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KRYPTON ENTRAPMENT I N  PULSE BIASED SPbTTER-DEPOSITED HETALS* 

M . A .  Ba.yne, R.U. Moss, and E.D. McClanahan 

B a t t e l l  e  Nor thwest  L a b o r a t o r i e s ,  R i  ch land,  P!ashington 99352 

A suppor ted gas d i scha rge  s p u t t e r i n g  system was c o n s t r u c t e d  t o  i n -  
v e s t i g a t e  k r y p t o n  entrapment i n  h i g h - r a t e  s p u t t e r - d e p o s i t e d  t h i c k  f i l m s .  
Kryp ton  entrapment was s t u d i e d  as a  f u n c t i o n  o f  s u b s t r a t e  and t a r g e t  
v o l t a g e  f o r  n i cke l ' ,  a luminun,  t i t a n i u m  and i r o n  d e p o s i t s .  Con t ro l  o f  
s u b s t r a t e  and t a r g e t  vol . tages was ach'ieved w i t h  p u l s e  c i r c u i t s  capab le  o f  
a d j u s t i n g  t h e  p u l s e  d u r a t i o n  and r e p e t i t i o n  r a t e .  A wa te r -coo led  c y l i n -  
d r i c a l  c o p p e r . s u b s t r a t e  15 cm i n  d iameter  was used t o  c o l l e c t  t h e  s p u t t e r -  
ed me ta l  f rom a  9-cm d iameter  c y l i n d r i c a l  t a r g e t .  To o b s e r v e ' t h e  imme- 

..  d i a t e  e f f e c t  o f  changes i n  s p u t t e r i n g  parameters on gas t r a p p i n g ,  as \> /e l l  
' a s  measur.e t h e  t o t a l  gas t rapped,  a  s e n s i t i v e  mass f l o w  i n d i c a t o r  was 
i n s t a l l e d  i n  t h e  k r y p t o n  supp ly  o f  t h e  dynamica l l y  pumped system. Data 
r e l a t i n g  k r yp ton  c o n t e n t  t o  s u b s t r a t e  b i a s  c o n d i t i o n s  and d e p o s i t i o n  r a t e  
a r e  d iscussed  i n  l i g h t  o f  t h e  t h e o r y  o f  C a r t e r ,  C o l l i g o n  and Leck on i o n  
a b s o r p t i o n  i n  t h e  presence o f  s p u t t e r i n g .  Kryp ton  c o n t e n t s  > 2 a t . %  were 
found i n  t h e  me ta l s  s t u d i e d ,  a l l  o f  which were depos i t ed  a t  r a t e s  exceed- 
i n g  .l nm/sec. Computed k r y p t o n  c o n c e n t r a t i o n s  agreed w i t h  c o n c e n t r a t i o n s  

' i n  samples t h a t  were ana lyzed  c h e m i c a l l y .  

INTRODUCTION 

Rad ioac t i ve  8 5 K r  i s  a  f i s s i o n  p roduc t  w i t h  a  r e l a t i v e l y  smal l  
impact  upon man.l However, because a r e d u c t i o n  i n  a l l  r a d i o a c t i v e  
emiss ions  f r om n u c l e a r  f a c i l i t i e s  i s  d e s i r a b l e ,  s t o rage  n f  t h i s  o f f - g a s  

may be r e q u i r e d .  ~ a s e r ~  summdrizes 
t h e  work be ing  done wor ld -w ide  on t h e  sepa ra t i on ,  s t o rage  and d i s p o s a l  o f  
8 5 ~ r .  TO p r o v i d e  an a l t e r n a t i v e  t o  p r e s s u r i z e d  c y l i n d e r  s to rage ,  t h e  
entrapment o f  t h e  gas i n  a  meta l  m a t r i x  by s p u t t e r - d e p o s i t i o n  i s  b e i n g  
i n v e s t i g a t e d .  A1 though gas i n c o r p o r a t i o n  by t h i  s  means i s  n o t  new ,'+ Y 

h i g h  r a t e  s p u t t e r  d e p o s i t i o n  was s e l e c t e d  f o r  f u r t h e r  development i n  
t h e  U n i t e d  S t a t e s  because o f  i t s  l ow  p ressure ,  low tempera tu re  charac-  
t e r i s t  i c s  when compared w i t h  o t h e r  8%r s to rage  a1 t e r n a t i v e s  such as m 
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e n c a p s u l a t i o n  i n  an a l u m i n o s i l i c a t e  m a t r i x ,  which r e q u i r e s  h i g h  temp- 
e r a t u r e s  and p ressu res .  Other  c h a r a c t e r i s t i c s  of  h i g h - r a t e  s p u t t e r i n g ,  
as developed a t  B a t t e l l e ' s  P a c i f i c  Nor thwest  L a b o r a t o r i e s ,  which a r e  
p a r t i c u l a r l y  adap tab le  t o  t h i s  a p p l i c a t i o n  a r e :  1  ) a  h i g h  s t r e n g t h  sub- 
s t r a t e  bond, 2 )  r e p r o d u c i b l e  d e p o s i t s  t h r o u g h  t h e  c o n t r o l  of t h e  s p u t t e r -  
i n g  parameters  and t h e  use of  computer ized i n s t r u m e n t a t  i o n ,  3 )  d e p o s i t i o n  
of  unconven t i ona l  m a t e r i a l s  w i t h  d e s i r a b l e  p r o p e r t i e s ,  4 )  i ndependen t l y  
v a r i a b l e  power d e n s i t i e s  on t h e  t a r g e t  and s u b s t r a t e  e l e c t r o d e s ,  and 5 )  
l o n g - t e r m  r e l i a b i l i t y  and s t a b i l i t y .  However, t h e  g r e a t e s t  impact  i s  
t h a t  l a r g e  s u r f a c e  a rea ,  t h i c k  c o a t i n g s ,  may be depos i t ed  a t  r a t e s  
c o n s i d e r a b l y  h i g h e r  t h a n  t hose  ,norma l l y  assoc ia ted  w i t h  s p u t t e r i n g  
w h i l e  m a i n t a i n i n g  t h e  l a r g e  s u b s t r a t e  i o n  c u r r e n t  d e n s i t i e s  neces- 
s a r y  f o r  h i g h  t r a p p i n g  r a t e s .  High' volume, conimercial appl  i c a t i o n  
t h e n  becomes f e a s i b l e .  

