etching of materials with low 
etch-rates (e.g. S i , A l ) 

( i v ) the rate of removal of c r o s s l i n k e d r e s i s t i n an 
oxygen plasma or other o x i d i s i n g environment. For 
the measurement of r e s i s t thickness, non-contact 
methods such as ell i p s o m e t r y , w i l l probably be 
required. 
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1 0 . GLOSSARY 
Alignment 

The precise l o c a t i o n of one pattern ( i n mask or 
el e c t r o n beam pattern generator) on a patter n p r e v i o u s l y 
etched i n t o the wafer surface such that the two l e v e l s 
coincide along x and y axes. Misalignment i s the second 
la r g e s t cause of reduced a c t i v e device y i e l d a f t e r 
p a r t i c u l a t e contamination. 
A n i s o t r o p ( i c ) (y) 

Having p h y s i c a l properties that depend on d i r e c t i o n . 
Hence a n i s o t r o p i c etchant : etching proceeds e x c l u s i v e l y 
i n the d i r e c t i o n of p a r t i c l e flow ( i o n / p a r t i c l e beam) or 
d i r e c t i o n of c e r t a i n c r y s t a l planes (e.g. "V" groove 
etchant f o r s i l i c o n ) . 
Barre 1 Et cher (Reactor) 

H o r i z o n t a l c y l i n d r i c a l or " b a r r e l 1 1 shaped vacuum 
chamber i n which wafers are etched by a r e a c t i v e gas 
(halogenated) which i s d i s s o c i a t e d by e l e c t r i c a l energy 
of radio frequency, u s u a l l y by c a p a c i t i v e coupling through 
external electrodes. 

Binding Energy ( E ^ , Units eV") 
The energy which must be supplied to a molecule or 

polyatomic e n t i t y to d i s s o c i a t e i t completely i n t o atoms, 
each i n i t s ground s t a t e . 
C.A.T.T. (mm) 

Dimension used i n a l l etching work with Saddle F i e l d 
Sources. Cathode Aperture To Target distance; 1 5 0 mm was 
the normal dimension when using the B 9 3 source. 
Downstream Etcher (Reactor) 

Another term f o r a b a r r e l etcher i n which etchant 
species are swept over the wafers. The objects of the 
etching process are, therefore, downstream of the point 
at which d i s s o c i a t i o n occurs. 
End Point (Determination, Detection, Monitoring) 

Procedure or instrumental method f o r deciding the 
moment at which the target m a t e r i a l has been removed by 
etching, thus preventing excessive damage to the lower 
l a y e r s . Of p a r t i c u l a r advantage i n cases where the etch-
rate s e l e c t i v i t y i s low. 

- 2 1 6 -



Etch-Rate Ratio (Dimensionless ) 
The rate (e.g. A* min ) at which one materiał i s 

etched divided by the rate at which another materiał i s 
removed, using i d e n t i c a l etchants and con d i t i o n s , See 
S e l e c t i v i t y . 
Facet 

Sputter etched p r o f i l e of le s s than 9 0 ° to the 
S u b s t r a t e . Formed as a r e s u i t of the materiał etch rate 
dependence on angle of incidence of the bombarding 
p a r t i c l e s . 
Free Radical 

Atomie S p e e l e s and complexes of abnormal valency 
which possess a d d i t i v e p r o p e r t i e s but do not carry an 
e l e c t r i c a l charge and are not free ions. 
Freon (Trade Mark) 

A group of Compounds that are chemically unreactive 
under normal conditions of température and pressure and 
are generally of low t o x i c i t y . A l l contain one or more 
halogen atoms (F, C l , Br) per molécule and one or more 
carbon atoms, hydrogen may also be included. For basic 
data on four Fréons see Appendix I I I . 
Heated Filament Source 

A device producing a beam of ions, working on the 
p r i n c i p l e of d i s s o c i a t i o n of gas molécules by électrons 
thermally emitted from one or more filaments (the four 
tungsten filaments i n a 6 " "Veeco" Microetch source draw 
5 0 amps). Commercially a v a i l a b l e equipment of t h i s type 
was o r i g i n a l l y developed f o r space v e h i c l e propulsion. 

