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The intercaIation and w t i o n  of sidver (bg) in . - '  

partially Lntcrcalatd titanium disulphide-fTf51) crystals 
0 

were studied ?ding a scanning Aug- electron ricroscopc with 

- bracers. The x-ray fluorescence results lndlcatcd a rapid' 
>. 

'" conversion of stage 1 Ag into stage 2-Ag at roomRtelperature . 
and a statlo*ry behavior of t h e  stage 2 Ag a f t e r  the.stage 

conversion was comp1cted. The radioactive tracer r e s u l  s 
/- * t 

showed t h a t  staqe 2 -119 vas mubile dux lnq the stage i $0 btaqe 
1 # J .  

2 conversion and alsoul lcn  a crystal was belng intercalated. 

The rotion of stage 2 Ag in the bulk of a crystal vas observed 

- 

Auger analysis v i t h .  ion  sputtering y i h d e d  ,the 
i ! 

- - 

3 - d i r n s i o n a l  distrlbution of & in a partsal ly  intercalated 
*, 

A stqge 2 crystal. A q  was obs&rved to  be intercalated across . 
the crysta l  sur face  'region while t h e  bulk uas intercalated' 

I 
\ '  

only for a short  d i s tknce ,  fndlcating t h a t  the Ag has a high  
1 

rate of mution nebr t h e - c r y s t a l  surface. A stage 2 'region 

w i t h  a high Ag concentra&on uas observed t o  be unstable near 
- 

- - - - -- -- -- - - -- -- 
- 

t h e  crystal  surface. 
/ 
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~ u c h  experimental  and theoretical i erest has been rft 
&entered on layered compounds 1 ike 4~aphlte)and. trsesition 

metal dlchalcogenides, because of t h k i r  unusual , a n i s o t r o p i c  / 

optlcal, e l e c t r i c a l ,  mechanical and t ranspor t  propert ies  (1-4). 

I n  addition,-the t r a n s i t i o n  metal d i c h a l c o g e n l d e s  have 

received considerable at , tentko  in recent years due t o  t h e i r  7 
a p p l l c a b i l l t y  a s  d e n s i t y  b a t t e r i e s  ( 5 ) .  

-- 

~ransitlon of  s t r o n g l y  

bonded X-H-X sandwiches wh'ich are stacked upon each- other and 

h e l d  w i t h  weak bonds. ~ h e s e  in t erp lanar  bonds a r e  cons ldgred  

to be of van der Waals type because of  their weak nature. 

F i g .  1.1 s h o w s  t h e  genera l  form of these layer structures. 

The anlsotroplc properties of .layer compounds ariJe from t h i s  
- - 

highly anisotropic layered s t r - u c t u ~ e .  For example, t h e  w e a k  

Intercalants along-the Van der vaals gaps is several orders o f  

magnitude that per&ndlcular to the basaf p f k  

t 6 ,  7)- 



The layered transl tion metal di~halco~enides ( h a )  are 
- - - - 

formed t)y Combining the transi (HI of group IV, v 

or Vg'uf t h e  p e r i o d i c  table w i t h  the c h a l c o g e n s  ( X 4 ,  S,  Se and 

Te:(3). The M X t  sandwich consists bf two hexagona l ly  c l o s e -  

packed chalcogen layers and a transition metal layer where the 

transition metal ion is found either in a site of octahedral: 

symmetry or of p r i s m a t i c  symmetry (Fig. 1.2). The crystal - - -  

u n i t  c e l l  c o n s l s t s  of either one MX, layer or bevera l  l a y e r s  

depending on the particular c m p o u n d .  S t r u c t u r a l l p  and 
B 

chemically,  t h e s e  layer materials form 9 well defined family - 

of compounds. However, e l e c t r i c a l l y  they c6ver a wide 
e 

spectrum o f  p r o p e r t i e s ,  •’-an i n s u l a t o r ,  a semiconductqr a n d  

semi-metal  t o  a true-metal. A full ' r ev i ew  of t h e s e  compounds 

@. ? - is  found i n  references 1 - 4 .  
% 

* '.$ 

Interc3latfon is the inserti6n of guest species 

< b e t w e e n  t h e  l a y e r s  of a h o s t  structure withbut g r e a t l y  

alterin'g the s t r u c t u r e  of t h e '  l a t t e r .  O n  removal of the guest 

