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Abstract 

Crystal l izat ion of annealed Li20*2Si02 glasses implanted with i n e r t  ions 
- 

and fused Si02 glasd implanted with L i  ions was monitored using infrared 

re f lec t ion  spectroscopy. E las t ic  r e c o i l  detection analysis was used t o  study 

changes i n  the  L i  and H concentration induced i n  these glasses by implantation 

and annealing. Implantation of Li20*2Si02 with i n e r t  ions r e s u l t s  i n  L i  

depletion, accompanied by H indiffusion,  i n  t he  implanted region. For Li- 

implanted Si02, c rys ta l l i za t ion  of a-quartz i s  accompanied by appreciable L i  

dif fusion to  the surface and attendant H migration t o  t he  Li-depleted region. 

The c rys t a l l i za t ion  mechanisms a r e  discussed i n  terms of phase separation i n  

the l i t h i a - s i l i c a  system. 
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It i s  w e l l  known t h a t  h e a t i n g  fused s i l i c a  i n  t h e  1200 t o  1700°C range 

r e s u l t s  i n  coarse-grained c r i s t o b a l i t e  growth which n u c l e a t e s  a t  i r r e g u l a r i t i e s  

1 
o r  s u r f a c e  impur i t i e s .  We have previous ly  shown t h a t  c r y s t a l l i z a t i o n  of a- 

qua r t z  i n  t h e  near-surface r eg ion  of h igh-pur i ty  fused s i l i c a  can be  produced 

by L i  imp lan ta t ion  followed by h e a t  t rea tment  a t  700 t o  800°C w i t h  a  c r y s t a l -  

l i t e  s i z e  t y p i c a l l y  on t h e  o r d e r  of one t o  f i v e  microns. 

bye have extended our  i n v e s t i g a t i o n  of ion-implantation-induced c r y s t a l -  

l f z a t i o n  t o  l i t h i u m  d i s i l i c a t e  g l a s s .  The c r y s t a l l i z a t i o n  of l i t h i a  s i l i c a t e  

g l a s s e s  involves  phase s e p a r a t i o n  which occurs  w i t h i n  a  wel l-defined composi- 

t ion-temperature region.? I n t e r s t i t i a l  a l k a l i  i ons  can b e  removed from t h e  

near -sur face  reg ion  by t h e  implanta t ion  of i n e r t  gas ions.  3-5 The composition 

and thus  t h e  phase s e p a r a t i o n  c h a r a c t e r i s t i c s  of t h e  near-surface reg ion  of 

t h e  g l a s s  can be  a l t e r e d  i n  a  con t ro l l ed  manner 'by proper  choice  of  t h e  i m -  

p l an t ed  ion ,  i o n  energy, and f luence.  

I n  t h e  p re sen t  paper we r e p o r t  r e s u l t s  of c r y s t a l l i z a t i o n  s t u d i e s  i n  

Li2O02SiO2 g l a s s ' imp lan ted  w i t h  Xe and He and i n  Li-implanted fused s i l i c a  

g l a s ses .  The depth d i s t r i b u t i o n s  of t h e  implanted L i  were measured us ing  

e l a s t i c  r e c o i l  d e t e c t i o n  (ERD) analysis . '  S t r u c t u r a l  changes i n  t h e  implan- 

t e d  r eg ion  (2 1 ym i n  depth) were analyzed us ing  i n f r a r e d  r e f l e c t i o n  spec- 

t roscopy (IRS). The ERD measurements a l s o  a l low obse rva t ion  of t h e  d i f f u s i o n  

o f  hydrogen i n t o  t h e  implanted region.  Hydrogen d i s t r i b u t i o n  measurements 

a r e  of  i n t e r e s t  because of changes i n  t h e  co r ros ion  r e s i s t a n c e  when hydrogen 

i s  incorpora ted  In.ta g l a s s  networks. 798 

A s  d i scussed  below, t h e  r e s u l t s  f o r  fused  s i l i c a  and l i t h i u m  d i s i l i c a t e  

g l a s s  l ead  us  t o  specu la t e  t h a t  t hese  two g l a s s e s  can b e  viewed a s  end mem- 

b e r s  of t h e  l i t h i a - s i l i c a  g l a s s  system. From t h i s  viewpoint ,  implanta t ion  of 



. I .  