T h i s  paper rev ' iews t h e  b a s i c  t h e o r y  o f  i o n i c  t r a p p i n g  i n  a  r e c e d i n g  
s u r f a c e  and how i t  i s  p r e s e n t l y  a p p l i e d .  S p e c i f i c  da ta  f o r  i o n  en t rap -  
ment' i n  m i l d  s t e e l ,  aluminum, nicke.1 and t i t a n i u m  prepared by h i g h -  
r a t e ,  suppor ted  d i s c h a r g e  s p u t t e r  d e p o s i t i o n  a r e  p resen ted .  

C a r t e r ,  C o l l i g o n  and ~ e c k Q t i l i z e d  a  p r o b a b i l i t y  o f  s o r b t i o n  
f u n c t i o n ,  P ,  t o  d e r i v e  equa t i ons  f o r  t h e  s t i c k i n g  pr0bab. i l i t .y  o f  an 
i o n  i n  a  s o l i d :  

t h e  number of gas a toms.sorbed  up t o  a t ime,  t, i n  a  r e c e d i n g  su r f ace :  

~ y i =  R [ g ( o ) - + ( v t ) t ~ ( ~ j ~ t j  ~ a t o m s / c r n ~ ]  , 
v .  ( 2 )  

and t h e  maximum number of  i o n s  t h a t  may be sorbed i n  a  reced ing  s u r f a c e :  

where A= maximum i o n  p e n e t r a t i o n  dep th  [cm] 
5= x - v t  

= r e l a t . i n n  hetween t h e  d i s t a n c e  f r om t h e  ins taneous  sur face 
a t  a  t i m e ,  t, and t h e  d i s t a n c e  f r om t h e  i n i t i a l  su r face  

B= i o n  c u r r e n t  f l .ux  d e n s i t y  [ ions/cm2/sec] 
v= s u r f a c e  r e c e s s i o n  r a t e  [cm/sec] 

a (x - )=  Jp(x)dx 
$ ( X I =  Ju(x )dx  



I n  the pulsed-bias mode of trapping, when the substrate  bias' is. 
applied, the substrate  is.experiencing a  net removal of material ,  even 
t h o u g h  metal atoms may be arriving from the ta rge t  i f  i t  i s  being 
operated continuously ana atoms are  a l so  being redeposited from the 
substrate  on the portion of the .substrate not masked by the t a rge t .  
Then for  equations ( 2 )  and ( 3 ) ,  i f  the ta rge t  i s  operating continuously, 

or i f  the ta rge t  ' i s  '!shut-off" while the substrate  i s  "turned-on", 

'where n = sol id atomic volume [atoms/cm3] 
S = sputtering yield 

f l  = system material t ransfer  efficiency fac tor  
f2 = fract ion of.materia1 removed from substrate  tha t  i s . r e -  

deposited 'on . the  substrate 
. . E S  = substrate  bias voltage 

E T  = t a rge t  bias voltage 
AS = substrate  area 
AT = t a rge t  area 

A1 so, since for ,  each cycle one must rep1 ace the material removed 
during the substrate  "on" pulse and provide a  fresh layer of material 
for  the next cycle,  approximately 

'MSUB =ZBtsS(Es)As(l - f , )  [atoms] ( 5 )  

must be deposited. 

Therefore., 

NNsuB=NMTAR=fBt~s ( E T  )AT [atoms] ( 6 )  

~ l s o , '  i f  the ta rge t  i s  pperating tont inuousiy,  t h e  period of 
one.cycle i s  

P = t T  ( 7 4  

o r ,  i f  intermit tent ly ,  
, . 

P'ts + t~ 

If t h e  ion dose', B t S  << R h / v ,  then 



50 L I M L  L t ~ e  yds incorporation r a t e  i s  

If  the deposit  i s  previously loaded with gas, the substrate  bias 
i s  applied continuously, and the ta rge t  i s  n o t  biased, the gas release 
r a t e  from the substrate  i s  

where f 3  i s  ttie f ract ion of gas in the deposit .  

This i s  assuming bombardment induced re-emission i s  the major 
process since operation i s ' i n  the large bombardment r a t e  and high gas 
content regime. 

3. EXPERIMENTAL P R O C E D U R E  

3.1 General 

The sputtering apparatus designed fo r  t h i s  project was of the 
t r iode  or supported discharge type. The general arrangement i s  
shown in Figure ' l .  The cyl indrical  substrate ,  fabricated from 6-  
inch copper pipe, was u t i l  ized as p a r t  of the vacuum chamber wall 
t c  f a c i l i t a t e  water cooling. For short experiments, the substrate  
was lined with 0.11 mm thick nickel sheet t o  aid in sample removal 
fo r  analysis .  The hardware shown was mounted on a  standard B N W  base 
assembly containing the electron source, power and cooling water 
connections, and the pumpout port. The cent ra l ly  located, water 
cooled ta rge t  was fabricated from nickel ,  s t e e l ,  aluminum or titanium 
rod or double extra  strong mild s tee l  pipe and was attached via an 
e l e c t r i c a l l y  insulated f i t t i n g  through the base assembly. The gas 
i n l e t  valve i s  a  Veeco PV-10, controlled automatically t o  maintain a  
constant pressure near the electron source. The flowmeter i s  a  
Hastings-Raydist Model ALL-5 with a  0-6.95 + 0.14 cm3/min rat ing a t  
STP f o r  krypton. Typical sputtering parameters a re  given in Table 1.  
The dependent variables a re  krypton gas flow r a t e  and material 
deposition r a t e  a t  the substrate .  The r a t i o  of these two variables 
i s  the instantaneous concentration of krypton in the metal. To obtain 
the  flow ra t e ,  the baseline due t o  the throughput of the dynamically 
pumped system i s  substracted from the  flow-meter indication. After 
multiplying by the meter sens i t iv i ty  factor  fo r  Kr (1.39) ,  the gas 
incorporation r a t e  of the deposit  i s  obtained d i r ec t ly  in cm3/min 
a t  STP. The deposition r a t e  i s  obtained by calculating the material 
a r r iva l  r a t e  a t  the substrate  u t i l i z ing  the sputtering y ie ld ,  
geometrical t r ans fe r  fac tors  and sputtering parameters of the system. 
The calculation provides the  average deposition r a t e  in grams/min, 
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Fig. 1. Coaxial cylinders sputtering geometry for krypton entrap- 
ment by high rate sputtering. T h e  target diameter is 10 cm. T h e  
substrate diameter is 15 cm. 