atoms, t h e  host re'turns to its o r t g i n a l  crystal structure.- I t  

',Is p o s s i b l e  to control the chemical, electrical and ~hysical 

, prope-rves  csf the! host material by varying t h e  mole fraction 

1.2 S t a s i n s  and modeas of staqinq. 

~ntercalati~n generally occurs in stages (1) + m y  

s t u d i e s  have been d3nc on i n t e r c a l a t e d  graphite and . t h e  
- -  - 



intercdlated transition metal dichalcogenides, particularly, 

pertaining to the occurrence of staging and stage 
% 

9 \ 
transformation (1-I), Staging refer's t o  the  phenomenon where' 

the intercalated species occuples the spaces or galleries 
d \ 

between t h e  h o s t  layers  i n  a n  ordered' sequence, f n a stage-n 

compound, n host f ayers -are found between two consecutive 

gucst layers. Accordingly, a higher order staqe c ~ m n d - ' i s  - - -- 

formed with a lower mole fraction(~) of the guest species. 

Stages cdn transform from one 'stage t o  another, and this 
, 

phenomenon is known rrs stage t x m f  armatl~n QE ee+nwezske~ .  - - 

Z 

In the classical model for the 'arrangement of 9uei t  . .  

atoms in the host lattice, the van der WaaIs gaps are  
t 

completely f u l l  gr empty as s h o h  in F i g .  1 . 3 ,  ThSs model has  - 
- 
df f f i cu l ty  in  explaining certain reaction mechanisms such as  

- - - - - -  
- - -  - - - - - - 

rearrangerrent of guest atoms i n  the Van der Vaals gaps is 

lmpossfble unless the guest ato& penetrate through PIX= 

sandwiches ,  This mechanlsrp is rather unlikely since t h e  

dlffuslon of guest atoms in t h e  mcm direction is negligible. 

To ptovide a.cunvenient lnterpretatfon for stage 

canversion and various other reactton ~mechanlsia #, Daumas and 

A. H4rold proposed a Eeodei ( 8 1  which is often referred to as , 

- - - -  - -  

the 4-frr &I, tsfana model or Dauasas afrd Wrofd IDHF 

partlafly filled and t h e  intercalants are found as collections 

staged, intercalated cowound  conslsts '.of s icroscoplc  domains . 



$ 4 .  - - - - -  - - -  - 

- - - - - - - - -- 

s u c h  t h a t  within each domain the  conpound is stage ordered in 

the w c w  direction {Fig- 1-41. Each.domain resembles a s t a c k  

of finite; two dimensional islands' oi intercalants, pa%kad in 

between the layers of t h e  h o s t .  In adjacent, domains the 

intercalant i s l a n d s  reside between different pairs of host 

layers. Hence the stage conversion can easily occur by moving 

the i s l a n d s  of atoms* from one domain to the ather r i t h b u t  - - - 

large movements o,f intercalants. Thus the DH .model avoids the 

problem associated with the classical model of st'aglng i n  

which it is necessary t a  w t y  entlfe Van d& Uls gaps' af 
+ 

t h e  intercalated h o s t  lattice,ln order to effect a stage 
t 

transition. 

The DH model gives a-reasonable.  exp lana t  lon fbr , 

. various exper lmenta? results s u c h  as stage conversion, 
i 

revergibil'!ty of stage f o r k t  lon, etc. A pressure Induced 
- - - - - - -- - - - - -- - 

- ---- 5 
- 

staging transition has been studied in potassium inte=cala$$d 

graphite- compounds I 91  and the results have shown t h a t  t h e  

stage 2 to stage 3 transition is reversible. This implies 

that during the transktton the p o t a s s l u m  i n a e r c a l a n t  is not 

squeezed out af the sample but is redistributed u t t h l n  t h e  , 

graphite hosg layers as required by the DH domain model. w 

Other studies on  stage transltlons l n  potasstum/graphite 

study on the FeCl*/graphite s y s t e m  (131, high resofution' 
a 

islands in different staqes, supporting t h e  DH model. . 
z 8 



Perhaps the most convincing evidence in Support of the 
- 

-- -- -- - 

DH W e l  is the observation of islands in different layered 

caspounda w i n g  electron microscopic methods. A wide range o f  
I,- 

i s l a n d  sizes up to 10,000 & h a s  been reported (14). A study - 
by Levi-Setti e t . a f  FT51 usi ng secondary ion 'mass -- 
spectroscopy (SIHSf revealed domins af SbCls  in t h e  

qsbClr/qraphite 1ntcrcalat L o n  system. Their SEW- &s o f  el- -- - 

* 
- 

on' f r e s h l y  cleaved stage 4 and stage Z.SbCl~/graphite showed 

intercalation compound each CoCls plane is composed of many 

i s l a n d - l i k e  clusters of about  100 A in size (16 1 .  The 
4 .  

