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Résumé.- On présente une étude systématique des modifications du 
profil de Na dans un verre silico-sodo-calcique produites par 
des irradiations par des électrons, protons ou ions lourds. Les 
résultats sont discutés sur la base d'une diffusion assistée par 
le champ électrique et d'éjection préférentielle de Na. 

Abstract. - We present a systematic study of the Na profile modi_ 
fications in soda-lime silica glasses after electron, proton and 
heavier ion irradiations. The results are discussed in terms of 
field assisted diffusion and Na preferential sputtering. 

Introduction. - It is well known that when glasses are irradiated with 
electrons(as in Auger Electron Spectroscopy) or ion beams (as in Secon 
dary Ion Mass Spectroscopy) their surface composition undergoes marked 
modifications (see for example refs. 1-5). 

Soda-lime-silica glasses have been irradiated by 2-5 keV electrons,600 
+ + keV protons and 50 keV Ar and N ions. In the case of electron or proton 

irradiations, the detected Na profile modifications have been explain­
ed on the basis of the ordinary and field assisted migration processes, 
whereas in the case of heavy ion bombardment, a preferential sputter­
ing mechanism has been inferred. We determined the Na depth concentra­
tion profiles, before and after irradiations, by using the 2-%Ia(p,a) ̂ fe 
nuclear reaction. Such a technique has the advantage that very low pro 
ton fluences and doses are required, causing no detectable changes in 
the actual Na profiles '*>) . 

a) Electron irradiation. - Commercial soda-lime-silica glasses have 
been irradiated in a "KRATOS-ES 300 "XPS-Auger apparatus with electron 
beams having energies between 2.5 and 4.5 keV and current densities, 
I, between 1 and 4 yA/cm2 (7»8)_ A decay of the Na surface concentra­
tion was observed during irradiations, in agreement with data reported 
in the current literature. Measurements of Na depth concentration pro­
files after electron bombardments indicate that Na tends to accumulate 
towards the inside of the sample, at a depth comparable to the maximum 
electron range'9'. j n figure 1a,b we report the Na depth concentration 
profiles after 2.5 keV (1=1.2 and 4.0 uA/cm2) and 4.5 keV (1=4.0 yA/cm2) 
irradiations. The comparison between the Na profiles ob­
tained after irradiations at the same energy but different currents 
clearly indicates the effect of the beam power deposition in the sample. 
In connection with the Na surface depletion, a Ca surface accumulation 
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has been de t ec t ed  by ana lyz ing  t h e  same samples wi th  t h e  Rutherford 
backsca t t e r ing  technique (10) ( see  i n s e t  i n  f i g .  I b ) .  
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Fig. 1 : ( a )  Experimental ( , W ) and calculated (--- , -.-) Na depth mncentra 
t i o n  p r o f i l e s ,  normalized t o  t h e  u n i r r a d i a t e d  bulk va lue , fo r  2 . 5  keV 
e l e c t r o n  i r r a d i a t i o n  a t  two c u r r e n t  d e n s i t i e s .  The Na p r o f i l e  of an 
un i r r ad i a t ed  specimen i s  a l s o  repor ted ;  (b)  experimental  Na depth coq 
c e n t r a t i o n  p r o f i l e  a f t e r  4 . 5  keV-electron i r r a d i a t i o n .  I n  t he  i n s e t  we 
r e p o r t  t h e  Ca p r o f i l e s ,  before  ( - )  and a f t e r  (--)  i r r a d i a t i o n .  

Modif icat ions i n  t h e  Na depth concent ra t ion  p r o f i l e s  have been q u a n t i t g  
t i v e l y  descr ibed  on t h e  b a s i s  of t h e  c o n t i n u i t y  equat ion  f o r  t h e  o rd i -  
nary and f i e l d  a s s i s t e d  d i f f u s i o n  (I I )  : 

where n ( x , t )  i s  t h e  Na concent ra t ion  a t  depth x and time t ,  D i s  t h e  
cons t an t  d i f f u s i o n  c o e f f i c i e n t ,  IJ t h e  Na mobi l i ty ,  connected t o  D by 
t h e  E i n s t e i n  r e l a t i o n ,  and F t h e  e l e c t r i c  f i e l d .  The boundary condi- 
t i o n s  a r e  d iscussed  i n  r e f .  11.  Considering F and D a s  f r e e  parameters 
i n  t h e  numerical i n t e g r a t i o n  of t h e  con t inu i ty  equat ion,  we have ob- 
t a ined ,  by a  f i t t i n g  procedure, t h e  p r o f i l e s  repor ted  a s  dashed and 
dashed-dotted l i n e s  i n  f i g u r e  l a .  The obtained F  and D va lues  a r e  a l s o  
i nd i ca t ed .  The Na su r f ace  concent ra t ion  decay dur ing  i r r a d i a t i o n  i s  
very we l l  f i t t e d  by us ing  t h e  same numerical approach (I  ) . 
b)  Proton i r r a d i a t i o n .  - I n  o rde r  t o  c l a r i f y  t h e  r e s u l t s  ob ta ined  f o r  
t h e  e l e c t r o n  i r r a d i a t i o n  and t o  confirm t h e  f i e l d  a s s i s t e d  Na migration 
model, we s tud i ed  t h e  Na p r o f i l e  modi f ica t ions  i n  proton i r r a d i a t e d  
g l a s s e s ( 7  2, . To avoid su r f ace  charging and desorp t ion  phenomena,which 
may occur dur ing  proton bombardment, a  t h i n  A 1  l a y e r ,  about 15 nmtkick, 