Beam "Current". 
The "current" due to the beam from a Saddle F i e l d 

Source ( u n i t s : mA or p.A). Not n e c e s s a r i l y i o n current. 

Di scharge Current. 
The current drawn b y the discharge i n a Saddle 

F i e l d Source ( u n i t s : mA D.C.). 
Ion Beam 

The d i r e c t i o n a l flow of charged p a r t i c l e s . 
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Ion. Beam Sputtering (Sputter Etching) 
Another term f o r Ion M i l l i n g . 

Ion M i l l i n g 
Removal of ma t e r i a l by spu t t e r i n g using noble gas 

ions, u s u a l l y i n the form of a beam. 
Ion Source 

See Heated Filament Source. 
I s o t r o p ( i c ) (y) 

Having the same p h y s i c a l properties i n a l l 
d i r e c t i o n s . Hence i s o t r o p i c etchant: etching at the 
same rate i n a l l d i r e c t i o n s . 
Kaufman Source 

For de_scription see Heated Filament Source. Credit 
given to Prof. H.R. Kaufman f o r work done on developing 
ion sources f o r propulsion purposes ("ion t h r u s t e r s " ) . 
Lithography 

The process of pattern t r a n s f e r : 
(a) by exposure of s e n s i t i v e polymeric m a t e r i a l to 

r a d i a t i o n from (usually) e l e c t r o n beam or U.V. 
source 

(b) by etching of the pattern i n t o the surface not 
protected by r e s i s t . 

P a r a l l e l P l a t e Etcher (Reactor) 
See Planar Etcher. 

P a r t i c l e Beam 
D i r e c t i o n a l flow of atoms or r a d i c a l s without 

e l e c t r i c a l charge. 
Planar Etcher (Reactor) 

Gas phase etching apparatus i n which the discharge 
i s confined between two h o r i z o n t a l electrode d i s c s 
separated by a distance (usually between 10 and Uo mm) 
appropriate to the impedance-matching requirements of the 
R.F. supply. Wafers to be etched are placed on the lower 
electrode which may be cooled. The R.F. energy may be 
applied to the electrode on which the wafers r e s t , or on 
the upper d i s c , the second i s always earthed. 
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Radical 
See Free R a d i c a l . 

Reactive Ion Beam Etching (R.I.B.E.) 
Removal of m a t e r i a l using a beam of chemically 

r e a c t i v e species d i r e c t e d at the target surface. The beam 
may or may not contain ions at the moment of impact at the 
s o l i d surface. "Kaufman" sources are u s u a l l y equipped 
with a heated filament immersed i n the beam to provide a 
copious supply of electrons f o r n e u t r a l i s i n g the i o n 
charge. M a t e r i a l removal may be by chemical or sp u t t e r i n g 
processes or a combination of both. 

Reactive Ion Etching (R.I.E.) 
Plasma etching at chamber pressures i n the range 

0 . 0 1 to 0 . l 4 t o r r . This i s u s u a l l y done i n a planar 
reactor, anisotropy i s improved by a t t a c h i n g the wafers 
to the earthed electrode. The p r i n c i p l e mechanism of 
mate r i a l removal i s by chemical r e a c t i o n with i o n i c 
species produced by the d i s s o c i a t i o n of (u s u a l l y ) a parent 
halocarbon. 

Reactive Ion M i l l i n g 
Another term f o r r e a c t i v e ion beam etching. 

Reactive Sputter Etching 
A hybrid technique f o r m a t e r i a l removal by 

sput t e r i n g and chemical r e a c t i o n (see R.I.B.E.). 
Redeposition 

Aggregation of sputtered atoms i n t o p a r t i c u l a t e 
debris. The debris may c o l l e c t on patter n sidewalls to 
form a "fence" which remains a f t e r r e s i s t removal, or may 
s e t t l e as amorphous lumps. 
Saddle F i e l d Source 

A cold cathode source producing a beam of ions and/ 
or energetic atoms. The discharge w i t h i n the source i s 
sustained by electrons d e s c r i b i n g o s c i l l a t o r y t r a j e c t o r i e s 
between the cathodes and the "saddle p o i n t " c e n t r a l l y 
between the anodes. 
S e l e c t i v i t y 

The p r e f e r e n t i a l etch rate of one mat e r i a l compared 
to that of another, f o r a given etchant. There are two 
d e f i n i t i o n s : 

( i ) Dynamic s e l e c t i v i t y : the etch rate r a t i o of two 
materials on the same wafer; one i s the f i r s t 
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t a r g e t , the second i s subsequently exposed and 
becomes a target a f t e r a given time. 