so t h a t  t h e  c o n c e n t r a t i o n  i s  ob ta i ned .  The a c t u a l  gas c o n t e n t  a t  a  
p a r t i c u l a r  p o s i t i o n  on t h e  s u b s t r a t e  i s  de te rmined  a f t e r  an exper iment  
by gas f u s i o n  a n a l y s i s  o r  x - r a y  f lou i -esence spec t roscopy  s i n c e  end 
e f f e c t s  dominate most o f  t h e  e x i s t i n g  s u b s t r a t e  area.  The average 
gas c o n t e n t  f o r  an e n t i r e  exper iment  i s  c a l c u l a t e d  by i n t e g r a t i n g  t h e  
k r y p t o n  f l o w  and d i v i d i n g  by t h e  s u b s t r a t e  we igh t  ga in .  

TABLE I. Typ i ca1 .Depos . i t i on  Parameters 

A u x i l i a r y  Anode t o  F i l amen t  Vo l tage :  -30v 
A u x i l i a r y  Anode t o  Main Anode Va l tage :  +7v 
Auxi  1  i a r y  Anode t o  T a r g e t  Vo l tage :  -2.5Kv 
A u x i l i a r y  Anode t o  S u b s t r a t e  Vo l tage :  -2.5KV 
F i l a m e n t  t o  Main Anode E l e c t r o n  C u r r e n t :  50 amps 
F i l a m e n t  t o  ~ u x i l i a r y  Anode E l e c t r o n  Cu r ren t :  5 amps 
T a r g e t  I o n  C u r r e n t :  4. amps 
Subst ra ' te  I o n  C u r r e n t :  7 amps 
Aux i  1  i ' a r y  Anode t o  Ground : 0  ohms 
Shie1d.s t o  Ground: 150 ohms 

. . 

K ryp ton  Pressure :  0.40 Pa ( 3 ~ 1 0 - ~  T o r r )  
S u b s t r a t e  pu lse ,  t s :  6 msec. 
Pe r i od :  24 msec. 

3.2 S u b s t r a t e  B i a s  

Because o f  t h e  geometry o f  ou r  system ( c o n c e n t r i c  c y l i n d e r s ) ,  t h e  
maximum b i a s  v o l t a g e  one may c o n t i n u n u s l y  a p p l y  t o  t h e  s u b s t r a t e  must 
s t a y  be low a d e f i n i t e  l e v e l  xo i n s u r e  a  n e t  d e p o s i t i o n .  For t h e  
m a t e r i a l s  S tud ied ,  t h i s  v a l u e  i s  much l e s s  than  t h e  va lue  r e q u i r e d  t o  
have a  k r y p t o n - i o n  (Kr+) s t i c k i n g  c o e f f i c i e n t ,  us, g r e a t e r  t h a n  0.1 
a toms/ ion .  Therefore,  i t  was necessary t o  deve lop  procedures t o  
a l l o w  t h e  s u b s t r a t e  b i a s  v o l t a g e  t o  be e a s i l y  and q u i c k l y  swi tched.  
Two procedures were used. The f i r s t  i n v o l v e d  m o d i f i c a t i o n  o f  t h e  
s u b s t r a t e  a r c - l i m i t i n g  c i r c u i t r y  t o  a l l o w  e x t e r n a l  c o n t r o l .  T h i s  
produced square waveforms w i t h  i ndependen t l y  v a r i a b l e  p e r i o d  and p u l s e  
d u r a t i o n ,  f i g .  2a. 

The second i n v o l v e d  u t i l i z a t i o n  of t h e  three-phase f e a t u r e  o f  t h e  
s u b s t r a t e  b i a s  power s u p p l y  t o  produce hal f -wave r e c t i f i e d  waveforms 
as shown i n  f i g  Zb, c ,  d. The l a t t e r  was i n v e s t i g a t e d  p r i m a r i l y  
as s i m p l i f i c a t i o n s  f o r  f u t u r e  p r o d u c t i o n  a p p l i c a t i o n s .  



2 b .  Hal f-wave r e c t i f i e d ,  one phase 

2c. Hal f-wave r e c t i f i e d ,  two phases 

2d .  Half-wave r e c t i f i e d ,  t h r e e  phases 

F ig .  2. Subs t ra te -b ias  waveforms t h a t  were i nves , t i ga ted .  



~ f t e r  a  s u b s t r a t e  e t c h  a t  100 v o l t s  f o r  100mA-sec/cm2, t h e  
t a r q e t  v o l t a g e  i s  ra ' i sed  t o  f u l l  va l ue  a t  t h e  r a t e  o f  40 v o l t s / m i n .  
Then t h e  s u b s t r a t e  .b ias  i s  s l o w l y  inc reased  u n t i l  t h e  
maximum f l o w  r a t e  i s  a t t a i n e d .  By a d j u s t i n g  t s ,  P and Es, R i s  
maximized. D u r i n g  t h e  d i a g n o s t i c  and s p u t t e r i n g  parameter o p t i m i z a -  
t i o n  phases o f  t h i s ' w o r k ,  i n f o r m a t i o n  about  t h e  s t i c k i n g  c o e f f i c i e n t  
o f  t hese  me ta l s  was a l s o  ob ta ined .  

4. RESULTS AND DISCUSSION 

4.1 S p u t t e r i n g  Y i e l d s  

To e v a l u a t e  t h e  r e s u l t s  and o p t i m i z e  t h e  use o f  e l e c t r i c  power 
f o r  gas t r a p p i n g ,  a c c u r a t e  s p u t t e r i n g  y i e l d  va lues  a r e  necessary.  
K ryp ton  s p u t t e r i - n g  . y i e l d s  f o r  i r o n  and n i c k e l  a r e  a v a i l a b l e  i n  t h e  
range  o f  100-600 eV. To extend t he  range o f  t h e  y i e l d  measurements 
t o  2500 eV K r +  i,ons, t h e  apparatus shown i n  f i g u r e  3  was f i t t e d  w i t h  
3 .8  cm d iame te r  t a r g e t s  o f  n i c k e l  and A-108 s t e e l ,  t h e  same 
a l l o y s  used i n  t h e  gas t r a p p i n g  work. The d e p o s i t i o n  parameters a r e  
l i s t e d  i n  Tab le  I 1  a l o n g  w i t h  t h e  y i e l d s  S / ( l + v )  by  i o n  energy. The 

. . y i e l d  d a t a  a r e  computed f r o m  we igh t  measurements and i o n  dose r e c e i v e d  
f o r  e a c h ' i o n  energy.  The r e s u l t s  a r e  e x c e l l e n t  e x t r a p o l a t i o n s .  o f  
Rosenberg & Wehner ' s  da tag .  