intercalation of a l k a l l  metals in graphlte has been studied 

fur higher stages, and b r i g h t  f l e l d  transmission electron 

micrographs obtained f o x  Rblgraphlte samples showed Rb rlch 
- - -- - - --- -- ----- 

reg1 ons for islands) of about 1000 A 1; d i a m e t e r  f317 I .  In  an 
-k-- 

x-ray, investfgation, an island size on-the order of 100 A has 
C 

been obtained for stage-2 H i C l d g r a p h i t e  (18). In addition t o  

the above studies, different island s i z e s  for several other,  

graphite intercalation systems have been reported ( 1 9 - 2 2 ) .  A n  

island s i z e  of around 130 A-for stage-2 Ag in TlSa has been 

obtained by measuring the profiles of the  distribution of Ag 

f ntcrcalaags using scannf ng ef ectron mi croscapy and x-ray . 

Theoretical models ( 2 4 - 2 9 )  of the ordered s tructures  

of the fntermlatimr cn-oonds have been developed fn the past 

feu years falloving the i n i t i a l  work by Safran ( 2 4 ) .  These 



models assume t h a t  the lntercalants distribute continuously 

.over a macroscopic distance i n  t h e  Van der Waals gaps. Safran 
* 

suggested that staging occurs due t o  t h e  electrostatic 
& A .  

repulsion between d l f i f e r e n t  l n t e r c a l a n t  l a y e r s .  b s u m i n q  such 
* *-. - - 
a n  interlayer r epu l s ion  and a n  f n-plane  attraction b e t t k c n  

L 

Httercalant atoms. he showed t h a t  t h e  i n t e r c a l a n t  l a y e r s  can  

fo rm p d l o ~ l c  structures i 24, 1 5 ) .  In Saf ran's- modsf, t h e  - 
- - 

w 
c o h e s i o n  e n e r g y  between t h e  a d j a c e n t  h o s t  l a y e r s  which h a s  t o  - 

be overcome d u r i n g  i n t e r c a l a t i o n  was ignored. A model t h a t  ' 

explaLas skagbq bas=& en efastkc eeergy a& fnter%ayer - 

r e p u l s i o n  was i n t r o d u c e d  by e t  al. (269. I n  t h e i r  model, 

t h e  van d e r  Waals bonds betw t h e  HX= sandwiches  and t h e  

e las t ic  e f f e c t s  r e s u l t i n g  f rom t h e  i n t e r c a l a t e d  g u e s t  atoms 

were m d e l e d  by sprlngs between H X a  layers. I n  an a t t e m p t  to 

generalize Safranfs model,  n i l l m a n  e t  al. 1 2 1 - 2 9 )  po in t ed  o u t  
- - - - - - - - - - - - - . - - --- -- 

- -- - - -- -- - - -- 

t h a t  t h e  c o h e s i v e  e n e w y  which is needed t o  s e p a r a t e  host. 

- layers p l a y s  a n  i m p o r t a n t  p a r t  i n  t h e  s t a g i n g  phenomeqon and 

It is t h u s  necessary t o  c o n s i d e r  bo th  c o h e s i v e  and s t r o n g l y  

s c r e e n e d  e l e c t r o s t a t i c  r e p u l s i v e  e n e r g y  i n  o r d e r  t o  e x g l a l n  

the- occurrence of pure s t a g e d  &mpounds.  

A basic as sumpt ion  of t h e  above t h e o r e t i c a l  atodels 

( 2 4 - 2 9 3  o f  s t a g i n g  fs t h a t  t h e  g a l l e r i e s  between t h e  host 
a 

-- - 

l a y e r s  are intercalated c o n t i n u o u s l y  ove r  a large d i s t a n c e .  
-- 

#1JvPver, tfrerc I s  e ~ 6 m i h i i l  e-aence f o r  t t .  exTs tence  of  - 

i n t e r c a l a n t s  as m i c r o s c o p i c  i s l a n d s  of a t o m  as d e s c r i b e d  i n  

t h e  6H nrcrdef. The OR wdcf  has  been used I n  attempts to 

explain staging in receqt theoretical work ( 3 0 - 3 4 ) .  A - 



- 

theoretical eodel of staging based on the pH island model.'was 
- - - - 

- - -  

presented by G. lirczenow (33, 3 0 ,  in w h l c d s t a g e  order, 
*r 9 

stage dlsorder and phase transit ions were considered. 