L i  i n t o  pure S i02  produces s e p a r a t i o n  of a  L i - r i ch  phase on a  microsca le  i n  

t h e  g l a s s  upon which d i sp l aced  S i 0 2 n e t w o r k  i o n s  can p r e c i p i t a t e .  On t h e  

o t h e r  hand, implanta t ion  of i n e r t  gas  i ons  i n t o  Li2O02SiO2 causes s u f f i c i e n t  

l o s s  of L i  from t h e  near-surface r eg ion  t o  permit  phase s e p a r a t i o n  and sub- 

sequent  c r y s t a l l i z a t i o n .  

11. WERIMENTAL DETAILS 

The Li20e2Si02 g l a s s  was c a s t  from a melt  (P t  c r u c i b l e )  of Si02 and 

Li2C03 powders h e l d  a t  1350°C f o r  24 hours  and annealed a t  300°C f o r  one hour. 

Fused s i l i c a  samples were prepared from Corning fused s i l i c a  (CFS 7940). Im- 

2  
p l a n t a t i o n  f luences  from 5x10 '~  t o  1x10 '~  ionslcm were used a t  imp lan ta t ion  

ene rg i e s  of 250 keV (Xe), 100 keV (He.) and 50 t o  200 keV (Li) .  Thermal an- 

nea l ing  was done i n  a  tube' furnace  under f lowing N 2 ,  and t h e  IRS measurements 

were made us ing  a  Beckman IR-12 spectrophotometer  w i t h  a  r e f l e c t i o n  at tachment  

from N. J. Herr ick ,  Inc. 

The ERD a n a l y s i s  was performed us ing  a  24 MeV 2 8 ~ i  beam from Sandia ' s  

tandem Van de Graaff  a c c e l e r a t o r .  The beam was i n c i d e n t  a t  75" t o  t h e  sample 

normal and l i g h t  i o n s  r e c o i l e d  a t  an ang le .30°  from t h e  i n c i d e n t  beam d i r ec -  

t i o n  were de t ec t ed .  A 1 0  pm A 1  f o i l  i n  f r o n t  of t h e  d e t e c t o r  ac t ed  a s  a par- 

t i c l e  f i l t e r  f o r  t h e  24 MeV S i  beams and a l s o  slowed t h e  r e c o i l e d  ions .  Mea- 

surement of t h e  r e c o i l  y i e l d  versus  energy r e a d i l y  g i v e s  t h e  l i g h t  i o n  concen- 

t r a t i o n  ve r sus  depth. De ta i l ed  d e s c r i p t i o n s  of t h e  experimental  arrangement 

and a n a l y s i s  have been given elsewhere. 6,9 

111. EXPERIMENTAL RESULTS 

A. Li20*2Si02 Glasses  

The i n f r a r e d  r e f l e c t i o n  spectrum of Si02 and of  Li2OW2SiO2 is  compared 

i n  Fig. 1. The major f e a t u r e s  i n  t h e  Si02 spectrum a r e  t he  Si-0-Si s t r e t c h  

2.' 
..> 
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mode a t  1115 cm and t h e  bending v i b r a t i o n  a t  800 cm . Addit ion of Li20  

t o  form Li2O02SiO2 produces bands near  1070 and 940 cm-l which a r e  charac te r -  

i s t i c  of a  homogeneous g l a s s  c o n s i s t i n g  of Si04 t e t r a h e d r a  and Li20  i n  which 

t h e  presence of t h e  Li20 modif ies  t he  Si-0-Si s t r e t c h i n g  v i b r a t i o n  and r e s u l t s  

-1 
i n  a n  Si-0 dangl ing  bond v i b r a t i o n  near  940 cm . 

The IRS spectrum f o r  Li2O02SiO2 g l a s s  a f t e r  implanta t ion  of  5x10 '~  and 

1 . 1 ~ 1 0 ~ ~  250 keV xe/cm2 i s  shown i n  Fig.  2. The intensity of  t h e  Si-0-Si 

s t r e t c h i n g  v i b r a t i o n  decreases  a s  d i s o r d e r  i s  introduced and t h e  Si-0-Si 

v i b r a t i o n  s h i f t s  t o  h igher  energy wh i l e  t h e  Si-0 v i b r a t i o n  moves t o  lower 

energy. These energy s h i f t s  a r e  a s s o c i a t e d  w i t h  L i  d e p l e t i o n  a s  w i l l  be  

d iscussed  below. Fe r r a ro  e t  a l .1°  have seen  s i m i l a r  s h i f t s  f o r  g l a s s e s  w i t h  

Li20  concen t r a t ions  between % 40 and 20 mole %. S p e c t r a l  changes s i m i l a r . t o  

those  shown f o r  Xe implanta t ion  i n  Fig. 2  a r e  a l s o  observed f o r  He implanta- 

t i o n ;  however, t h e  energy s h i f t s  a r e  sma l l e r  i n d i c a t i n g  l e s s  L i  d e p l e t i o n  

w i t h  He than w i t h  Xe. 