( i i ) Passive s e l e c t i v i t y : the etch rate r a t i o f o r two 
materials obtained by separately etching one target 
followed by another imder i d e n t i c a l conditions. 

Sputtering, Sputter-Etching 
The p h y s i c a l removal of atoms from the surface of 

a materiał by bombardment with p a r t i c l e s of high mass and 
energy. Argon i s frequently used on account of i t s mass 
(atomie weight ko), énergies above ^ 200 eV are t y p i c a l . 
Substrate 

In t h i s work the substrate was S i l i c o n . Describes 
the support medium f o r the f i l m being etched, and may or 
may not contribute to the e l e c t r i c a l c h a r a c t e r i s t i c s (e.g. 
S.O.S. devices use a sapphire wafer as substrate purely 
as mechanical support of high r e s i s t i v i t y ) . 
Target 

M a t e r i a l that i s the object of the etching process. 
Resist i s nearly always a "target" as i t i s exposed to 
etchant simultaneously with the underlying f i l m or bulk 
materiał. 
Threshold L i m i t Value (T.L.V.) 

There are three values: 
The time weighted average (TVA), the short term 

exposure l i m i t (STEL) and the c e i l i n g (C), of which the 
f i r s t i s most u s u a l l y r e f e r r e d to: The average 
concentration f o r a normal 8 hour workday or ^0 hour 
workweek, to which a l l workers may be repeatedly exposed, 
day a f t e r day, without adverse e f f e c t . As defined i n 
1978 by the American Conference of Governmental I n d u s t r i a l 
Hygienists. 

Trench 
Undesirable topographical feature that may be 

produced during sputtering. Ions r e f l e c t e d from the side 
of a r a i s e d feature (e.g. r e s i s t pattern) may sputter 
materiał away to form a "groove" or "trench" at the foot 
of that feature. 

Anode p o t e n t i a l ( u n i t s : kV) - Saddle F i e l d Source 
only. 
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Beam energy ( u n i t s : keV) - assuraed that the beam 
frora the Saddle F i e l d Source i s e s s e n t i a l l y monoenergeti 
VLSI 

Very Large Scale I n t e g r a t i o n , i n which the density 
of components exceeds 10^ gâtes per chip. The area 
occupied by each gâte i s being constantly reduced, a 
U.S.A. 1981 production value i s approximately 510 u.m2 pe 
gâte on a chip s i z e of 7-6 x 7-6 mm (Douglas, 1 9 8 1 ) . 

Work Function 
Energy which raust be supplied to free électrons 

possessing energy E, to enable them to escape from the 
ma t e r i a l ( u s u a l l y métal). 
Y i e l d (Production Y i e l d ) 

The_proportion, u s u a l l y expressed as a percentage, 
of f u l l y f u n c t i o n i n g intégrâted c i r c u i t s compared to the 
t o t a l produced from 1 wafer. 
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APPENDIX I 

PREPARATION OF SPECIMENS FOR ETCHING 

1. WAFERS 
A i l were s i n g l e c r y s t a l S i l i c o n , p o l i s h e d on one 
side only. 
For the majority of etching experiments, 280 um 
t h i c k , 38 mm diameter wafers of n type, ( l , l , l ) 
o r i e n t a t i o n and 3-6 ohm-cm r e s i s t i v i t y were used. 
For the Radiation Damage Studies, 318 um t h i c k , 
50 mm diameter, n type ( l , l , l ) o r i e n t a t i o n and 9-15 
ohm-cra r e s i s t i v i t y were used. 

2. PRECLEAN 
A i l wafers were cleaned i n i t i a l l y as f o l l o w s : 

2.1 Wash i n u l t r a s o n i c a l l y a g i t a t e d i s o p r o p y l a l c o h o l 
(iPA) f o r 5 min, blow dry with warm nitrogen. 