Pollowlng Hillawn and Kirczenow 127) ,  elastic interactions and 
* 

strongly screened electroskatic'repulsion were taken ink0 

account but the inter-domain interactions were neglected. Wac. - 

--- - 
were considered t o  be intercalate6 to a flnite Lwid€li .  

el predicted that thi staging phase transittons in ĉ  

whlch the stage tndex change? proceed via stage-disordered 

i 

- 

s t a t ~  a& tRat ttn stage disorder &&ases with large d o e i n  
, 

sizes. A kinetic M e 1  o f  stage transformations pkesented by 
- 

Hanylak and Subbaswamy ( 35 1 also that intercalation 

I and stage transition proceed through the formation and 

migrati on of islands of intermediate stages. * 

dynamics of staging in intercalation was presented by 

Kirczenow (36-38  1 .  With this mudel, realistic aticroscopic 

real-space pictures of the staging process have been develqped 

- which are very useful in9understanding the Questions 
-- 

associated with intcrcalatlon such as the validity of the DH 
I 

W e l ,  stage transformation and dtage disorder. In this work, 

tCe lntercalant w s  considered to be made up of saall 
- - - 

Identical clusters of islands (elementary-islands) vhich 
J 

-- - 

t t i t~ f26~f '  vTa f epu7slve clectrostat lc forces and local elastic 

effects. Intercalation was shovn to proceed via clustering of 

the elementary islands into large islands and their migration 

. through the crystal until a well defined DH doaain structure 



Is' formed. - * 

The mode1 parameters were selectc8 t o  obtain- the 

desired &&*he gesults have shown chat the stage ' s e  - L 

I '  

transitiana occur via stage-disordered states as mentioned 

1.3 Titanium diaul~hide. 
> k .- -- - -- - 

Of alf the transftion metal dlchalbogenides, T ~ S ~  has . 

* received the most attention in studies on iqtercalation 

batterids. The ability of Ti& to be intercalated with alkali ' ' 
9 

metals, hi*  dfffaron rates of alkall n e t h s  In the IattJcc. 
- 

and relatlvely low speclflc g ~ a v i t y  have &de thib compound a' . =  

potential candidate as a cathode material in high energy 
/ 

density intercalation batteries, 
\ '  

T ~ S =  1s not a naturally occurring compound. Single 

crystals of TISI can be prepazed by standard iodine vapor 
- >  - - -- - ---- - - -  - ---- --- - -  

- -L - - - - - - 

transport techniques (39, 4 0 )  yielding plate-like crwtals 

typically 10 to 100 pop thtck and l *to 5 stm wide. T i S a  9 
crystals are golden in color and have a metallic luster. TiSa 

is composed of loosely coupled S-TITS atom sheet sandwiches as 

shown I n  F'ig. 1.1 where U = Ti and X = S .  GTitanium dlsulphlde 

1s colsmonly designated as-2T-TiS= where 1T Indicates that 

there is a one layer stacking sequenc? and that 'the primitive 
J - - f - 

unit cell is trigonal. TiSn has'the cadrgZum iodide structure 
+ - -  

(Fig, 1.5) and is found to have se&iaetallic properties. 

\ 
Silver (Ag) atdltls can be readily intercalated - 

electrochemi?cally into TiS17 11 1 .  1n the system *A~-TJS* 

(where *xn is the mole fraction of Ag)  two phases "have been 



- -- -- - - - -  --- -- 

observed, na-ly stage 1 and stage 2, where the molep fractions 

.-stage I, Ag is intercalated In every van der Waals gap in the - 

- n c n  direction while in stage 2 Ag is found in every second 
gap. '~esides well defined stages 1 and-2, mixed stage phases, 