2  
A Li20*2Si02 g l a s s  sample implanted wi th  2 x 1 0 ~ ~  250 keV Xe/cm was 

annealed a t  500°C f o r  va r ious  t imes. I n d i c a t i o n s  of t h e  tendency f o r  phase 

s e p a r a t i o n  a r e  t h e  appearance of t h e  1030 c m l  abso rp t ion  and t h e  replacement 

- 1 
of t h e  1070 cm-I abso rp t ion  wi th  a  r e l a t i v e l y  well-defined band a t  1100 cm 

a f t e r  annea ls  of only 1 5  min. 

Figure 3 shows t h a t  a f t e r  an annea l  of 20.5 h r .  a t  500°C, t h e  spectrum 

con ta ins  sharp  l i n e s  of c r y s t a l l i n e  Li20-2Si02 which have a  one-to-one cor- 

respondence wi th  t h e  l i n e s  i n  t h e  reference1' spectrum of c r y s t a l l i n e  

~ i ~ 0 . 2 ~ 1 0 ~ .  Comparison of t h e  d a t a  f o r  t h e  implanted s i d e  shows t h a t  t h e  

energy of t h e  Si-0-Si s t r e t c h i n g  v i b r a t i o n  i n c r e a s e s  cont inuously and t h e  

-1 
i n t e n s i t y  of  t he  1030 cm band grows monotonically w i t h  anneal  t ime u n t i l  

t h e  implanted reg ion  c r y s t a l l i z e s .  For t h i s  r e l a t i v e l y  long annea l ing  time 



t h e  1030 c m l  band is  observable on t h e  unimplanted s ide .  The Li20*2Si02 

composition i s  very  near  t h e  immisc ib i l i t y  boundary, and we a t t r i b u t e  t h i s  

i n c i p i e n t  phase s e p a r a t i o n  t o  r e s u l t  from t h e  L i  d e p l e t i o n  commonly observed 

i n  t h e  near-surface r eg ion  of t h e s e  g l a s s e s  ( see  Fig. 4). Resu l t s  q u a l i t a -  

t i v e l y  s i m i l a r  t o  those  f o r  Xe implanta t ion  have been obta ined  w i t h  He ilrr 

p l a n t a t i o n .  

The d a t a  of Figs .  1-3 and observa t ions12  of a  Li -co l lo id  band imply 

movement of L i  i ons  i n  t h e  near-surface r eg ion  of implanted and annealed 

g l a s s e s ,  and we have used e l a s t i c  r e c o i l  d e t e c t i o n  measurements t o  quant i-  

t a t i v e l y  eva lua t e  t hese  changes. ERD s p e c t r a  f o r  Li20*2Si02 a r e  presented  

i n  F igs .  4-6. The ERD s p e c t r a  con ta in  t h e  depth d i s t r i b u t i o n  informat ion  

f o r  bo th  L i  and H i n  t h e  near-surface region.  I n  t h e  raw d a t a ,  t h e  s i g n a l  

.from H i n  t h e  g l a s s  i s  superimposed on t h e  L i  s i g n a l  from t h e  bulk;  however, 

t h i s  background ERD y i e l d  has  been s u b t r a c t e d  from t h e  H y i e l d  and t h e  d a t a  

have been co r rec t ed  f o r  t h e  energy dependence of t h e  s c a t t e r i n g  c r o s s . s e c t i o n  

t o  permit  q u a n t i t a t i v e  p r e s e n t a t i o n s  of concent ra t ion  ve r sus  depth. The 

s p e c t r a  i n  Fig. 4 g ive  t h e  L i  depth d i s t r i b u t i o n  be fo re  implanta t ion  and 

2 
a f t e r  implanta t ion  of 5x1016 250 keV Xe/cm and a f t e r  a  500°C anneal .  Note 

t h a t  t h e  L i  d i s t r i b u t i o n  is  no t  uniform very  nea r  t h e  s u r f a c e  i n  t h e  unim- 

p lan ted  g l a s s .  There i s  evidence f o r  L i  d e p l e t i o n  i n  t h e  f i r s t  2. 3000 1; i n  

t h i s  reg ion  t h e  L i  has  appa ren t ly  been rep laced  by H ( s ee  Fig. 6 ) .  Af t e r  

implanta t ion  w i t h  Xe t h e r e  i s  a  pronounced d i p  i n  t h e  L i  concen t r a t ion  a t  a  ' 

depth of % 1500 below t h e  su r f ace ,  which i s  near  t h e  Xe p ro j ec t ed  range. 

