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R@sum@ - Ce t r a v a i l  d & c r i t  des a p p l i c a t i o n s  nouve l l es  de l a  spec t rom&t r i e  
LEEIXS en t a n t  q u ' o u t i l  d ' ana l yse  e t  de c a r a c t 6 r i s a t i o n  des su r faces  s o l i d e s  
(de quelques d i z a i n e s  ii quelques centa ines d ' h  d ' epa i sseu r )  . Les exemples 
presentes  m e t t e n t  en ev idence des segregat ions  e lementa i res  a l a  su r face  de 
s u b s t r a t s  m e t a l l i q u e s  ( a l l i a g e s  de t i t a n e  ou d 'a lumin ium)  soumis ii d i f f e r e n t s  
t r a i t e m e n t s  chimiques ou 6 lec t roch im iques .  Par a i l l e u r s ,  on montre comment 
des i n f o r m a t i o n s  s u r  l l & t a t  ch imique des elements peuvent G t r e  e x t r a i t e s  de 
l a  s t r u c t u r e  des bandes d l&miss ion  X, Le proc@d& c o n s i s t e  a u t i l i s e r  l e s  
spec t res  de r i ves  apres un f i l t r a g e  pa r  t rans formee de F o u r i e r  des courbes 
exper imenta les .  Les exemples present& concernent l a  bande d l&miss ion  K de 
l 'oxygene c a r a c t e r i s t i q u e  de d i f f e r e n t s  ve r res ,  des oxydes d ' e t a i n  e t  des 
oxydes de ti tane. 
A b s t r a c t  - New c a p a b i l i t i e s  o f  low-energy e lec t ron - i nduced  x- ray  spect romet ry  
(LEEIXS) f o r  p r o v i d i n g  chemical i n f o r m a t i o n  about  t h e  f i r s t  hundreds R of a  
s o l i d  su r face  a r e  descr ibed.  Examples a r e  concerned w i t h  t h e  su r face  segrega- 
t i o n  of i m p u r i t i e s  o r  a l l o y i n g  elements when t i t a n i u m  o r  aluminium a l l o y s  a r e  
sub jec ted  t o  chemical  o r  e lec t rochemica l  t rea tments .  I n  a d d i t i o n ,  i t  i s  shown 
how chemical  s t a t e  i n fo rma t i on  conta ined i n  x - ray  emiss ion bands may be 
enhanced by  u s i n g  d e r i v a t i v e  spec t ra  a f t e r  a  F o u r i e r  t r ans fo rm f i l t e r i n g  o f  
t h e  exper imenta l  curves.  Examples d e a l i n g  w i t h  t h e  oxygen K emiss ion band o f  
d i f f e r e n t  glasses, t i n  o r  t i t a n i u m  ox ides a r e  g iven.  

When an e l e c t r o n  beam i n t e r a c t s  w i t h  a  s o l i d ,  i n n e r - s h e l l  vacancies may be produced. 
Atoms i n  an e x c i t a t i o n  s t a t e  r e t u r n  t o  a  s t a t e  nearer  t h e  ground one by t h e  decay o f  
upper s h e l l  e l e c t r o n s  i n t o  co re  ho les .  The excess energy assoc ia ted  w i t h  such a  
t r a n s i t i o n  e i t h e r  i s  t r a n s f e r r e d  t o  another  e l e c t r o n  which i s  e j e c t e d  as an Auger 
e l e c t r o n  o r  i s  re leased  as a  c h a r a c t e r i s t i c  x - ray  photon. When some keV p r imary  
e l e c t r o n s  a r e  used these two r e l a x a t i o n  processes a r e  t h e  b a s i c  p r i n c i p l e s  o f  two 
m a t e r i a l  c h a r a c t e r i z a t i o n  methods : S o f t  x - ray  Spectrometry (SXS) and Auger E l e c t r o n  
Spectrometry (AES). AES i s  o n e o f t h e m o s t p o w e r f u l  su r face  s e n s i t i v e  techn iques a v a i -  
l a b l e  to-day, b u t  t h e  c a p a b i l i t i e s  o f  SXS i n  t h i s  f i e l d  a r e  l a r g e l y  unde r -exp lo i t ed .  
The main purpose of t h e  p resen t  work i s  t o  show t h a t  progress  i n  su r face  a n a l y s i s  
can a l s o  be performed by  u s i n g  low-energy e lec t ron - i nduced  x - ray  Spectrometry 
(LEEIXS). 

