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RESUME 

Nous p r é s e n t o n s  d e s  mesures de l a  d i s t r i b u t i o n  d ' é n e r g i e  e t  d e  l ' i n t e n s i t é  angu- 
l a i r e  d'une s o u r c e  d ' i o n s  h g a l l i u m  l i q u i d e  g u i  i n d i q u e n t  l a  p o s s i b i l i t é  d e  r é d u i r e  
l a  l a r g e u r  à mi-hauteur d e  l a  d i s t r i b u t i o n  d ' e n e r g i e  e n  u t i l i s a n t  d e s  p o i n t e s  f i n e s  
a v e c  un a p p o r t  r é d u i t  du m e t a l  l i q u i d e .  En même temps nous t r o u v o n s  une p e r t e  
d ' i n t e n s i t é  a n g u l a i r e .  E n s u i t e  q u a t r e  d i f f k r e n t e s  t e t r o d e s  s o n t  comparées.  

ABSTRACT 

Measurements o f  energy  s p r e a d  and a n g u l a r  i n t e n s i t y  o f  i o n s  e m i t t e d  from a  l i q u i d  
g a l l i u m  i o n  s o u r c e  a r e  p r e s e n t e d  which i n d i c a t e  t h a t  it is p o s s i b l e  t o  reduce  t h e  
e n e r g y  s p r e a d  w i t h o u t  l o s i n g  much o f  t h e  a n g u l a r  i n t e n s i t y  by u s i n g  s h a r p  e m i t t e r s  
w i t h  a  h i g h e r  f low impedance. Fur thermore  d i f f e r e n t  t e t r o d e  l e n s  sys tems  a r e  com- 
p a r e d  f o r  t h e i r  s u i t a b i l i t y  w i t h  s u c h  s o u r c e s  . 

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

The performance o f  i o n  microprobe  i n s t r u m e n t s  u s i n g  l i q u i d  m e t a l  f i e l d  e m i s s i o n  
s o u r c e s  is u s u a l l y  l i m i t e d  by l e n s  a b e r r a t i o n s  o f  t h e  probe-forming o p t i c a l  sys tem.  
We s h a l l  t r e a t  a  l i q u i d  g a l l i u m  i o n  s o u r c e  c o n s i s t i n g  o f  t h e  f i e l d  e m i t t e r  and a  
t e t r o d e  sys tem which is o f t e n  r e s p o n s i b l e  f o r  most o f  t h e  l e n s  a b e r r a t i o n s .  
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F i g  1. Schemat ic  drawing o f  t h e  probe  - forming sys tem 
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The con t r ibu t ion  o f  the ex t rac t ion  op t i cs  t o  the  diameters d, and d ,  o f  the spher- 
i c a l  and chromatic d isc  o f  confusion a t  the p o s i t i o n  o f  the object  i s  given by 

where we make use o f  the r e l a t i o n s  

M = fi * (2 )  ' and 
fo 

M i s  the o v e r a l l  magni f icat ion o f  the system. The spher ica l  and chromatic aberra- 
t i o n  c o e f f i c i p n t s  C s  and C, r e l a t e d  t o  the source depend on the source sided f o c a l  
l eng th  fo and t h e - r a t i o  U , / U ,  o f  ex t rac t ion  voltage t o  f i n a l  beam voltage. The 
emission h a ï f  angle a0 determines the probe current  Ip . The intended app l i ca t ion  
determines the f i n a l  beam voltage U,as w e l l  as the working distance and hence a 
lower l i m i t  f o r  the f o c a l  l eng th  f, o f  the ob jec t i ve  lens. 

There are mainly two ways o f  opt imiz ing the performance o f  the arrangement : 
- t o  f i n d  optimum values f o r  the source parameters d I / d Q  and 

i t s  energy spread A E =  e * A U  by varying source geometry, emission current  and 
emi t te r  temperature. 