The He-implanted samples a l s o  show an i n c r e a s e  i n  t h e . L i  concen t r a t ion  a t  

t h e  sur face .  A f t e r  t h e  500°C anneal  t h e  enhanced L i  concen t r a t ion  near  t h e  

s u r f a c e  has disappeared;  fur thermore,  t h e r e  i s  a uniform reduc t ion  of  L i  i n  

t he  bulk  of Q 15% throughout the  % 6000 1 depth  probed. 



. . 
The H depth d i s t r i b u t i o n  i n  t h e s e  same Xe-implanted samples is  shown i n  

Fig.  5. Before implanta t ion ,  t h e  H d i s t r i b u t i o n  extends % 3000 1 i n t o  t h e  

sample w i t h  a  peak concen t r a t ion  i n  t h e  f i r s t  % 2000 of 'L 17 a t  .%. Thi s  H 

depth  p r o f i l e  depends on t h e  sample h i s t o r y  and presumably r e s u l t s  from H 

i n d i f  f  u s ion  a s  is  well-known from s t u d i e s '  of weathering i n  7'8 These 

p a r t i c u l a r  samples were pol i shed  'L 1 8  months be fo re  t h e  ion  implanta t ion  and 

2  ERD measurements were performed. Af t e r  ' 5 x 1 0 ' ~  250 keV ~ e / c m  implanta t ion ,  

t h e  H r e d i s t r i b u t e s  i n  t h e  implanted region.  This  H.motion i s  presumably due 

t o  L i  motion and t h e  H p a r t i a l l y  compensates t h e  L i  l o s s .  While t h e  H com- 

pensa t ion  appears  t o  be  e s s e n t i a l l y  complete f o r  t h e  "weathered" s u r f a c e  

be fo re  implanta t ion ,  t h e  compensation during implanta t ion  i s  l i m i t e d  by a  

f i xed  supply of H,  i:e., t h e  H which was i n i t i a l l y  i n  t h e  sample. 

We have found1? analogous r e s u l t s  f o r  He imp lan ta t ion  i n  which most of 

t h e  energy i s  depos i ted  i n t o  e l e c t r o n i c  processes .  A s  i n  t h e  c a s e  w i t h  Xe 

implanta t ion ,  He implanta t ion  produces an  apprec i ab le  migra t ion  of L i  toward 

t h e  su r f ace .  I n  f a c t ,  t h e  L i  concen t r a t ion  approaches t h e  s to i ch iome t r i c  

va lue  a t  t h e  s u r f a c e  a f t e r  implanta t ion  of 1 x 1 0 ' ~  ~ e / c m ~  i n  c o n t r a s t  t o  t h e  

L i  d e p l e t i o n  observed be fo re  t h e  implant.  A l o s s  of  L i  from both the  near- 

s u r f a c e  and bulk ,  completely analogous t o  t he  r e s u l t s  f o r  Xe implanta t ion ,  i s  

observed a f t e r  annea l ing  a t  500°C. A f u r t h e r  s t r i k i n g  example of t h e  deple- 

t i o n  of near-surface a l k a l i  i ons  and t h e i r  replacement by s u r f a c e  H,  a f t e r  

i ne r t -gas  ion  bombardment, i s  shown i n  Fig.  7. A sample of g l a s s  wi th  com- 

p o s i t i o n  88% Si02 and 12% K20 was prepared and implanted wi th  7x10 '~  250 keV 

2  ~ e +  ion/cm . Before implanta t ion  t h e  s p e c t r a l  f e a t u r e s  a r e  t h e  main Si-0-Si 

-1 -1 
s t r e t c h  near  1100 cm and a  weak band a t  'L 940 cm . The l a t t e r  i s  assoc ia-  

t ed  wi th  non-bridging oxygen ions  i n  an a l k a l i - r i c h  environment.13 Af t e r  

implanta t ion  the  % 940 cm-I band i s  rep laced  by a  band a t  % 980 cm-l. This  ' 
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i S  t h e  Si-OH dangling bond1) and shows t h a t  a s  a l k a l i  i s  deple ted  by t h e  

bombardment, H from t h e  s u r f a c e  r e p l a c e s  i t  t o  form t h e  Si-OH spec ie s .  