The d e t a i l s  o f  t h i s  techn ique have been desc r i bed  p r e v i o u s l y  /1,2/ ; hence, o n l y  a  
b r i e f  d e s c r i p t i o n  i s  g i ven  here .  The i ns t rumen t  i s  a  wave length-d ispers ive  x - ray  
spectrometer equipped w i t h  a  c o l d  cathode tube. T h i s  gas tube  i s  an e l e c t r o n i c  e x c i -  
t a t i o n  source runn ing  i n  t h e  p r imary  vacuum o f  t h e  spect rometer .  The e l e c t r o n  beam 
energy i s  s e l e c t e d  i n  t h e  range 0 . 5 -  5 keV ; t h e  c u r r e n t  d e n s i t y  i s  chosen l e s s  than 
1 mA.cm-*. I n  LEEIXS, t y p i c a l  emiss ion depths range f rom 50 t o  1000,8. Th i s  parame- 
t e r  i s  determined m a i n l y  by t h e  energy a t t e n u a t i o n  o f  t h e  i n -go ing  p r imary  e l e c t r o n s  
and a l s o  depends on t h e  t a r g e t  m a t e r i a l  na tu re .  
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F i r s t  examples o f  LEEIXS a p p l i c a t i o n s  a r e  g i ven  i n  o r d e r  t o  emphasize how chemical 
o r  e lec t rochemica l  t rea tments  o f  m e t a l l i c  subs t ra tes  change t h e  s u r f a c e  compos i t ion  
by m o d i f y i n g  a l l o y i n g  element concen t ra t i ons .  

F i g u r e  1 shows SnL,,6 spect ra  recorded f rom t i t a n i u m  a l l o y s  T i  - 5A1 - 2.5Sn sub jec-  
t e d  t o  va r i ous  s u r f a c e  chemical t rea tments .  Treatment (a )  i s  s imp ly  a  degreas ing 
s tep  which s t r i p s  t h e  "as rece i ved "  a l l o y  o f  ma jo r  su r face  contaminants,treatments 
(b)  , ( c )  and (d )  a r e  r e s p e c t i v e l y  f l uoro-n i  t r i c ,  f l  uoro-phosphate and f l uoro-ammoni um 
e tch ings .  The Sn L,,@ spectrum (e )  o f  a  Sn s u b s t r a t e  o n l y  recovered w i t h  i t s  n a t u r a l  
o x i d e  l a y e r  i s  shown f o r  comparison purpose. From these spec t rome t r i c  data ,  i t  
c l e a r l y  appears t h a t  d i f f e r e n t  chemical  t r ea tmen ts  o f  t h e  i n v e s t i g a t e d  a l l o y  produce 
s i g n i f i c a n t  d i f f e r e n c e s i n s u r f a c e  compos i t ion .  More p a r t i c u l a r l y  i t  may be n o t i c e d  
t h a t  t h e  fluoro-ammonium e t c h  leaves t h e  su r face  v e r y  r i c h  i n  Sn. Complementary r e -  
s u l t s  p u t  f o rwa rd  t h a t  t he  main e f f e c t  o f  t h i s  t r ea tmen t  i s  t o  produce a  su r face  co- 
vered w i t h  a  t h i n  l a y e r  o f  t i n  o x i d e  Sn 02 / l /  w h i l e  t h e  o x i d e  l a y e r  i s  found t o  be 
ma in l y  T i 0 2  when t reatments  (b)  and ( c )  a r e  used. 