TABLE I I : Kryp ton  S p u t t e r i n g  Y i e l d  Exper imenta l  Parameters and Data 

Ta rge t  Y i e l d  T a r g e t  Plasma . plasma 
Vo l t age  s/(T+-y) C u r r e n t  C u r r e n t  Vol t a g c  Prcssurc  

M a t e r i a l  ( v o 1 . t ~ )  ( a t o m s l i o n )  (mamps) (amps) ( v o l t s )  ( pasca l s )  

N i c k e l  1500 2.73 100 15.0 . 42 0.25 
I I 2000 3.53 100 12.0 40 0.24 
II 2500 3.94 100 . 9.1 . 40 0.29 

S t e e l  500 1.03 100 11.2 4 0  0.23 



Fig. 3 .  Sputtering measurement apparatus. All electrodes and 
shields are  water cooled. The target  diameter i s  4 cm. 



4.2 Gas Entrapment 

By m a n i p u l a t i n g  t h e  d e p o s i t i o n  parameters,  d e p o s i t s  w i t h  r e l a t i v e l y  
h i g h  gas l o a d i n g s  were prepared.  The o v e r a l l  r e s u l t s  a r e  p resen ted  i n  
Tab le  111. A l though t h e  n i c k e l  d e p o s i t  f o r  t h i s  s i n g l e  exper iment  was 
271 grams, a  s e r i e s  of  exper iments  were made c o n s e c u t i v e l y  on t h e  same 
s u b s t r a t e  u n t i l  a  t o t a l  mass o f  744 grams was ob ta ined  c o n t a i n i n g  
10.4 l i t e r s  (STP) o f  k r y p t o n .  A c l o s e - o u t  l a y e r  of  210 grams of n i c k e l  
n o t  c o n t a i n i n g  gas was t h e n  depos i t ed  t o  a i d  i n  gas r e t e n t i o n  a t  
e l e v a t e d  tempera tu res .  Maximum t h i c k n e s s  near  t h e  c e n t e r  o f  t h e  
s u b s t r a t e  was 3.5 .mm. Th ickness  near  t h e  t o p  end was 2.2 mm. 
The t h i c k n e s s  p r o f i l e  i s  p resen ted  i n  f i g u r e  4. T h i s  p r o f i l e  i s  a l s o  
r e p r e s e n t a t i v e  f o r  t h e  aluminum, s t e e l  and t i t a n i u m  d e p o s i t s  made i n  
t h e  same apparatus.  

The h i g h e s t  gas c o n t e n t  was ob ta ined  i n  t h e  s t e e l  d e p o s i t ,  f o l l o w e d  
by n i c k e l ,  aluminum and t i t a n i u m ,  Tab le  111. These c o n t e n t s  a r e  n o t  
maximized and a r e  i n f l u e n c e d  by b o t h  t h e  fo rm o f  t h e  s u b s t r a t e  b i a s  
waveform b e i n g  t e s t e d  and t h e  end e f f e c t s  o f  t h e  appara tus .  S ince  t h e  
i o n  s t i c k i n g  p r o b a b i l i t y  f u n c t i o n ,  us, i s  ex t reme ly  ion-energy  dependent 
i n  ' t he  0-25001 eV range,  t h e  h i g h e s t  average us  va lues  a r e  o b t a i n e d  
when t h e  b i a s  i s  sw i tched  on and o f f  as r a p i d l y  as p o s s i b l e ,  p roduc ing  
a  square-waveform. The ha l f -wave  r e c t i f i e d  waveforms produce a  f a i r  
f r a c t i o n  o f  i o n s  t h a t  s t r i k e  t h e  s u b s t r a t e  w i t h  US va lues  c o n s i d e r a b l y  
l e s s  t h a n  maximum, t h e r e b y  reduc ing  t h e  average s t r i k i n g  c o e f f i c i e n t .  
A d d i t i o n a l l y ,  t h e y  a r e  s t i l l  s p u t t e r i n g  p r e v i o u s l y  d e p o s i t e d  m a t e r i a l .  
The ha l f -wave  r e c t i f i e d . w a v e f o r m s  do t end  t o  p r o v i d e ' s t a b l e  plasma 
c o n d i t i o n s  wh ich  i s  an i m p o r t a n t  c o n s i d e r a t i o n  f o r  p r o d u c t i o n  a p p l i c a -  
t i o n s .  

The i n i t i a l  d i a g n o s t i c s  were per formed w i t h  t h e  square s u b s t r a t e  
b i a s  waveform t o  s i m p l i f y  i n t e r p r e t a t i o n  and t o  p r o v i d e  i nc reased  
v e r s a t i l i t y .  By v a r y i n g  t h e  exper imenta l  parameters i n d i v t d u a l l v .  t h e  
r e l a t i o n s h i p s  among t h e  v a r i a b l e s  i n  equa t i ons  9 and 10 were i n v e s t i -  
gated.  

I n f o r m a t i o n  about  t h e  s a t u r a t i o n  dose i s  o b t a i n e d  f r om f i g u r e s  
5-7 where t h e  number o f  ions /cm2/cyc le  i n c i d e n t  i s  p l o t t e d  a g a i n s t  
t h e  number o f  atoms/cm2/cycle b e i n g  t rapped.  It i s  apparen t  t h a t  f o r  
b o t h  i r o n  and n i c k e l  N T ~  > 1015 atoms/cm2 (Es=2.0KeV) i n  t h i s  mode 
b u t  t h a t  f o r  maximum t r a p p i n g  r a t e  t h e  i o n  dose p e r  c y c l e  should 
remain <1016ions/cm2. T h i s  may be i n s u r e d  bv  dec reas ins  t~ as t h e  
c u r r e n t  d e n s i t y  i s  i nc reased .  There fo re ,  h i g h  c u r r e n t  d e n s i t y  i s  n o t  a 
l i m i t i n g  f a c t o r  i n s o f a r  as i o n  t r a p p i n g  i s  concerned. 