- t o  opt imize the o p t i c a l  parameters, i.e. C s /  fo and Cc/ fo 

Optimizat ion o f  the emi t ter  

Since chromatic aberrat ion i s  dominant i n  the range o f  acceptance h a l f  angles f fo  = 
l t 5  mrad i t  would be o f  soma i n t e r e s t  t o  reduce the t o t a l  energy spread o f  the emit- 
ted  ions. Generally, the energy spread decreases w i t h  decreasing t o t a l  emission 
currents, and as there i s  a discrepancy between the energy spread found f o r  emission 
currents  o f  about 1pA (1-8) and the measurements o f  Culbertson e t  a l .  ( 9 )  f o r  which 
a sa t i s fac to ry  explanation i s  s t i l l  missing.& have made some measurements a t  low 
emission currents  using r e l a t i v e l y  sharp emi t te rs  . 
Sharp emi t ters  have a considerably increased f low impedance o f  the l i q u i d  metal due 
t o  the smaller t o t a l  surface leading t o  the t i p .  For a s u f f i c i e n t  ga l l i um supply a 
h igh  p o r t i o n  o f  the t o t a l  emi t te r  surface must be wetted w i t h  the l i q u i d  metal. 
We are using two d i f f e r e n t  procedures o f  e tch ing the p o l y c r y s t a l l i n e  tungsten 
emi t te r  which g ive  the  same resu l t s :  
- dc d ropo f f  e tch ing i n  2n NaOH and subsequent re-etching o f  the 

t i p  f o r  1 second t o  enhance the w e t t a b i l i t y  o f  the surface. 
- ac etch ing i n  2n NaOH u n t i l  the desired t i p  rad ius i s  a t ta ined  

I n  the present i n v e s t i g a t i o n  we are using t i p  r a d i i  between 0.2 and 0.5 Fm.  As wet- 
t i n g  may be impeded by oxide o r  hydrocarbon contamination layers  on the emi t ter  (10); 
the vacuum was kept below 5 *IO-' mbar dur ing preparat ion and operat ion o f  the t i p .  
The mass f low o f  l i q u i d  metal can be enhanced by keeping the source a t  an elevated 
temperature up t o  about 400°C dur ing operat ion. A t  t h i s  temperature the thermal 
evaporation r a t e  o f  ga l l ium from the emi t ter  i s  s t i l l  q u i t e  low. 
Fig.2 shows the current-to-voltage charac te r i s t i cs  o f  two d i f f e r e n t  t i p s ,  numbered 
12) and 13). The s u f f i x e s  a )  and b)  denote two modes o f  operation: the b)-curves 
were recorded a f t e r  heat ing the emi t ter  up t o  600°C f o r  a few seconds whi le the 
curves denoted by a) were taken a f t e r  about 1 hour o f  emission a t  low temperatures. 
Comparing 12a) and 12b) we note t h a t  12a) i s  s h i f t e d  towards higher ex t rac t ion  vol-  
tages which i s  probably due t o  the increased f low impedance. 
Fig.3 shows the angular i n t e n s i t y  curves o f  t i p  13). The distance between emi t ter  
and ex t rac t ion  electrode was 0.5 mm f o r  12a), 12b) and 13a) whi le  the t i p  was re- 