F i g u r e  2  i s  concerned w i t h  Ga i m p u r i t i e s  which a r e  i n c o r p o r a t e d  i n t o  an anod ic  a l u -  
minium ox ide  grown on an aluminium subs t ra te .  Spect ra  (a )  and (b) r e p r e s e n t  GaL2,3 
emiss ion l i n e s  o f  t h e  i n v e s t i g a t e d  m a t e r i a l  r e s p e c t i v e l y  p r i o r  and a f t e r  an anodiza- 
t i o n  i n  a  phosphor ic  bath .  Comparison between these two spec t ra  c l e a r l y  i n d i c a t e s  a  
s i g n i f i c a n t  Ga i m p u r i t y  seg rega t i on  from t h e  m e t a l l i c  s u b s t r a t e  toward t h e  o x i d e  
f i l m  d u r i n g  t h e  anod i z i ng  process. 

=%l 

A [A] 12 n.5 tr 10.5 

F ig .  1 - SnL,,6 emiss ion spec t ra  F i g .  2  - GaLp,3 emiss ion s p e c t r s  d i spe rsed  
d i spe rsed  by a  Ge c r y s t a l  by  a  TRAP c r y s t a l  ( 2  d  = 25.90 A ) .  E l e c t r o n  
(2  d  = 6.532 a ) .  E l e c t r o n  beam beam energy : 3 keV ; probed depth  : 1 1 0 0 a  

: 4.5 keV ; probed depth  : o r  so ; c u r r e n t  d e n s i t y  : 0.5 mA.c!K2 
~ ~ ~ r ~ y o r  SO ; c u r r e n t  d e n s i t y  : 
0.5 mA.cW2 ; 



I n  a d d i t i o n ,  i t  i s  shown t h a t  i n f o r m a t i o n  on t h e  chemical  s t a t e  o f  an element can be 
ob ta ined  f rom t h e  f i n e  f e a t u r e s  ( l i n e  shape, energy s h i f t )  o f  some x- ray  emiss ion 
bands and t h a t  s i g n i f i c a n t  improvments can be ach ieved by u s i n g  d e r i v a t i v e  spec t ra  
a f t e r  F o u r i e r  Transform (FT) f i l t e r i n g  / 3 / .  

By way o f  example, F i g u r e  3 shows oxygen K emiss ion bands o f  b o r o s i l i c a t e  (a)  and 
soda- l ime s i l i c a t e  (b )  g lasses.  Exper imental  spec t ra  N(E) a r e  d i r e c t l y  ob ta ined  by 
i n t e n s i t y  measurements a t  1024 angu lar  p o s i t i o n s  d u r i n g  a  5  minutes  cont inuous wave- 
l e n g t h  scanning over  5" 0 .  A f t e r  a  d i r e c t  FT ope ra t i on ,  t h e  h i g h  f requency domain 
r e l a t i n g  t o  random exper imenta l  n o i s e  i s  e a s i l y  removed by m u l t i p l y i n g  t h e  FT by  a  
f i l t e r i n g  f u n c t i o n  (Hanning f i l t e r )  w i t h  an a p p r o p r i a t e  c u t - o f f  f requency. Then, 
r e c i p r o c a l  FT c a l c u l a t i o n s  p r o v i d e  t h e  smoothed d i r e c t  spect ra .  Owing t o  t h i s  proce- 
dure, accu ra te  d e r i v a t i v e  spec t ra  dN(E)/dE can be ob ta ined  and a  g r e a t e r  i n fo rma t i on  
recove ry  can be achieved. I n  t h e  p resen t  case, t h e  two d i f f e r e n t  g lasses can be e a s i -  
l y  d i s t i n g u i s h e d  by cons ide r i ng ,  on t h e  d e r i v a t i v e  curves, t h e  peak-to-peak r a t i o  
(A/B) cor respond ing t o  t h e  main and t h e  low-energy OK sub-bands. T h i s  parameter i s  
equal  t o  6 .7  and 12.9 i n  cases (a)  and (b) ,  r e s p e c t i v e l y .  