The combined r e s u l t s  f o r  t h e  L i  and H d i s t r i b u t i o n s  i n  t h e  Li20*2Si02 

g l a s s e s  and t h e  r e s u l t s  of Fig. 7 conc lus ive ly  demonstrate t h a t  L i  ou td i f -  

f u s i o n  is  accompanied by H i n d i f f u s i o n  a f t e r  i n e r t  i o n  implanta t ion .  ' These 

obse rva t ions  suppor t  t h e  sugges t ion  t h a t  a l k a l i  d i f f u s i o n  i s  governed by 

1 5  
chemical14 and e l e c t r o s t a t i c  forces .  

B. Fused S i l i c a  .. . 

Measurements of L i  motion a s soc i a t ed  w i t h  t h e  c r y s t a l l i z a t i o n  of a -quar tz  

induced by L i  implanta t ion  and annea l ing  were made f o r  comparison w i t h  t h e  

obse rva t ions  i n  t h e  Li2O02SiO2 system. The 24 MeV 2 8 ~ i  ERD s p e c t r a  f o r  CFS 

7940 Si02 implanted wi th  1 x 1 0 ~ ~  50 keV ~ i / c m ~  f o r  an as-implanted sample and 

a f t e r  a 15  min. anneal  a t  600°C a r e  shown i n  Fig. 8. The as-implanted L i  

d i s t r i b u t i o n  c o n s i s t s  of two peaks, w i th  t h e  more shal low peak occu r r ing  near  

t h e  p red ic t ed  LSS range of 2000 and a broader  d i s t r i b u t i L n  peaked near  

4500 i. There i s  no observable  change i n  t h e  L i  depth d i s t r i b u t i o n  a f t e r  a 

600°C anneal .  S imi l a r  double-peaked p r o f i l e s  were p rev ious ly  f o r  

Ag implanta t ion  i n t o  LAS g la s ses .  Such d i s t r i b u t i o n s  a r e  a t t r i b u t e d  t o  t h e  

motion of h igh  mob i l i t y  i o n s  induced by sample h e a t i n g  by t h e  implant beam. 

IK was found i n  t h e  s t u d i e s  of Ag t h a t  t h i s  d i s t r i b u t i o n  could be a l t e r e d  by 

changing t h e  beam c u r r e n t  o r  by reducing  t h e  sample temperature.  For Ag im- 

p l a n t s  wi th  t h e  sample temperature a t  77OK, t h e  d i s t r i b u t i o n  approached a 

Gaussian d i s t r i b u t i o n  centered about t h e  expected Ag ion  range. 

Although no change i n  t h e  L i  d i s t r i b u t i o n  i s  observed f o r  600°C annea ls ,  

which i s  below t h e  temperature r equ i r ed  f o r  t h e  onse t  of a-quartz  c r y s t a l l i -  

z a t i o n ,  changes i n  t h e  L i  p r o f i l e  a r e  observed f o r  h igher  annea l ing  tempera- 

t u r e s .  The eFfec t s  of annea l ing  a t  700 and 800°C on t h e  implanted L i  p r o f i l e  



a r e  shown i n F i g .  9. Af t e r  a  1 5 m i n .  annea l  a t  700°C the  L i  d i s t r i b u t i o n  

has  changed markedly. The L i  peak a t  Q 2000 1 has  e s s e n t i a l l y  disappeared 

and t h e  L i  concen t r a t ion  i n  t h e  4500 peak i s  reduced whi le  a  s i g n i f i c a n t  

accumulation of L i  a t  t h e  s u r f a c e  i s  observed. Annealing a t  800°C f u r t h e r  

i n c r e a s e s  t h e  L i  concen t r a t ion  nea r  t h e  su r f ace .  Indeed, a f t e r  an  800°C 

annea l ,  ,30% of t h e  L i  migrated from t h e  b u l k  t o  t h e  su r f ace ;  however, t h e  

bulk  concen t r a t ion  of L i  i s  s t i l l  app rec i ab le ,  and i t  i s  presumably t h i s  L i  

which forms Li20  n u c l e i  t h a t  permit  t h e  growth of c r y s t a l l i n e  .- . a-quartz .  