M a t e r i a l  S u b s t r a t e  Ta rge t  Gas D e p o s i t i o n  Gas Content  Depos i t  Min.  Release 
B ias  B ias  Flow Rate cni a t %  Mass Temp 

Cu r ren t  C u r r e n t  - cn13 nm/sec gill g111 "C  . 
TY pe TY pe m i  n 

N i c k e l  1500v 2 5 0 0 ~  4.0 6.05 16.9 4.5 27 1  600 
7  amp 4amp 

Fig.2d zon t inuous  

A1 unii nun1 1300v 2700v 2.3 5.0 30.1 . 3 .9  19.5 3  00 
7 amp 4amp 

Fig.Zb,c con t inuous  

-.-I I r o n  2500v 2 5 0 0 ~  1.74 2.65 19.8 5.1 63.7 570 
d 2.2anip 1 .25amp 

,F ig .Za  con t i nuous  

T i t a n i u m  . 2300v 2500v 1.6 4.1 17 3.7 4.2 - - - 
5amp . . 4anip 

F i g .  2b con t inuous  

TABLE I I I. O v e r a l l  k r yp ton  entrapnient r e s u l  t s .  



F i g .  4. Depos i t  t h i c k n e s s  d i s t r i b u t i o n s  and gas c o n c e n t r a t i o n  
compared w i t h  t h e  t a r g e t / s u b s t r a t e  geome t r i ca l  r e 1  a t i o n s h i p :  

( a )  Th ickness  d i s t r i b u t i o n  f o r  a  n i c k e l  d e p o s i t  made w i t h  l e s s  t han  
opt in la1 s p u t t e r i n g  parameters .  Non-uni f o rm  p l  asma d e n s i t y  symptom 
i s  sma l l  r a t i o  of d e p o s i t  t h i c k n e s s ,  t o p  t o  c e n t e r .  The bo t tom i s  
t h i c k e r  than  t h e  t o p  because o f  a d d i t i o n a l  r e s p u t t e r i n g  f rom t h e  
s u b s t r a t e  s h i e l d  and a  l a r g e r  i o n  c u r r e n t  d e n s i t y .  

( b )  K ryp ton  +gas c o n c e n t r a t i o n  f o r  f i g  4 ( a ) .  H ighes t  gas concen- 
t r a t i o n  a t  t h e  t o p  shows t h e  impor tance o f  o p t i m i z i n g  t h e  B t s / N t q ~ ~  
r a t i o .  Maximum t r a p p i n g  i s  n o t  b e i n g  achieved i n  t h e  c e n t e r  because 
o f  an excess i ve  me ta l  d e p o s i t i o n  r a t e .  l ' he  c o n t e n t  remains low 
near  t h e  bo t tom because f o r  t h i s  d e p o s i t i o n ,  B t s  exceeded NTS. Near 
t h e  t o p ,  B t s  < 3 x 1016ions/cm2 w h i l e  near  t h e  bottom, B t s  >4x1016 
ions/cm2. The s l i g h t  r i s e  near  t h e  c e n t e r  shows t h e  beg inn ing  of  
t h e  n o n - u n i f o r m i t y  i n  t h e  c u r r e n t  d e n s i t y  near  t h e  bottom. 

( c )  Th ickness  p r o f i l e  f o r  t h e  t h i c k  n i c k e l  d e p o s i t .  A u n i f o r m  
plasma d e n s i t y  4s  i n d i c a t e d  by t h e  s m a l l e r  t o p l c e n t e r  t h i c k n e s s  
r a t i o .  

Oppos i te  12 



(!.a) 

Bo t tom 

(n-c ) 

I Target 

Substrate l ~ h i e l d  



Number o f  i n c i d e n t  i ons  p r r  u n i t  area per pu lse .  

F i g .  5. V a r i a t i o n  i n ,  t h e  n u m h ~ r  of k r yp ton  atoms t rapped as ;I 
f u n c t i o n  of t h e  inc ident .  inn  dose per  c y c l c  w i t h  square wdve pulses.  
M a t e r i a l  i s  A-106 s t e e l .  The s o l i d  l i n e  correspond: t o  ,,=I. 

It i s  i n t e r e s t i n q  t o  cons ider  t h e  case where t~ <ch/v and P i s  
de f ined as i n  equat ion  7. Then, i ons  a r e  p e n e t r a t i n g  much f u r t h e r  
i n t o  t h e  d e p o s i t  than t h e  th i ckness  o f  t h e  newly depos i ted  l a y e r .  
The " i n t e r n a l "  dose w i l l  approach and cou ld  exceed t h e  s a t u r a t i o n  l e v e i  
desc r ibed  i n  equat ion  3 s ince  r e l e a s e  o f  p r e v i o u s l y  t rapped gas i s  
i r ~ t ~ i b i t e d  by b o t h  t h e  c o l d  water  subs t ra te  temperature and by t h e  
f r e s h  l a y e r s  o f  depos i ted  m a t e r i a l .  



For example, when aluminum i s  bombarded with 2 KeV Kr+ ions,  the 
maxi'mum penetration d e p t h  i s  ~2~10-6crn10 and by interpol at.i on, the  
maximum number of atoms trapped, NTS, i s  x 2 . 8 ~ 1 0 ~ ~  atoms/cm2 11,  which 
i s  a  saturation bulk concentration of 1 .4x1021 atoms/cm3, or 2 .3  a t . % .  
This gas i s  dis t r ibuted s imilar ly t o  f igure 8a. To obtain bulk con- 
centrations higher than 2.3 a t . % ,  one must overlap successiv,e layers 
of gas as in figures 8b ,  c .  This has been accomplished t o  some extent 

Number of inc-ident ions per unit  area per pulse. 

Fig. 6.  Variation in the number of krypton atoms trapped as a  
function o f  t h e  incident ion dose per cycle with aquare wave pulses. 
Material i s  A-108 s t e e l .  The solid l i ne  corresponds t o  ws=l. 



w i t h  a1 1 t h e  m e t a l s  t e s t e d .  