t rac ted  t o  a distance o f  4.5 mm i n  l3b )  which caused an increase o f  the ex t rac t ion  
voltage from 2.4 kV t o  4 kV. The condi t ions o f  13c) are i d e n t i c a l  t o  13b) b u t  the 
emi t ter  had been exposed t o  a i r  f o r  some hours. 
I n s u f f i c i e n t  supply o f  ga l l i um w i l l  l ead  t o  an unstable emission a t  higher t i p  cur- 
r e n t s  o r  even t o  sîdeward emission over the whole current  range. We obta in maximum 
t i p  currents  i n  the order o f  4 p A  i n  the case a)  and about 10 y A  f o r  the operat ion 
mode b) when the t i p  i s  heated. 
The current  a t  the onset o f  the emission i s  usual ly  i n  the order o f  .5 PA. Once the 
emission i s  s t a r t e d  the t i p  current  i s  s tab le  down t o  about .2 PA. Below t h i s  value 
we observe a pu lsa t ing  probe current  w i t h  varying duty cycles b u t  w i t h  near ly  con- 
s tan t  pulse height  and frequency. 
Wi th in  the  s tab le  reg ion o f  operat ion the  long term d r i f t  o f  the angular i n t e n s i t y  
i s  about 15% per hour (Fig.4) and the  noise i n  the probe current  i s  below l0Io i n  
the frequency range between 50 Hz and 5 kHz. We have therefore operated the source 
without any f u r t h e r  s t a b i l i s a t i o n  o f  the emission current.  L i ke  other authors (7) 
we have found t h a t  the s t a b i l i t y  i s  a f fec ted  by poorer vacuum condit ions. 

Fig. 2 and 3: Emission current  I ,  vs. ex t rac t ion  voltage and angular i n t e n s i t y  
curves f o r  two d i f f e r e n t  emi t ters  12) and 13). 12a) and 13a) show measurements w i t h  
reduced supply o f  l i q u i d  metal. The distance between emi t ter  and ex t rac t ion  elec- 
t rode was 0.5mm f o r  H a ) ,  12b) and 13a) and 4.5mm f o r  13a) and l3c ) .  

F ig .4:Stabi l i ty  o f  the angular i n t e n s i t y  i n  operat ion mode a) 

We have measured the energy spread o f  the emitted ions using a Mol lenstedt analyzer 
which provides an energy r e s o l u t i o n  b e t t e r  than .1 eV (11). I n  order t o  keep the 
source a t  good vacuum i t  was placed i n t o  an u l t r a h i g h  vacuum chamber mounted on top 
o f  the h igh  vacuum column conta in ing the analyzer. A 200 ~m diaphragm between HV 
and UHV served as a d i f f e r e n t i a l  pumping aperture and a t  the same t ime as a l i m i t i n g  
aperture f o r  the measurement o f  the angular i n t e n s i t y .  
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The i n t e n s i t y  d i s t r i b u t i o n  below the analyzer i s  swept over the record ing s l i t  by 
means o f  e l e c t r o s t a t i c  d e f l e c t i n g  p la tes.  The current  i s  co l lec ted  i n  a Faraday 
cage below the record ing s l i t .  

The energy d i s t r i b u t i o n  curves are near ly  gaussian-shaped. Fig.5 shows the FWHM o f  
the energy d i s t r i b u t i o n  f o r  two d i f f e r e n t  emi t te rs  vs. the t o t a l  emission current.  
We note t h a t  i n  case a) the increase o f  the  energy spread o f  the ions  w i t h  the t o t a l  
emission current  i s  approximately l i n e a r  whi le  i n  case b) where the l i q u i d  metal 
supply i s  more abundant there i s  a decrease i n  the slope o f  the energy spread curves 
a t  low emission currents  known from e a r l i e r  measurements (2,121. Kuby and Siegel  
(13) have recen t l y  t r i e d  t o  a t t r i b u t e  the energy spread t o  the volume o f  f l u i d  ex- 
posed t o  the  h igh  f i e l d .  