A s  L i m i g r a t e s  i n  Si02 dur ing  annea l ing ,  t h e r e  i s  a t t e n d a n t  H motion 

analogous t o  t h a t  observed f o r  t h e  Li20a2Si02.  The H depth d i s t r i b u t i o n  i n  

Li-implanted Si02 i s  shown be fo re  annea l ing  and a f t e r  t h e  700°C annea l  i n  

Fig. 10. Before annea l ing  t h e r e  is  H ve ry  nea r  t h e  su r f ace ,  and t h e  H conten t  

of t h e  bulk  is much l e s s  f o r  Si02 than  t h a t  shown p rev ious ly  f o r  t h e  Li2O02SiO2 

3 
g l a s s .  The b u l k  H concen t r a t ion  is  1 . 4 ~ 1 0 ~ ~  H l r m  , which i s  i n  good agree- 

3 
ment w i th  t h e  va lue  of 1 . 3 ~ 1 0 ~ ~  H/cm found by Al l red  e t  a1.15 f o r  S u p r a s i l  

fused Si02 g l a s s .  Sur face  hydrogen i s  always observed and i t  i s  probable  t h a t  

t h e  H observed i n  t h e  as-implanted sample was in t roduced  dur ing  p o l i s h i n g  and/ 

o r  implanta t ion .  Af t e r  t h e  700°C annea l ,  however, H migra tes  i n  t h e  bulk  of 

Si02 and peaks occur i n  t h e  II d i s t r i b u t i o n  near  t h e  same depths  t h a t  t h e  peaks 

i n  t h e  L i  d i s t r i b u t i o n  were observed. Thus, a s  i n  t h e  case  f o r  L i20*S i02  

g l a s s ,  L i  migra t ion  t o  t h e  s u r f a c e  i s  accompanied by H i n d i f f u s i o n .  It should 

a l s o  be noted t h a t  t h e  t o t a l  H conten t  i n  t h e  implanted reg ion  i s  g r e a t e r  

a f t e r  t h e  700°C annea l  than  f o r  t h e  as-implanted case ,  b u t  t h a t  t h e  H conten t  

i n  the 1000 t o  5000 depth reg ion  is  l e s s  than  t h e  L i  d e p l e t i o n  from t h i s  

region.  



IV. DISCUSSION 

A. Crystallization of Li20*2Si02 Glasses 

The temperature-composition range in which phase separation occurs in the 

Li 092Si0 system is shown in Fig. 11. Since the Li20 content of Li2O02SiO2 
- 2 2 

is above the Li 0 content of the immiscibility boundary, no phase separation 2 

is expected for Li20*2Si02. However, if the Li 0 content were decreased by 5 2 

2 mole %, phase separation could be expected for temperature - < 500°C. The 

present experiments clearly demonstrate that inert ion implantation depletes 

the Li concentration in the implanted region. These data further show that 

the Li depletion in the implanted region is sufficient to yield a composition 

well within the immiscibility boundary for the temperatures under consideration. 

A question remains as to the local 0 content in'the implanted glass. We have 

no evidence that 0 is lost during implantation; however, the ERD measurements 

show that the Li depletion is compensated by H which presumably saturates dang- 

ling 0 bonds and the data of Fig. 7 clearly show the attachment of H to non- 

bonding oxygen. The net effect of implantation of L120*2Si02 glass with Xe 

and He is thus to reduce the Li 0 content so that the resulting composition is 2 

well within the immiscibility boundary. Upon annealing at 500°C, the implanted 

region crystallizes whereas the unimplanted region does not show evidence of 

crystallization. 

It was noted in Section I11 A that, from the infrared reflection measure- 

ments there appeared to be tendency for phase separation in the unimplanted side 

of the Li20*2Si02 glasses after annealing at 500°C. This phase separation is 

also understandable within the framework of the above discussion of implantation- 

induced crystallization. As the data in Figs. 4 and 5 show, the Li has been 

0 

depleted to a % 3000 A depth and replaced by H in the normal weathering process. 

Such ~i depletion again moves the composition within the immiscibility boundary 

-2:' 
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where phase separation is expected. Indeed, it would not be surprising to find 

evidence for crystallization under annealing in this near-surface region, al- 

though no such evidence was found in the present measurements. 