By inspect ' ion,  one c o u l d  o b t a i n  a  d e p o s i t  w i t h  t h e  success ive  
l a y e r s  over lapped  v e r y  c l o s e l y  and approach, o r  exceed t h e  11.5 a t . %  
i n d i c a t e d  as maximum i n  f i g  8a. However, i n  t h e  p resen t  appara tus ,  
end e f f e c t s  a r e  dominant  and i t  i s  p o s s i b l e  t o  have a  p o s i t i v e  gas 
usage r a t e  (equ.  8 )  nea r  t h e  c e n t e r  o f  t h e  s u b s t r a t e  w h i l e  hav ing  
a  gas usage r a t e 2 0  nea r  t h e  ends (equ. 9 ) .  There would .be a  t r a n s i t i o n  
a rea  a d j a c e n t  t o  t h e  ends w i t h  a  h i g h  gas c o n t e n t  and t h e  c e n t e r  o f  

Number o f  i n c i d e n t  i o n s  p e r  u n i t  a rea  pe r  pu l se .  

F i g .  7 .  V a r i a t i o n  i n  t h e  number of k r y p t o n  atoms t r apped  as a  
f u n c t i o n  o f  t h e  i n c i d e n t  i o n  dose p e r  c y c l e  w i t h  square wave p u l s e s .  
M a t e r i a l  i s  commercial  g rade  n i c k e l .  The s o l i d  l i n e  cor responds 
t o  ws= l .  



Depth ( x / x )  

F ig .  8. Atomic c o n c e n t r a t i o n  o f  k r y p t o n  i n  aluminum as a  f u n c t i o n  o f  
dep th  f o r  2  KeV i ons .  h i s  maximum p e n e t r a t i o n  depth.  C a l c u l a t e d  
f r om r e f s .  8 and 9.  B t  =NTs. ( a )  Layered d e p o s i t  w i t h  success ive  gas 
d i s t r i b u t i o n s  n o t  overfapped, b u l k  k r y p t o n  c o n c e n t r a t i o n  i s  2.3 a t .%;  
( b )  l a y e r e d  d e p o s i t  w i t h  success ive  gas d i  s t r i  b u t i  ons over lapped 50%, 
bu l  k  k r y p t o n  c o n c e n t r a t i o n  i s  4.2%; ( c )  l a y e r e d  d e p o s i t  w i t h  success ive  

' d  

gas d i s t r i b u t i o n s  over lapped 80%, b u l k  k r y p t o n  c o n c e n t r a t i o n  i s  9.7%. 



t h e  depobil wuuld have a  lower gas c o n t e n t  because an excess ive  amount 
o f  me ta l  i s  b e i n g  depos i t ed  t o  i n s u r e  t h a t  t h e  e n t i r e  s u b s t r a t e  a rea  
i s  t r a p p i n g  gas. T h i s  was observed w i t h  X-ray f l o u r e s c e n t  spec t ro -  
scopy, f i g .  9 .  

The e x i s t e n c e  o f  n e g a t i v e  gas usage has been observed i n  two 
cases : 

1 )  S u b s t r a t e  e t c h  upon resumpt ion  o f  an i n t e r r u p t e d  d e p o s i t i o n  

2 )  Constant  t ~ ,  B y  Es, ET, w i t h  dqc reas ing  P. 

c 
o T o'p Pot t om 
.- 20 1, -- 

! . t' 

F i g .  9. Th ickness  p r o f  i 1  e  and k r y p t o n  concent ra t . ion  p r o f i l e  f o r  a  
s t e e l  d e p o s i t  i n  r e l a t i o n  t o  t h e  t a r g e t / s u b s t r a t e  geometry.  A f a i r l y  
u n i f o r m  i o n  c u r r e n t  d e n s i t y  i s  apparen t  s i n c e  t h e  maximum t h i c k n e s s  
i s  1 1 e d r . 1 ~  cen te red  on t h e  t a r g e t .  Concen t ra t i on  i s  Fe/Kr peak h e i g h t  
r a t i o  f r om x - r a y  f l o r e s c e n c e  da ta .  N o t i c e  t h e  reduced k r y p t o n  con- 
c e n t r a t i o n  near  t h e  c e n t e r  and enhanced c o n c e n t r a t i o n  near  t h e  ends. 



Dur ing  t h e  s u b s t r a t e  e tch ,  t h e  parameters were 

ES = lOOeV 
IS = 3.5 amps 

R = - .24 sccm 
f, = .43 

M a t e r i a l  : N i c k e l  

From equn 9, f3  i s  4.4 a t . % .  For  t h e  p rev ious  d e p o s i t i o n  which 
l a s t e d  ove r  16 hours,  t h e  average gas c o n t e n t  was a l s o  4.4 a t . % . . c a l -  
c u l a t e d  f r om.gas  usage and d e p o s i t  w e i g h t . .  Gas usage as a  f u n c t i o n  
of p e r i o d  f o r  n i c k e l  i s  p l a t t e d  i n  f i g  10. Here, t s = 6  msec .: B=5.5 

.8 mA/cm2, Es=ET=~.  5KeV and t h e  t a r g e t  i s  opera ted  i n t e r m i t t e n t l y .  By 

Fig.10. ' K ryp ton  gas usage as a  f u n c t i o n  o f  ~ e r i o d  (P= tS  + t T )  w i t h  
t s  = 6 msec, ES = ET = 2 5 0 0 .  eV; B = 5 m/4/crn2. As NMTAR decreases, 
t h e  gas usage a l s o  decreases u n t i l  t h e r e  i s . n o t  a  n e t  depo 's i t i on .  As 
P i s .  decreased fa r ther ; .  gas i s  r e 1  eased f r om t h e  - subs t . ra te  i n d i c a t i n g  
a  n e t  removal .  o f  p r e v i o u s l y  depos i t ed  m a t e r i a l .  Base1 i n e  f l ow  i s  t h e  
system th roughpu t  w i t h  s u b s t r a t e  power supp l y  o f f .  For t h i s  d a t a  

. '  B t s  << NTS. 



i n s p e c t i o n ,  a l l  o f  t h e  suhst.r.ste s u r f a c c  i s  t r .dpping gas a t  p=50 msec. 
AT P = l b  msec, t h e  c e n t e r  p o r t i o n  o f  t h e  s u b s t r a t e  i s  s t i l l  t r a p p i n g  
gas, b u t  nea r  t h e  ends, gas i s  b e i n g  re l eased  as t h e  area o f  t h e  sub- 
s t r a t e  w i t h  a  n e t  d e p o s i t i o n  decreases.  A t  P=14 msec, t h e  n e t  gas 
usage i s  l e s s  t h a n  z e r o  i n d i c a t i n g  most of t h e  s u r f a c e  has about  ze ro  
d e p o s i t i o n  r a t e ,  b u t  near  t h e  ends t h e r e  i s  a  n e t  removal .  By 
dec reas ing  P t o  6  msec ( t ~ = 0 ) ,  t h e  s u b s t r a t e  e t c h  c o n d i t i o n  would 
be reached. 