was evaporated on t h e  sample su r f ace .  I n  f i g u r e  2a we r e p o r t  t h e  Na 
depth concent ra t ion  p r o f i l e s  ( f u l l  p o i n t s ) ,  f o r  un i r r ad i a t ed  and pro- 
ton  i r r a d i a t e d  soda-l ime-si l ica g l a s se s .  

Fig. 2 : ( a )  Normalized Sodium p r o f i l e  concent ra t ion  V s  depth f o r  un ig  
r ad i a t ed  ( - )  and 600 keV proton i r r a d i a t e d  ( ) soda-lime s i l i c a  g l a s  
s e s .  (b)  The evo lu t ion  dur ing  proton i r r a d i a t i o n  of  t h e  Na s u r f a c e  con 
c e n t r a t i o n  normalized t o  t h e  u n i r r a d i a t e d  va lue .  Calculated curves 
(---) a r e  a l s o  repor ted  with t h e  i n d i c a t i o n  of  D and F ( o )  va lues  used 
i n  t h e  c a l c u l a t i o n s .  The proton c u r r e n t  dens i ty  was 7 .5  P A  ~ m - ~ .  

The ev ident  Na migrat ion towards t h e  su r f ace  i s  accompanied by a  Ca 
su r f ace  dep le t i on  ( s ee  t h e  i n s e t ) .  I n  f=g .  2b t h e  time dependence of 
t h e  sur face  Na accumulation i s  a l s o  repor ted .  Using t h e  f i t t i n g  proce- 
dure utilized i n  t k  mmerical  a n a l y s i s  of e l e c t r o n  i r r a d i a t i o n  processes,  
we have obta ined  t h e  p r o f i l e s  repor ted  a s  dashed l i n e s  i n  f i g . 2  and 
t h e  corresponding D and F va lues .  I n  t h i s  case  t h e  c a l c u l a t e d  e l e c t r i c  
f i e l d  i s  oppos i te  i n  s i g n  wi th  r e spec t  t o  t h a t  eva lua ted  f o r  t h e  elec-  
t r o n  i r r a d i a t e d  g l a s s e s .  This r e s u l t  sugges ts  t h a t  t h e  i nc iden t  pa r t&  
c l e  charge depos i t i on  mainly determines t h e  e l e c t r i c  f i e l d  formation. 

C )  Heavy ion i r r a d i a t i o n .  - Implants on soda- l ime-s i l ica  g l a s se s  with 
50 keV ~ r +  and N+ i ons  have been performed a t  a  c u r r e n t  of 2 u ~ / c m ~ ,  
varying t h e  dose between 1 o1 and 5 .I 0' ions/cm2. A s  a  r e s u l t ,  a  Na 
deple ted  sur face  region has been observed. I n  f i g u r e  3 we r e p o r t  t h e  
Na p r o f i l e s  a f t e r  50 keV ~ r +  (doses 2 and 4.1016 ions/cm2) and 50 keV N+ 
(at  a  dose of 2 -10' ions/cm2) iqlantation. 
We can exp la in  t hese  r e s u l t s  i n  terms of a  phenomenological model which 
accounts  f o r  t h e  p r e f e r e n t i a l  e j e c t i o n  of  Na atoms from t h e  su r f ace  and 
f o r  a  r a d i a t i o n  enhanced d i f f u s i o n  c o e f f i c i e n t  of Na i n  t h e  Ar'or  i ions 
p a t h ( 1 3 ) .  Such a l o c a l  r a d i a t i o n  enhanced d i f f u s i o n  is  r e l a t e d  t o  t h e  
l o c a l  depos i t ion  of  energy i n  t h e  nuc lear  c o l l i s i o n  processes ( I 4 )  . I n  



C9-648 JOURNAL DE PHYSIQUE 

* 
t h e  ion  range reg ion  we assumed a  d i f f u s i o n  c o e f f i c i e n t  D , l a r g e r  than  
t h e  Na s e l f  d i f f u s i o n  c o e f f i c i e n t  quoted i n  l i t e r a t u r e  f o r  g l a s s e s  of 
same composi t ion.  The c a l c u l a t e d  Na p r o f i l e s ,  compared t o  t h e  exper i -  
mental r e s u l t s ,  a r e  a l s o  r epo r t ed  i n  f i g .  3. 

DEPTH ( A )  

+ 
Fig.  3  : Sodium depth  concen t r a t i on  p r o f i l e s  a f t e r  50 kev A r  and N+ 
i r r a d i a t i o n s  a t  d i f f e r e n t  doses .  Ca lcu la ted  p r o f i l e s  a r e  a l s o  reported.  
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