B. Crystallization of a-Quartz from Si02 

The details of the Li-induced crystallization of Si02 glass to produce 

a-quartz are not as clear as those for the crystallization of Li20*Si0 Im- 2 ' 

plantation of Li into SiO glass has at least two consequences: (1) Introduc- 2 

tion of Li changes the chemical composition of the glass, and (2) The ion- 

implantation process introduces damage in the glass.. In particular, near the 

end of range, the Li ions produce a region of intense displacement damage.as 

much of their energy is expended in nuclear collision processes. The atomic 

displacement damage results in oxygen vacancies in fused Si02 as has been 

measured16 by W absorption near 2450 of 0 vacancies with trapped electrons 

after implantation of Li, B, or Al. The 0 vacancies recombine with inter- 

stitial~ as the radiation damage anneals at temperatures near 700 to 800°C, 

which is the same temperature region for which a-quartz is observed1 to 

crystallize. 

In addition to the effects of implantation-induced disorder, the implanted 

Li concentration appears to be important to the crystallization process. No 

evidence for crystallization has been observed for implantation of the network 

ions Si and 0 or for implantation with the network-forming ions Al and B. 

Similarly, we have been unable to induce crystallization by implantation of 

the alkalf ion Na. It is not clear why no crystallization was observed with 

Na, which is chemically similar to Li, but the fact that the mobility17 of Na 

is 2, 25 times that of Li at 350°C may allow the Na to migrate too readily 

during implantation and annealing to form nuclei. 



2 
For an implant of  1 x 1 0 ~ '  50 keV Li/cm , t h e  L i  concen t r a t ion  a t  depths  

from % 1000 t o  5000 f was measured t o  b e  2. 0 . 3 ~ 1 0 ~ ~  ~ i / c m ~ .  I f  a l l  of t h i s  

L i  were t o  bond a s  Li20, t h e  l o c a l  Li20 concen t r a t ion  could be  a s  h igh  a s  7 

mole %. For these  compositions i t  i s  t h e o r e t i c a l l y  p o s s i b l e  f o r  t h e r e  t o  be  

phase s e p a r a t i o n  of small Li20e2Si02 p a r t i c l e s  w i t h i n  a n  Si02-r ich hos t .  I f  

t h i s  were indeed t h e  case ,  then  t h e  primary r o l e  of L i  i n  t h e  c r y s t a l l i z a t i o n  

process  i s  t o  form n u c l e i  and t o  prevent  t h e  Si04 t e t r a h e d r a  from recombining 

i n t o  t h e  g l a s s  network be fo re  t h e  c r y s t a l l i z a t i o n  temperature i s  reached. A s  

t h e  a-quartz  c r y s t a l l i z e s  w i th  t h e  recombination of implantation-induced 

i n t e r s t i t i a l - v a c a n c y  complexes, much of t h e  L i  becomes super f luous  and i s  

swept t o  t h e  su r f ace .  I n  t h i s  regard  i t  i s  s i g n i f i c a n t  t h a t  no L i  motion i s  

observed f o r  annea l ing  temperatures  below 700°C, where c r y s t a l l i z a t i o n  begins.  

A t  t h a t  temperature L i  i s  l o s t  p r i m a r i l y  from t h e  2000 1 depth reg ion ,  i . e . ,  

from end of range where t h e  ma jo r i t y  of t h e  displacement damage was produced. 

I f  t h e s e  sugges t ions  a r e  c o r r e c t ,  then  t h e  implantation-induced c r y s t a l l i z a t i o n  

of bo th  Li2O02SiO2 and Si02  g l a s s e s  can b e  understood on t h e  b a s i s  of phase 

s e p a r a t i o n  i n  t h e  l i t h i a - s i l i c a t e  system. 

V. CONCLUSIONS 

We have shown t h a t  i o n  implanta t ion  can b e  used t o  s e l e c t i v e l y  c r y s t a l l i z e  

t h e  near-surface r eg ions  of g l a s s e s  and have d i scussed  t h e  c r y s t a l l i z a t i o n  i n  

terms of t h e  l i t h i a - s i l i c a  phase diagram. Ion  implanta t ion  i s  used t o  a l t e r  , 

t h e  composition of t h e  near-surface reg ion ,  and c r y s t a l l i z a t i o n  is  preferen-  

t i a l l y  l i m i t e d  t o  t h e  implanted a r e a s  of t h e  g l a s s .  For t h e  l i t h i u m  d i s i l i c a t e  

g l a s s  system, implanta t ion  of i n e r t  i o n s  d e p l e t e s  t h e  near -sur face . reg ion  of 

L i  u n t i l  t h e  composition wi th in  t h e  implanted r eg ion  f a l l s  w i t h i n  t h e  immisci- 

b i l i t y  boundary. C r y s t a l l i z a t i o n  then  occurs  when t h e  g l a s s  i s  heated t o  



500°C. For pure fused Si02 g l a s s ,  implanta t ion  of L i  followed by h e a t  t rea tment  

a t  700 t o  800°C r e s u l t s  i n  t h e  c r y s t a l l i z a t i o n  of a-quartz.  C r y s t a l l i z a t i o n  of 

t h i s  system w a s  a l s o  d iscussed  i n  terms of t h e  l i t h i a - s i l i c a  phase diagram and 

i t  was suggested t h a t  c r y s t a l l i z a t i o n  i n  t h i s  system might a l s o  b e  governed by 

t h i s  diagram. 