Exper imenta l  t r a p p i n g  c o e f f i c i e n t  ve rsus  i o n  energy a r e  p l o t t e d  i n  
f i g u r e s  11 and 12 f o r  i r o n  and n i c k e l  u s i n g  square-wave b i a s .  The 
d a t a  i s  g i v e n  i n  Tab les  I V  and V .  The s o l i d  l i n e s  a r e  es t ima tes  o f  
what t h e  s t i c k i n g  c o e f f i c i e n t  vs i o n  energy cu rve  would be f o r  ts=O 

2 2 3 5 .  and no end e f f e c t  w i t h  a  h y p o t h e t i c a l  equn. f o r  p ( p =  s i n  ) ) .  

For  t i t a n i u n  and aluminum, t h e  b i a s  v o l t a g e  was ob ta ined  by mod i f y -  
i n g  t h e  o u t p u t  s e c t i o n  o f  a  3-phase, f u l l  wave b r i d g e ,  DC h i g h  v o l t a g e  
power supp l y  t o  o b t a i n  t h e .  wave forms d e p i c t e d  i n  ' f i g u r e s  2b,c ,d. U t i l  i z -  
i n g  t h e  waveform i n  f i g  2b, a  s t i c k i n g  c o e f f i c i e n t  ( a S )  o f  .1 a toms/ ion 
a t  a  peak b i a s  o f  1650eV was obtat 'ned f o r  aluminum dnd ws=.08 a t  a  peak 
b i a s  u f  2150eV was o b t a i n e d  f o r  t i t a n i u m .  U t i l i z i n g  t h e  waveform i n  
f i g  2c, as=.12. a t  1525eV.peak b i a s  was ob ta ined  f o r  aluminum. The 
waveform i n  f j g  2d d i d  n o t  produce adequate t r a p p i n g  because t h e  v o l t a g e  
c o u l d  n o t  be r a i s e d  h i g h  enough w i t h o u t  excess ive  s p u t t e r i n g  o f  t h e  d e p o s i t .  

5. CONCLUSION 

The h i g h  r a t e  suppor ted  d i s c h a r g e  s p u t t e r i n g  process i s  be ing  
a p p l i e d  t o  t h e  prob lem o f  s t o rage  o f  8 5 ~ r  as an a l t e r n a t i v e  t o  h i g h  
p ressu re  gas c y l i n d e r s .  Gas c o n c e n t r a t i o n s  as h i g h  as 5.1 a t . $ i n  s t e e l  
w i t h  r e l e a s e  tempera tu res  i n  excess o f  570°C have been achieved by  
s i m u l t a n e o u s l y  d e p o s i t i n g  meta l  atoms and t r a p p i n g  gas i o n s .  For 
comparison, s t e e l  c y l i n d e r s  car1 accommodate about  402 STP f i s s i o n  
kr,yptori/v. volume whcreas n i c k e l  loaded w i t h  5  a t . %  k r y p t o n  i s  about  
160a S T P I a  volume o f  d e p o s i t .  There a r e  d e f i c i e n c i e s  i n  t h e  process 
as d e s c r i b e d  wh i ch  r e q u i r c  f u r t h e r .  exam jna t i on  and improvements. Most 
n o t a b l y ,  t o  i nc rease  t h e  gas c o n t e n t  i n  t h e  m a j o r i t y  o f  t h e  d e p o s i t ,  
t h e  s u b s t r a t e  shou ld  be segmented so t h a t  t h e  s u b s t r a t e  b i a s  and sub- 
s t r a t e  "on" t i m e  can be a d j u s t e d  a p p r o p r i a t e l y  t o  accommodate t h e  l owe r  
d e p o s i t i o n  r a t e  nea r  t h e  ends of t h e  s u b s t r a t e  w h i l e  m a i n t a i n i n g  a  h i g h  
t r a p p i n g  r a t e  on t h e  c e n t e r  p o r t i o n  o f  t h e  s u b s t r a t e .  Scale-up i s  
p r e s e n t l y  l i m i t e d  by t h e  h i g h  s u b s t r a t e  b i a s  r e q u i r e d  t o  o b t a i n  US 

va lues  > .1 a to~ns / l on .  The l i m i t a t i o n  i s  t h e  c u r r e n t  r a t i n g  of t h e  
vacuum t u b e  i n  t h e  s w i t c h i n g  network.  By f i n d i n g  t a r g e t  m a t e r i a l s  
wh ich  have h i g h  US va lues  a t  v o l t a g e s  an o r d e r  o f  magnitude l owe r  t h a n  
t h o s e  p r e s e n t l y  used i t  would be p o s s i b l e  t o  e l i m i n a t e  pu lsed  b i a s i n g  
s i n c e  a  commensurately l o w e r  amount o f  m a t e r i a l  would be r e s p u t t e r e d  
f r om t h e  s u b s t r a t e .  Glassey me ta l s  f i t  t h i s  r equ i remen t  and a r e  
p r e s e n t l y  be ing  i n v e s t i g a t e d .  Then, i n s t e a d  o f  t r a p p i n g  yas i n  a  
r e c e d i n g  sur face  upon wh ich  f r esh  l a y e r s  o f  meta l  a r e  be ing  depos i t ed ,  
one would be t r a p p i n g  gas i n  a  c o n t i n u o u s l y  advancing su r f ace .  