2.2 Spin r i n s e with deionised water (D.I.W.) f o r 5 min, 
spin dry f o r 2 min. 

2.3 Dip i n 20:1 h y d r o f l u o r i c a c i d (HF):D.I.W. f o r 1 min. 
2.4 Rinse i n D.I.W., spin r i n s e w i t h D.I.W. f o r 5 min, 

spin dry f o r 2 min. 
2.5 Immerse i n b o i l i n g concentrated n i t r i c a c i d (c.HN0„) 

or 1:1 concentrated sulphuric a c i d (c.HgSOr: 100 
volume hydrogen peroxide (lOO v Hp0 2) f o r 1 min. 

2.6 Rinse i n D.I.W., spin r i n s e with D.I.W. f o r 5 min, 
spin dry f o r 2 min. 

2.7 Immerse i n 20:1 HF:D.I.W. f o r \ min. 
2.8 Rinse i n D.I.W., spin r i n s e with D.I.W. f o r 5 min, 

spin dry f o r 2 min. 
A f t e r cleaning, wafers were e i t h e r coated with 
r e s i s t f o r S i etching experiments, deposited w i t h 
n i t r i d e or oxidised by one of two methods. 

3. FORMATION OF "THICK" OXIDE 
( a l l S i 0 2 etching experiments except f o r C-V 

measurements) 
Using the s p e c i f i e d times and conditions, the S i 0 2 f i l m s were found to be approximately 1 jj.m t h i c k . 

3-1 Steam clean the furnace (l000°C) with wet oxygen f o r 
2 hours. 

3*2 Insert wafers, positioned v e r t i c a l l y i n quartz boat 
at end of furnace, allow to e q u i l i b r a t e f o r 10 min 
with dry oxygen flowing. Move boat to centre of 
furnace. 
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3.3 hours o x i d a t i o n with nitrogen, oxygen and water 
vapour. 

3.4 20 min anneal i n dry nitrogen. 
3.5 Withdraw boat to end of furnace, remove a f t e r 5 min. 
4. FORMATION OF OXIDE FOR RADIATION DAMAGE STUDIES 

To produce SiOp f i l m s of approximately 1000 A* 
thickness. Follow steps 2.1 to 2.8 and 3-1, then: 

4.1 Purge the furnace tube (1000°C) with N 2 f o r 5 min. 
4.2 Insert wafers, p o s i t i o n e d v e r t i c a l l y i n quartz boat 

at end of furnace, allow to e q u i l i b r a t e f o r 10 min 
with N 2 flowing. 

4.3 Move boat to centre of furnace. 
4.4 2 hours 10 min dry o x i d a t i o n with equal flow of N 2 and 0 2. 
4.5 1 hour dry N ? anneal. 
4.6 Withdraw boat to end of furnace, remove a f t e r 5 min. 
5. SILICON NITRIDE DEPOSITION 

Follow steps 2.1 to 2.8. 
Wafers were posi t i o n e d h o r i z o n t a l l y on a quartz 
p l a t e and placed at the centre of a furnace tube at 
800 C. S i l i c o n t e t r a c h l o r i d e ( S i C l ^ ) vapour, 
generated by bubbling dry N 2 through a l i q u i d source 
of the compound was mixed with ammonia (NIL,) and 
passed i n t o the furnace. T y p i c a l f i l m thicknesses 
were of the order of 2000 X, which were deposited i n 
approximately 15 min. 

6. ALUMINIUM FILMS 
Gâte électrode m e t a l l i s a t i o n f o r the Radiation 
Damage Studies was c a r r i e d out i n a commercial M0S 
f a b r i c a t i o n f a c i l i t y . Spécifie détails of the 
process were not released. 
Aluminium f i l m s f o r etch depth and topography 
studies were prepared e i t h e r by e l e c t r o n beam 
evaporation (usual thickness of f i l m 2000 A*) or by 
thermal evaporation from tungsten filaments (usual 
thickness 1.2 p.m) . 

7. TUNGSTEN FILMS 
Sputtered i n an argon discharge from a pure 
(99.9999#) tungst en target onto heated substrates. 
F i l m thickness was u s u a l l y ^ 2000 A* 

8. RESIST MATERIALS Using Kodak Microneg 747 
(negative working r e s i s t ) 

Photolithography was c a r r i e d out as f o l l o w s : 
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8.1 Bake the s l i c e f o r 10 min at 130 ± 5°C. 
8.2 Coat the s l i c e with r e s i s t and spin f o r 3 0 - 1 

seconds at 6000 r.p.m. The r e s u l t i n g f i l m was 
60OO X t h i c k . 

