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Résumé - Des sources d'ions à métal liquide (LMIS) de (B) et (P) 
ont été développées pour l'implantation sans masque dans le sili
cium. La source de (B) qui emploie un émetteur de carbone ou de 
carbure et un alliage à base de Ni-B a une' durée de vie de plus 
de 250 heures. La source de (P) utilisant l'alliage Cu-P permet 
plus de 20 heures de fonctionnement. Les ions issus de ces sour
ces sont analysés en masse et en énergie. Des effets isotopiques 
ont été observés pour l'émission ionique de B. Des essais prélimi
naires d'implantation de B+ dans Si ont été entrepris en utilisant 
une colonne ionique avec séparateur de masse. 

Abstract - Boron (B) and phosphorus (P) liquid-metal-ion (LMI) 
sources have been developed for maskless implantation in silicon, 
The B-LMI source, which employs a carbon or carbide emitter and 
a Ni-B base alloy as its source material, has a lifetime of more 
than 250 hours. The P-LMI source utilizing a Cu-P alloy achieves 
a lifetime of more than 20 hours. The ions emitted from these 
sources are investigated by mass and energy analyses. Isotope 
effect has been observed for B ion emission with a B-LMI source. 
Focused B implantation in Si was preliminarily carried out 
using a mass-separated microbeam column. 

1. Introduction 

LMI sources are now being actively investigated due to" the poten
tially enormorus advantages they offer in focused-ion-beam (FIB) 
technology, such as maskless implantation, microfabrication, and 
submicron analysis /1-if/. Considerable interest has also been shown 
in the diversity of ion species LMI sources provide. For ion implan
tation into Si semiconductors, B, As, and P are the most important 
dopants. However, it is difficult to construct LMI sources from these 
materials due to their high melting point (for B), high vapour 
pressure (for As and P), or strong corrosive effect on most metals ( 
for B). Several LMI sources that use eutectic alloys as the source 
material have been reported to date /5-7/. For GaAs semiconductors, 
LMI sources for Be and Si ions have also been developed by employing 
eutectic alloys /5,8,9/. 

Recently, B- and P-LMI sources have been developed by the authors 
/10,11/. The present paper briefly describes these sources with new 
additional data on ion emission characteristics. Evidence of isotope 
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e f f e c t  i n  t h e  B-LMI source is a l s o  presented. Fur ther ,  prel iminary 
experiments on B'-FIB implanta t ion  i n t o  S i  u s ing  a mass-separated 
microbeam column /12/ with maximum beam energy of 20 keV a r e  described. 
F ina l ly ,  the  h igh  dose-rate e f f e c t  i n  F I B  implanta t ion  /13/ is dis -  
cussed. 

2. B- and P-LMI sources 

The LMI source f o r  B and P ions  c o n s i s t s  of  a needle emi t t e r ,  h e a t e r  
and ext rac tor .  Molten source-material  mounted on t h e  h e a t e r  covers  
t he  e m i t t e r  and s t a b l y  f lows t o  t h e  emi t t e r  t i p  during i o n  emission. 

For t he  B-LMI source /10/, a combination of carbon o r  carb ide  needles 
and Ni-B base a l l o y s  as the  source ma te r i a l  was used. L i t t l e  r e a c t i o n  
is produced between these  mater ia l s ,  so  they  provide a source l i f e t i m e  

of more than  250 hours. For t h e  P-LMI source /U/, a combination of 
metal needle and Cu-P a l l o y  w a s  employed. A source l i f e t i m e  of more 
than  20 hours w a s  achieved, which was mainly r e s t r i c t e d  by s e l e c t i v e  
evaporat ion of  t he  P element due t o  i ts  high vapor pressure.  Thus, 
t h e r e  is much room f o r  improvement of t he  P source l i f e t ime .  

Ions  emit ted from the  source were inves t iga t ed  by mass and energy 
analyses  us ing  a double-focusing mass spectrometer  with a n  energy 
r e s o l u t i o n  of AE = 1.1 eV a t  E = 3.2 keV. This  r e s o l u t i o n  w a s  c a l i -  
b ra t ed  us ing  surface-ionized ~ a +  beams. 

Typical  mass s p e c t r a  f o r  i o n s  emit ted from the  l i q u i d  N i  B S i  
45 45 10  

a l l o y  at  It = 25 pl and Cu P a l l o y  a t  It = 80 )1A a r e  shown i n  Figs. 1 3 
( a )  and ( b ) ,  respec t ive ly .  Here, It i s  t o t a l  emission current .  