F i g .  3  - D i r e c t  and d e r i v a t i v e  OK 
emiss ion spec t ra  f o r  b o r o s i l i c a t e  (a)  
and soda- l ime s i l i c a t e  (b )  g lasses.  
E l e c t r o n  beam energy : 1.5 keV ; 
c u r r e n t  d e n s i t y  : 0.5 m A . ~ m - ~ .  D i r e c t  
spec t ra  a r e  d i spe rsed  w i t h  a  RbAP 
c r y s t a l  ( 2 d  = 26.12 a ) .  The h i g h  
energy sub-band C i s  m a i n l y  due t o  a  
l i n e - l i  ke r e f l e c t i v i t y  s t r u c t u r e  t h a t  
p h t a l a t e  a c i d  ana l yz ing  c r y s t a l s  
e x h i b i t  a t  about  531 eV. 

F i g .  4 - D e r i v a t i v e  OK 
emiss ion spec t ra  f o r  t i n  
ox ides Sn02 and SnO and f o r  
an anod ic  ox ide  grown on a  
Sn s u b s t r a t e .  
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In a s imi la r  way, Figure 4 shows der iva t ive  O K  emission spectra  from Sn02 and SnO 
oxides and from a t i n  subs t ra te  anodized i n  a t a r t a r i c  acid e l e c t r o l y t e .  The chemi- 
cal composition of the  anodized specimen can be unambiguously i d e n t i f i e d  as  SnOp. 
Note t h a t  an analogous conclusion has been previously drawn comparing i n  a simpler 
way the f u l l  width a t  half maximum of the relevant  overal l  O K  bands / l / .  

Last ly ,  Figure 5 represents  der iva t ive  O K  emission spectra  from Ti02  and TiO oxides 
and from a titanium subs t ra te  anodized i n  a t a r t a r i c  acid e l e c t r o l y t e  i n  a way which 
produces an outer  oxide layer  T i 0 2 -  l i k e  and an inner oxide layer  Ti O -  l i k e  /4/. 
These l a s t  spectra  have been performed with various e lec t ron  beam energies i n  order  
t o  probe grea te r  and grea te r  oxide thicknesses. The observed spectral  changes con- 
cerning mainly low-energy components a r e  thought to  be r e l a t e d  t o  the  stoichiometry 
var ia t ions  when th icker  mater ials  a r e  probed. Such r e s u l t s  o f f e r  convincing eviden- 
ce t h a t  work has tobepursued i n  t h a t  d i rec t ion  f o r  deducing chemical bonding changes. 

Fig. 5 - Derivative O K  emission spectra  
f o r  titanium oxides T i  02 and Ti 0 and 
f o r  an anodic oxide grown on a Ti 
subs t ra te .  Direct intermediary spec t ra  
a r e  performed a t  various e lec t ron  
beam energies i n  order t o  probe 
grea te r  and grea te r  thicknesses. 

CONCLUSIONS 

The above r e s u l t s  c l e a r l y  demonstrate t h a t  s o f t  x-ray emission can be used f o r  s t u -  
dying the  near-surface chemical composition of so l ids .  More p a r t i c u l a r l y ,  LEEIXS ap- 
pears t o  be a p rac t ica l  tool f o r  invest igat ing various mater ials  which have under- 
gone s p e c i f i c  sur face  processes. In addi t ion,  i t  i s  emphasized t h a t  s i g n i f i c a n t  im- 
provements can be achieved i n  chemical bonding character izat ion by using der iva t ive  
spectra  obtained a f t e r  Fourier transform f i l t e r i n g  of the experimental x-ray emis- 
sion bands. 
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