8 . 3 Bake the s l i c e f o r 10 min at 80 - 5°C. 
8.4 A l i g n mask and expose to U.V. f o r 6 . 5 - 1 seconds 

( 1 . 5 - 3 seconds f o r A l and ¥ f i l m s ) . 
8 . 5 Spray develop the r e s i s t with p r o p r i e t a r y developer 

f o r 30 seconds. 
8 .6 Spray r i n s e the s l i c e with p r o p r i e t a r y r i n s e solvent 

f o r 20 seconds. 
8.7 Blow dry with warm N ?. 
8 . 8 Bake the s l i c e f o r 15 min at 130 - 5°C. 

El e c t r o n beam lithography was c a r r i e d out at the 
E.B.M.F. f a c i l i t y of the S.E.R.C. Rutherford 
Laboratory. The d e t a i l s of r e s i s t a p p l i c a t i o n and 
development were as f o l l o w s : 

8 . 9 Wafer pre bake. 
8 . 10 Coat the s l i c e with PMMA and spin at 7000 r.p.m. 

The r e s u l t i n g f i l m was ^ 9000 A t h i c k . 
8 .11 Post bake at 160 C i n vacuum f o r 15 rain. 
8 .12 E l e c t r o n beam exposure. 
8.13 Develop the r e s i s t with methyl i s o b u t y l ketone 

( M I B K ) , 5 min. 
8 .14 Blow dry with warm Ng. 
8.15 F i n a l bake, 100 C maximum at atmospheric pressure. 
9 . MASKS 

Two masks were used f o r U.V. photolithography: 
( i ) A patte r n c o n s i s t i n g of a s e r i e s of p a r a l l e l 

l i n e s arranged i n groups. The l i n e w i d t h and 
spacing between the l i n e s was approximately 
equal ( 4 . 5 u.m) . 

( i i ) A commercially a v a i l a b l e r e s o l u t i o n t e s t 
p a t t e r n (Micro Image Technology Ltd.) with 
p o s i t i v e and negative a l t e r n a t e l y arranged 
across the mask. The smallest features were 
1.2 p,m equal mark-space r a t i o bars and spaces. 

E l e c t r o n beam d i r e c t - w r i t i n g was used to define a 
regular array of bars with widths ranging from 
20 u,m down to 0 . 5 um. The beam energy was 20 keV 
and the exposure dose 1.92 x 10*5 c.cm - 2. As the 
wafers were of a s i z e incompatible with the 
substrate clamps i n the el e c t r o n beam u n i t , some of 
the patterns were i n c o r r e c t l y exposed and loss of 
d e f i n i t i o n r e s u l t e d . 
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APPENDIX I I 

Expérimental Procédure f o r Ion Beam Etching 
u s j n g the B93 Source 

1. EQUIPMENT 
The vacuum System was a CVC model PSM66 with 

electro-pneumatic valves. The r o t a r y pump was charged 
with Sargent-Welch "Duo-Seal" o i l and the d i f f u s i o n pump 
contained Convoil - 2 0 , Düring opération of the vacuum 
system the chevron b a f f l e was u s u a l l y maintained at 77 K 
by pumping l i q u i d n itrogen. The f o r e l i n e was not f i t t e d 
w i th a trap. The vacuum Chamber was Pyrex g l a s s , 18 
inches (457 mm) diameter and 24 inches ( 6 l 0 mm) long. 
The top pl a t e was machined Durai, 1" (25 .4 mm) t h i c k . 
The B93 was mounted c e n t r a l l y from the top p l a t e and 
water, gas and e l e c t r i c a l connections were made to the 
source through one feed through duct. The aluminium 
water-cooled target holder was f i x e d beneath the source 
and on the saine a x i s . The distance between the cathode 
aperture and the target f r o n t face" (C.A.T.T.) vas f i x e d 
at 150 mm (except f o r c e r t a i n , s p e c i f i e d experiments). 
The beam shutter, which was added l a t e i n t h i s study 
i n t e r c e p t e d the beam at about 30 mm from the cathode 
aperture. 