Operat ing temperature f o r  t hese  sources  was 900 - 950 "C f o r  t he  B 
source and 750 - 800 "C f o r  t h e  P source. The B' and P' i o n  in ten-  
s i t i e s  were 25 - 35 % and about  10 % of t o t a l  i o n  i n t e n s i t y ,  respec- 
t i v e l y ,  depending on ope ra t ing  condit ions.  

Typical  energy d i s t r i b u t i o n s  f o r  'IB', 58~i', and 28~i+ i o n s  from 
the  Ni-B-Si a l l o y  a r e  shown i n  Fig.2 f o r  It = 40 9. The o r i g i n  of 
t he  energy axis is est imated,  r a t h e r  t han  ca l ibra ted .  S imi l a r  experi-  
ments f o r  t h e  Cu-P a l l o y  were c a r r i e d  out.  Typical  r e s u l t s  of f u l l -  

width-at-half-maximum (FWHM) value, AE, f o r  var ious  i o n s  a r e  given i n  
Table 1. It w a s  found t h a t  A E  va lues  f o r  doubly-charged i o n s  a r e ,  i n  
general ,  have a narrower range than  those  f o r  singly-charged ions ,  as 
pointed o u t  i n  a previous paper /l.+/. 

The AE vs. It r e s u l t s  f o r  var ious  ions ,  i.e. B+ f o r  Ni-B-Si a l l o y ,  

P+ and CU+ f o r  Cu-P a l l o y ,  and ~ a '  f o r  pure G a ,  a r e  summarized i n  Fig. 
3 .  A s  shown, t h e r e  is a s t r o n g  mass-dependence, with l i g h t e r  i o n s  

having a narrower AE. 



Fig.1 Typical  mass s p e c t r a  from LMI sources;  ( a )  Ni-B-Si and 
(b) Cu-P a l l oys .  
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Fig.2 Typical  energy d i s t r i -  
bu t ions  of B, N i ,  and S i  ions.  
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Fig.3 AE vs. It f o r  var ious  

LMI sources. 
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3. Isocope e f f e c t  on B  i o n  emission 

Iso tope  e f f e c t  on B i o n s  emit ted from the  B-LMI source has been 
observed. The B++ i o n  i n t e n s i t y  i s  a s  weak a s  1/30 - 1/50 t h a t  f o r  B+ 

a t  It=15 - loo)&, but  t h e r e  is a  c e r t a i n  d i f f e r ence  between P10 and Pll, 
where Pm is t h e  i n t e n s i t y  r a t i o  of m ~ + +  t o  (*B+ + m ~ + + ) .  Figure 4  
shows t h e  experimental AP values (= Pll - PlO) p l o t t e d  a s  a func t ion  

of P  (= Pll). A s  shown, t h e  Pll va lues  a r e  l a r g e r  by 13 - 17 % t han  
the  P10 values. 

The pos t - i on i sa t i on  model f o r  f i e l d  evapora t ion  proposed by Haydock 
and Kingham /l>/ p r e d i c t s  such i so tope  e f f e c t  when an  element with two 
o r  more i so topes  i s  f i e l d  evaporated. According t o  t h a t  model, t h e  
less-massive i s o t o p e s  t r a v e l  f a s t e r  and thus  spend l e s s  time i n  t h e  
pos t - i on i sa t i on  zone i n  which the  t r a n s i t i o n  from the  s ingly-  t o  
doubly-charged i o n s  is  expected t o  occur. 

The s o l i d  l i n e  i n  Fig.4 corresponds t o  t he  t h e o r e t i c a l  curve based 
on t h i s  model, expressed as AP = (1/2) ( AM/Mb)Pb f o r  AM ((Mb and 

Pb(( 1. Here, AM = Mb - Ma and Mm r ep re sen t s  t h e  mass of i so tope  m. 
The pos t - i on i sa t i on  model exp la in s  t he  p re sen t  i so tope  e f f e c t  f a i r l y  
wel l ,  a l though t h e r e  a r e  some d iscrepancies  between experiment and 
theory. A similar i so tope  e f f e c t  has been observed f o r  f i e l d  evapo- 
r a t i o n  of FeB and COB m e t a l l i c  g l a s se s  by Menand and ~ i i ~ h a m  /16/. 
A more d e t a i l e d  d i scus s ion  w i l l  be presented elsewhere. 