Fig.5 and 6: Energy spread A E F W H M  and chromatic angular i n t e n s i t y  

The r e p r o d u c i b i l i t y  o f  measurements w i t h  one t i p  l i e s  w i t h i n  10-15%. We ascribe 
t h i s  v a r i a t i o n  t o  f l uc tua t ions  o f  the mass flow. 
As the  emission cur ren t  i n  a) s t i l l  shows a sharp onset a t  a given voltage and as 
the angular i n t e n s i t y  curves are q u i t e  s i m i l a r  t o  the ones i n  b)  we assume t h a t  the 
sources s t i l l  operate i n  an electrohydrodynamic mode although the emi t t i ng  feature 
may be a l t e r e d  by an increased f low impedance compared w i t h  b). 
I n  the case where chromatic aberrat ion i s  dominant the chromatic angular 
i n t e n s i t y  d I  / ( d o  * A E ~ )  (Fig.6) i s  the source parameter t h a t  determines the current  
ava i lab le  i n  a probe o f  a given diameter (2,8,12). The chromatic angular i n t e n s i t y  
curves show a sharp maximum a t  t i p  currents  o f  about .8pA i n  case a) wh i le  i n  case 
b) t h i s  maximum i s  l e s s  pronounced and s h i f t e d  t o  t i p  cu r ren ts  o f  about 2.3 PA. 

I o n  o p t i c a l  considerat ions 

The used e x t r a c t i o n  o p t i c s  was s i m i l a r  ta the asymetrlc lens  (14) which has been i n -  
vest igated f o r  f i e l d  emission appl icat ions f o r  severa l  t imes (15,161. We have ca l -  
cu lated three other electrode arrangements and compared them f o r  t h e i r  s u i t a b i l i t y  
f o r  i o n  microbeam app l i ca t ions  such as primary i o n  sources f o r  SIMS appl icat ions.  
Lens no.2 i s  i d e n t i c a l  w i t h  no.1 except the center electrode which has been turned 
around. No.3 i s  the lens w i t h  an asymetry parameter n=5 described by Shimizu (17) 
and no. 4 i s  s i m i l a r  t o  Riddle's lens  no. 16 (18). 
We have ca lcu lated the source sided f o c a l  i e n g t h  f o ,  the source p o s i t i o n  20, the 
spher ica l  aberrat ion c o e f f i c i e n t  C, and the chromatic aberrat ion c o e f f i c i e n t  Cc 
r e f e r r e d  t o  the source side f o r  the case o f  h igh  magnif icat ion. The r e s u l t  o f  the 
c a l c u l a t i o n  o f  the aberrat ions we have made us ing the  LINPROG program w i l l  be pub- 
l i s h e d  elsewhere i n  more d e t a i l .  
Fig. 8 represents the r e l a t i v e  aberrat ion c o e f f i c i e n t s  Ca/ fo and Cc/ fo o f  the four 
lenses f o r  d i f f e r e n t  v i r t u e l  source pos i t i ons  a.,. 



Fig.10 compares spot s i z e  d and t o t a l  br ightness B o f  an i o n  probe made w i t h  a two 
lens  system (Fig.9) consis t ing o f  the ca lcu lated te t rodes as eccelerat ing lens  and 
an ob jec t i ve  lens  i d e n t i c a l  t o  no.2 operated as an e i n z e l  lens. 

Fig.7 Four d i f f e r e n t  lenses Fig.8 : Relat ive aberrat ion c o e f f i c i e n t s  
invest igated.  o f  te t rode systems 1+4 vs. source pos i t i on .  

F ig .  9: Schematic drawing o f  the Fig.10 : Spot s i ze  and brightness o f  
l ens  system used. complete system vs. probe current  and 

acceptance h a l f  angle. 

On the hor i zon ta l  a x i s  we have p l o t t e d  the acceptance h a l f  angle a0 and the beam 
current  I,  on the bas is  o f  an angular i n t e n s i t y  o f  10 wA/sr. For the ca lcu la t ion  
o f  d and R we used an energy spread o f  3 eV, an ex t rac t ion  voltage o f  U,=3kV, a 
f i n a l  beam voltage o f  U, =10 kV and a v i r t u a l  source diameter o f  30nm. The b r i g h t -  
ness on the s ide o f  the object  i s  s t rong ly  in f luenced by the lens  aberrat ions. For 
small  values o f  a0 i t  converges towards the source brightness which depends on the 
estimated diameter o f  30 nm f o r  the v i r t u a l  source. 
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