2. EVACUATION 
Vhen not i n use the vacuum Chamber was i s o l a t e d i n 

an evacuated c o n d i t i o n . Venting of the Chamber to 
atmospheric pressure was c a r r i e d out with the admission 
of oxygen-free nitrogen from a c y l i n d e r . The top pl a t e 
was only removed from the Chamber long enough to change 
samples. Maintenance of the source was c a r r i e d out w h i l s t 
the Chamber vas evacuated with a second, blank top pl a t e 
i n p o s i t i o n . Evacuation to a base pressure of a t l e a s t 
1.2 x 10~5 t o r r (CVC i o n i s a t i o n gauge) was c a r r i e d out 
before each experiment. 

3. SAMPLES 
The target holder was constructed to hold one wafer 

and a m i l l e d recess ensured reproducible p o s i t i o n i n g . On 
samples to be used f o r topographical studies, a very l i g h t 
smear of thermally-conducting grease (R.S. components 
"heat-sink Compound") was app l i e d to the target holder, 
and the w a f e r was gently pressed i n t o p o s i t i o n using 
tweezers. 

Samples i n t e n d e d to provide "absolute" etch r a t e 
data were posit i o n e d as described. A rectangle of 
s t a i n l e s s s t e e l was screwed to the holder such that the 
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wafer was masked from the "beam over an. area of several 
square centimètres. This mask provided three s t r a i g h t 
edges along which step-height measurements were made. 
k. ETCHING 

With the beam shutter closed, gas was admitted to 
the source u n t i l the chamber pressure was approximately 
5 x 10 t o r r and the high voltage supply was energised 
at zéro current s e t t i n g . The discharge current was 
increased to the predetermined l e v e l and the anode voltage 
was set at about 2 kV by a d j u s t i n g the gas flow. 
Adjustments were made to the gas flow over a period of 
about 10 minutes to regulate the anode voltage d r i f t . 
The anode voltage was set at the r e q u i s i t e l e v e l when 
s t a b i l i t y of the source was i n d i c a t e d and the beam shutter 
was opened f o r the durâtion of etching. A f t e r t h i s period 
the shutter was closed, the source was de-energised and 
the gas supply was turned o f f . Pumping was continued f o r 
at l e a s t 5 minutes (assuming halocarbon etching) to reduce 
the concentration of hazardous compounds and nitrogen was 
admitted— - u n t i l the chamber was at atmospheric pressure. 
The vacuum chamber was then evacuated to about 5 x 10 
t o r r and subsequently vented as described. Following 
replacement of the sample with the next, the chamber was 
evacuated as before. 

5- POST-ETCH TREATMENT 
Grease was removed from wafers using a "cotton bud" 

soaked i n I.P.A. ( i s o - p r o p y l a l c o h o l ) . Samples were of t e n 
b i f u r c a t e d at t h i s stage and one h a l f was sputter-coated 
with gold (200 A* t h i c k ) f o r S.E.M. examination of the 
r e s i s t l a y e r . The other h a l f was placed i n a Nanotech 
P100 b a r r e l reactor and exposed to an a i r plasma (60 ¥, 
13i56 MHz f o r 5 minutes), f o r removal of the p h o t o r e s i s t , 
This trea.tment was found to be necessary as r e s i s t f i l m s 
a f t e r exposure to a B93 beam were c r o s s l i n k e d and could 
not be r e a d i l y removed using the normal s t r i p p i n g 
procédure ( l : l mixture of concentrated sulphuric a c i d and 
100 volume hydrogen peroxide). 
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APPENDIX I I I 

1. ATOMIC OR MOLECULAR DENSITY 
2^ 

6 . 02 X 10 J - 3 
n = — cm 

MW/p 

M a t e r i a l n Units 
Si 

SiO 
S i N 4 

Aá°3 
V 
Cu 

5 X 10 
2.3 X 10 
1.48 X 10 
2.2 X 10 
6.03 X 10 
6.32 X 10 
8.47 X 10 

22 
22 
22 
22 
22 
22 
22 

atoms cm 
molecules cm 
molecules cm 
molecules cm 
atoms 
atoms 
atoms 

cm 
cm 
cm 

- 3 
- 3 
- 3 
- 3 
- 3 
- 3 
- 3 

TABLE I I I - l 
Formulaej. Nomenclature and P h y s i c a l Data f o r 

Gaseous Etchants used i n R.I.B.E. 