Table 1 AE values  f o r  var ious  
i o n s  emit ted from Ni-B-Si and 

Cu-P LMI-sources a t  It = 30 
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Fig.4 Difference i n  pos t - i on i sa t i on  

p r o b a b i l i t i e s  of ''B+ and llB+ S *p, 
a s  a func t ion  of pos t - i on i sa t i on  

p r o b a b i l i t y  of 'IB+, P. ( Broken 

l i n e  corresponds t o  t h e  t h e o r e t i c a l  



4. FIB imp lan ta t i on  

Prel iminary experiments on FIB implanta t ion  have been c a r r i n g  ou t  
u s ing  a  mass-separated microbeam column, t h e  d e t a i l s  of which have 
been described elsewhere /12/. This  column has t he  a b i l i t y  t o  produce 
sub-pm beams with ene rg i e s  of upto 20 keV and h igh  c u r r e n t  d e n s i t i e s ,  
J, e.g. s e v e r a l  t e n s  of miX/cm2 f o r  B+ beam. These J va lues  a r e  about  
t h r e e  o rde r s  h igher  i n  magnitude than  those  f o r  a conventional  implan- 
t e r  us ing  a n  unfocused beam. 

Figure 5 shows t h e  ca l cu l a t ed  maximum temperature a t  t h e  c e n t e r  of 

a  s t eady - s t a t e  unscanned FIB f o r  S i  and G a A s  t a r g e t s  based on t h e  
a n a l y t i c a l  form of N i s s i m  e t  a1 /17/. I n  t h e  c a l c u l a t i o n ,  a t a r g e t  
back-surface temperature of 25 'C and temperature-dependent thermal 
conduct iv i ty  expressed by K(T) = A/(T - B ) a r e  assumed. Here, A = 
299 W/cm and B = -174 "C f o r  S i ,  and A = 91 W/cm and B = -182 "C f o r  

GaAs. It should be noted t h a t  even a 100 keV unscanned beam of l p m  
2 i n  diameter  wi th  J = 1 0  A/cm is expected t o  i nc rease  a S i  t a r g e t  

temperature from 25 "C t o  only about  50 OC*. No s i g n i f i c a n t  FIB-heating 
has a l r eady  poin ted  o u t  i n  t h e  previous / 2 / .  

Recently, a  high dose-rate  e f f e c t  has been observed f o r  B+ FIB 
implanta t ion  i n t o  S i ,  t h a t  is, high e l e c t r i c a l  a c t i v a t i o n  i n  t h e  
annealed implanted-layer has been r e s u l t e d  from enhancement of t h e  

amorphous zone /13/. This  enhancement i s  presumably brought about  by 
overlapping of t h e  damage zone surrounding t h e  i o n  pa th  wi th in  some 
l i f e t i m e  of i ts shrinkage,  not  by FIB hea t ing  and self-anneal ing,  

5. Conclusions 

B- and P-LMI sources  have been developed f o r  maskless imp lan ta t i on  

i n t o  S i  semiconductors. The B-LMI source,  us ing  a combination of a  

carbon o r  carb ide  e m i t t e r  and a Ni-B base a l l o y  as i ts  source  
ma te r i a l ,  has a  l i f e t i m e  of more t han  250 hours  and provides a B+ 

emission c u r r e n t  of 25 - 35 % the  t o t a l  emission cur ren t .  
I so tope  v a r i a t i o n s  i n  B i o n  emission have been observed. The 

l 0  + propor t ion  of ''B++ t o  ( B + ''B++) is  1/30 - 1/50, which is 13 - 17 

% sma l l e r  than  f o r  "B++ . This  i so tope  e f f e c t  w a s  p r ed i c t ed  by t h e  
pos t - i on i sa t i on  model f o r  f i e l d  evapora t ion  proposed by Haydock and 

~ ingham/ l5 / ,  a l though t h e r e  a r e  c e r t a i n  d iscrepancies  between t h e  
experimental  r e s u l t s  and theory. 

A P-LMI source  u t i l i z i n g  a  Cu-P a l l o y  has a l s o  been developed. P+ 

i o n  emission c u r r e n t  i s  about  10  % of t o t a l  emission c u r r e n t  i n  t h i s  
source,and i ts l i f e t i m e  is  more t han  20 hours. 

Emission c h a r a c t e r i s t i c s  f o r  t h e  B- and P-LMI sources  have been 
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Fig.5 Calcula ted  maximum temper- 

a t u r e  a t  t h e  c e n t e r  of a 100 keV 

s t eady - s t a t e  unscanned beam f o r  

S i  and GaAs t a r g e t s  

i n v e s t i g a t e d  by mass and energy 

analyses.  Pre l iminary  experiments 800- 
on FIB implanta t ion  were a l s o  

c a r r i e d  o u t  u s ing  a mass-separated 

microbeam column. I n  t he se  experi-  600 

ments, high dose-rate  e f f e c t  was n 

observed. 9 
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