I o n  energy (eV) 

,*J Fig.11. Experimental  t r a p p i n g  p r o b a b i l i t y  ( u ~ )  as a  f u n c t i o n  o f  i o n  
energy f o r  Kr+ i o n s  i n c i d e n t  on s p u t t e r  depos i ted  s t e e l .  The s o l i d  
l i n e  i s  an es t ima te  o f  us a t  t s  = 0 and P >> t s  i f  p = 2 ~ i n 2 ( n ~ / ~ ) / ~ .  
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I o n  energy (eV) 

Fig.12. Exper imenta l  t r a p p i n g  p r o b a b i l i t y  ( u s )  as a  f u n c t i o n  o f  i o n  
energy f o r  ~ r +  i o n s  i n c i d e n t  on s p u t t e r  depos i ted  n i c k e l  . The s o l  i d  
l i n e  i s  b e s t  es t ima te  o f  w, a t  t s  = O and P >, t ~ .  



E IV. Pulsed Bias Data, 

t S E T 
( s e c )  (4 
0.0055 2500 
0.0007 2500 
0.0009 2 500. 
0.0002 2 500 
0.0003 2500 
0.0004 2500 
0.0006 2500 
0.0003 2500 
0.0004 2500 
0.0003 2500 
0.0005 2500 
0.0005 2500 
0.1000 2000 
0.1000 2000 
0.3200 500 
0.3200 750 ' 

0.3200 1000 
0.3200 1500 
0.3200 2 50 
0.3200 . 500 
0.3200 7 50 
0.3200 1000 
0.3200 1250 
3.3200 1500 
0.3200 1750 
0.3200 2000 
0.5100 2500 
0.51 00 2500 
0.51 00 2500 
0.51 00 2500 
0.51 00 2500 
0.51 00 2450 

, O .  5100 2450 
0.51 00 2450 
0.51 00 ,2450 
0.51 00 2450 
0.41 00 2450 
0.31 00 2450 
0.2100 . 2450 
0.6100 2450 
0.41 00 2450 

. 0.4600 2450 
0.3600 2450 
0.3600 , 2450 
0.3600 2450 
0.3600 . 2450 
0.3600 2450 
0.3600 2450 
0.3600 2450 

Steel  

t T  
(set) 

0.0175 
0.0049 
0.0025 
0.0025 
0.0025 
0.0025 
0.0025 
0.0025 
0.0025 
0.0025 
0.0025 
0.0025 
0.1000 
0.1000 
2.0000 
2.0000 
2.0000 
2.0000 
2.0000 
2.0000 
2.0000 
2.0000 
2.0000 
2.0000 
2.0000 
2.0000 
3.1300 
3.1 300 
3.1300 
3.1300 
3.1300 
3.1300 
3.1300 
3'. 1300 
3.1300 
3.1300 . 

3.2300 
3.3300 
3.4300 
3.0300 
3.2300 
3.1800 
3.2800 
3.1800 
3.0800 
2.9800 
2.6800 
2.3800 
1 .9800 
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TABLE V .  Pulsed Bias Data,  Nirkel 



We g r e a t f u l l y  acknowledge t h e  c o n t r i b u t i o n s  o f  R .  A .  Lundgren i n  
apparatus des ign ,  E. N. Greenwel l  i n  p u l s i n g  c i r c u i t r y  development 
and t h e  t e c h n i c a l  suppor t  o f  J. W. Johnston, E .  L .  McDonald, 
W . .  W .  Rober ts  and R.  F. S t r a t t o n .  

REFERENCES 

1. J .  R. Coleman and R. L i be race ,  "Nuc lear  Power P roduc t i on  and E s t i -  
mated 8 5 ~ r  Leve l  s "  , Radio1 o g i c a l  Heal t h  Data and Repor ts ,  Vol . 7,  

# pp. 61 5-621 , 1966. 

2. "Env i ronmenta l  R a d i a t i o n  P r o t e c t i o n  Standards f o r  Nuc lear  Power 
Opera t ions" ,  Federa l  R e g i s t e r ,  Vo l .  42, No. 9, T i t l e  40, p a r t  190, 
January 13, 1977. 

3. M. .Laser ,  "Separa t ion ,  Storage and D isposa l  of Krypton-85 S t a t u s  
and P r o j e c t s " ,  Paper prepared f o r  t h e  IAEA Techn jca l  Committee on 
Removal, Storage and D isposa l  o f  Gaseous Rad ionuc l ides  from A i r b o r n e  
E f f l u e n t s ,  Sept.  1976, GERHTR-177. 

4. K. B. B l o d g e t t ,  T. A. Vande rs l i ce ,  J .  App l .  Phys. 31 (1960)1017. 

5. R .  S. Nelson, M. J.. Smith:  Storage o f  8 5 ~ r  i n  a  Meta l  M a t r i x ;  
Harwe1.l-prospectus. 

6. R. A. Brown, M. Hoza, and D. A. Knecht,  " 8 5 ~ r  Storage  by  Z e o l i t e  
Encapsu la t i on " ,  Proc. Fou r teen th  ERDA A i r  Clean.  Conf . ,  1976, 
CONF-760822, NTIS, S p r i n g f i e l d ,  VA, Vol .  1,  pp. 118-131, February  
1977. 

7. E. D. McClanahan, R. W. Moss, N. Laeg re id ,  J .  W. Pa t t en ,  R .  Busch, 
M. A. Bayne, E. N. Greenwe l l ,  " S t a t e - o f - t h e - A r t  f o r  High-Rate 
S p u t t e r  D e p o s i t i o n " ,  Presented a t  t h e  Government- Indust ry  Workshop 
on A l t e r n a t i v e s  f o r  Cadmium E l e c t r o p l a t i n g  i n  Meta l  F i n i s h i n g ,  
N a t i o n a l  Bureau uT Standard;, Gai ther-sburg,  MD, Oct 4-6, 1977. 

\ 

8. G. C a r t e r ,  J. S. C o l l i g o n ,  J. H. Leck, " I o n  S o r p t i o n  i n  t h e  
Presence of  S p u t t e r i n g " ,  Proc. Phys. Soc. , Vol . 79(1962)299. 

9. D. Rosenberg, G'. K. Wehner, J. Appl .  Phys., V. 3 3 ( 5 ) ,  1962, p.1842.. 

10. J. A. Davies,  B. Domei j ,  'J. U h l e r ,  A r k i v .  f. Fys i k .  24(1963) ,  377. 
u 

! 1. 0.. Almen,. G. ' ~ r u c e ,  J. Nucl  . Irlstr-urn. Methods 11 (1961 ),  257. 