"Freon" 
Reference Formula 

I.U.P.A.C. 
Name 

Other Name(s) 
Molecular 
Weight 

B o i l i n g 
Point 
°C 

Fl4 CFU 
Tetrafluorornethane 
Carbon t e t r a f l u o r i d e 
( t r i v i a l ) 

8 8 . 0 1 - 128 

F 2 3 CHF 3 
Trifluorornethane 
F l u o r o f o r m ( t r i v i a l ) 

70 - 82 

F l i c C 2 F 6 
Hexafluoroethane 
Perfluoroethane 

138.02 - 78 

F218 
C 3 F 8 

Octafluoropropane 
Perfluoropropane 

188 - 37 

- S F 6 Sulphur hexafluoride 146.1 - 64 
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TABLE I I I - 2 
Hazards Associated with Compounds used i n or 

Produced Düring the G-as Phase Etching of 
S i l i c o n Compounds 

Formula Compound Name T.L.V. Notes Reference Compound Name 
p.p.ni. 

CF4 Tetrafluoromethane N.D. Asphyxiant 1 
CHF3 Trifluoromethane N.D. 11 1 
C2 F 6 Hexafluoroethane N.D. H 1 
C 3 F 8 Octafluoropropane N.D. ti 1 
CCI4 Carbon t e t r a c h l o r i d e 10 Skin Contact 2,3,R 
CO Carbon monoxide 50 I n h a l a t i o n 3 
c o c i 2 Carbonyl c h l o r i d e 0 . 1 I n h a l a t i o n 2,3 
COFo Carbonyl f l u o r i d e 5 I n h a l a t i o n 2,3,R 
(CN] 2 Cyanogen 10 11 2 
C l 2 -GhloTine 1 n 2,3 
F 2 Fluorine 1 11 2 
HF Hydrogen f l u o r i d e 

(gas) 
3 11 2 

Si F ^ S i l i c o n t e t r a f l u o r i d e No 
Data 

T o x i c i t y 
"high" 3,s 

SF^ Sulphur t e t r a f l u o r i d e 0 . 1 I n h a l a t i o n 2 
SF 6 Sulphur hexafluoride 1 0 0 0 H 2,3 
S 0 2 F 2 Sulphury1 f l u o r i d e 5 11 2,3 

References 
1 A i r Products Ltd, Data on handling and storage 

of s p e c i a l gases. 
2 Health and Safety Executive, 1 9 8 1 . 

3 Sax, 1 9 7 9 . 

Notes 

N.D. No data a v a i l a b l e . 
T.L.V. i s defined i n the Glossary. 
R Under Review: Reduction i n T.L.V. has been 

proposed. 
S Special precautions required i n handling and use. 
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APPENDIX IV 

Ch a r a c t e r i s t i c s and Operating Conditions of the 
Three Saddle F i e l d Sources used i n t h i s Study 

Source type B21 B93 B95 
Anode p o t e n t i a l (v»)j kV 5 3 3 
Discharge current ( I Q ) , mA 2 150 3 0 0 (1) 
To t a l beau) "currant" ( ^ B ) » 0.1 k.Z(Z) 20 (3) 
Beaffl area, cm 2 6.1* 57 (2) 1000 
C.A.T.T. distance, mm 75 72 (2) hOO 
Cathode aperture Rectanguiar 5 2 , 2.!*mm 1 2 2 5 , 2.kam 

10x1.5mm diameter holes diameter holes 
i n 25mm diameter in 75îtl50mm 

*, carbon dise carbon p l a t e 
Chamber pressure, t o r r 5x10 5 x l 0 _ J 1 x 1 0 - 3 
Pump apaed, l . s e e - l 150 ^00 3500 
Cooling Uncooled Cathode body only Anodes and 

cathode body 

So te s ( l ) Designed f o r opération with power aupply d e l i v e r i n g 1.5 A 
(2) Experimentally detarmined, t h i s study 
(3) Beam "current" value based on e a r l i e r work v i t h B93 source 

Data f o r 82l and B95 sources from Ion-Tech Ltd 
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