The motion of  L i  and H dur ing  t h e  annea l ing  process  was measured by ERD 

spectroscopy. These measurements a f f o r d  t h e  f i r s t  q u a n t i t a t i v e  e v a l u a t i o n  of 

t h e  i n t e r r e l a t i o n  between L i  and H during ~ r ~ s t a l l i z a ' t i o n  i n  t h e s e  systems and 

show t h a t  L i  d e p l e t i o n  i n  bo th  Li2O02SiO2 and L i  implanted Si02 i s  accompanied 

by H i n d i f f u s i o n .  These measurements f u r t h e r  show t h a t  c r y s t a l l i z a t i o n  of a- 

q u a r t z  from fused SiO t a k e s  p l ace  w i t h  s imultaneous motion of L i  from t h e  end- 2  

of-range depth t o  t h e  su r f ace .  These r e s u l t s  provide  new i n s i g h t  i n t o  t h e  

c r y s t a l l i z a t i o n  processes  and a s s o c i a t e d  ion  motion and may have important  

a p p l i c a t i o n s  i n  t h e  s tudy  of weathering and cor rbs ion .  
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FIGURE CAPTIONS 

Fig.  1. Comparison of  t h e  IRS s p e c t r a  of Si02 g l a s s  (CFS 7940) and l i t h i u m  

d i s i l i c a t e  g l a s s  f o r  t h e  s p e c t r a l  r eg ion  between 700 and 1300 cm-l. 

Fig.  2. Ref lec tance  s p e c t r a  f o r  Li20-2Si02 g l a s s  a f t e r  imp lan t a t i on  w i t h  

2  
5x1015 and 1 . 1 ~ 1 0 ~ ~  250 keV ~ e l c m  . 

2 
Fig .  3. . Ref lec tance  s p e c t r a  f o r  implanted (2x10 '~  250 keV Xelcm ) and unim- 

p l an t ed  ( r e v e r s e  s i d e  of sample) Li20*2Si02 g l a s s  a f t e r  a  20.5 h r .  

annea l  a t  500°C. .. . 

Fig.  4. L i  dep th  d i s t r i b u t i o n  of Li2O02SiO2 measured by ERD showing t h e  

2  
e f f e c t  of 5x10 '~  250 keV Xe/cm imp lan t a t i on  and a  subsequent  ther-  

mal annea l  a t  500°C. 

Fig.  5. H dep th  d i s t r i b u t i o n  measured by ERD f o r  t h e  sample of  Fig.  4.  

Fig.  6. Comparison of t h e  L i  and H p r o f i l e s  i n  t h e  near -sur face  r e g i o n  of  

2  
Li20*2Si02 implanted w i t h  5 x 1 0 ' ~  250 keV ~ e / c m  . 

+ 2 
Fig.  7. Ref lec tance  s p e c t r a  f o r  implanted ( 7 x 1 0 ~ ~  250 keV Xe /cm ) and unim- 

p l an t ed  88% Si02:12% K20 g l a s s .  

Fig.  8. L i  dep th  d i s t r i b u t i o n  i n  CFS 7940 Si02  a f t e r  imp lan t a t i on  of 1x10 
17 

2  
50 keV Li/cm a t  room temperature  'and a f t e r  annea l ing  a t  600°C. 

2  
Fig.  9. Change i n  t h e  L i  p r o f i l e  i n  Si02 implanted w i t h  1 x 1 0 ' ~  50 keV ~ i / c m  

a f t e r  annea l s  a t  700 and 800°C. 

2  
Fig.  i 0 .  H d i s t r i b u t i o n  i n  S i02  implanted w i t h  1 x 1 0 ' ~  50 keV ~ i / c r n  and, a f t e r  

annea l ing  a t  700°C. 

Fig.  11. Phase diagram of t h e  l i t h i a - s i l i c a  system showing t h e  r eg ion  of phase 

separation. Alter M. Towazawa, Phys. Chem. Glasses  - 1 4  (1973) 112. 
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