L 
and a dllute stage 1 phase have been observed in Ag/TiS2 ( 4 2 ,  

'43).  Dilute stage L refers to a, random dlstrfbution of 
-- -- - 

intercalated guest atoms in van der Waals layers. In dilute 

stage 1 phase the intercalated atoms are distributed far apart 

resulting a low mole fractiqn of guest atoms .  The mule 

..fraction of silver in-dilute stage 1 phase in Ag-Tist has been 
P 

observed to be x 5 1/12'  ( 4 2 ) .  In the van der Waals gaps  of 

the TI+ lattice there are two tbfrahedral sites and one 

octahedral site per T I  atom. In the A ~ ~ T ~ S I  system, Ag 
I 

occupies octahedral sites ( 4 2 ) .  The unit cells and the 
--- ---pp------p- -- - 

f *  ice nonstarR~-~~rAgo;~Tq&-ana A ~ o . ~ ~ T I S =  are given in 

Fig. 1.6. 

- From the point of'view of the use of the transition 
/ Q 

metal dlchalcogenldes in intercalation batteries, alkali 

metals such as lithium and sodium are the most interesting 
-- - -- -- - 

g u i  ~ $ ~ i e ~ - - f o f l n t ~ i a t ~ i o T d - U e t ~ - . t h e h i g h - ~ ~ l  potential . 
and the high mobility of alkali metals through the host 

lattice. From an experimental point of view, the high p-J 

reactivity and the need for water-free electrol-ytes make 'It - 

very inconvenient to use the alkali metals in m n y  
b 

exper idnts .  To avoid the problems associated with alkali 

rtals, pseudo-alkali metal silver -1s belng w i d e l y  used in 



experiments 
- -  

( 4 4 ,  45, 4 6 ) .  Ag can bg c ~ n v e n i e ~ t l y  used as an 

intercalation such as stage confersion, distribution of 

intercalant in the host lattice etc., which may not depend on 

the type of guesk speefes used for intercalation. 

1.4 Contrdbutions of this thesis, 

The work presm-ited'frt t h i s  thesis t s  a conttnuation of 

research carried out by t b e  author to s02ve some basic . 

questions associated wf th t h e  intercalation wch'anfsat. In 

this previous work the intercalation and reotlon of stage f and 

stage 2 silver in partially intcrcalat'cd TIS.  crystals were 

studied extensively using the x-ray fluorescence technique i n  

combination with radioactJve tracers. 

In an attempt to understand intercalation and staging @ 

meze HtermqHy, t tre-3-rt fnrPrrsh~~~t &Zstri2mt ron o t x q  I i j  - - -  

- 

Ag,TiS= crys ta l s  was s tudled using the scanning Auger 

microprobe ( S A M )  technique and optical mqsurements.' The 
- .' < 

crystals were intercalated frorn an edge with Ag for a short 

period until the initial optical measurements showed stag 

Ag-TiSs crystal w a s  obta ined  by AES (Auger electron 

- spectroscopy) 1 lne scans. After relovlng' s o w  laye'rs of the 

cryStal  by sputtering, repeated line scans were taken to 
.-. 

- - 

9 %  
obtain the distribution of silver at different depths. 

In1 t ia f  optical gtasurewnts, AES f ' lne scans .and secondary 

electran images were used in deteraining the positions of the 



A 
d 11 

Lnltrcalation f r o n t s :  Finally, the  variation 
- - - - -- -- 

t h e  intercalated regionis with hepth from the crystal surface 

was plotted to obtain a 3-D picture of the Ag dfstributlon i n  

a partially intercalated Ag-Tis~ crjmtal.  - 
C 

- In t h i s  thtais, chapter 2 presents  an i n t r o b y c t i o n  t o  

xannlng Auger electron r i c r o s c o p . y ,  depth profiling- and 

scanning electron mlcroscapy. The work carried out on Ag/Ti& 

us lngfx -ray  fIuorescenct  measurements and tracer  experlslents 

is pxesented. -ib '&$ter 3.  Chapter 4 gives f3.q measurements 
..- 

of the Ag distribution in  the partially lnterca~ated,Ag,TIS~ 

system obtained from Auger analys i s .  The determination of the 

sputtering rate  for  pure TiSn and Ag,TiS= is discussed in 

chapter 5 .  Tht  Auger aata ahafysis and t h e  development of a 

3 - 0  picture of t h e . A g  distribution in l tg ,TtSl  are  presented i n  
. 

chapter 6 .  The conclusions dram from the results of this 
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, P i .  1.2 Coordination around transition metal ions. 

fa)  Octahedral s tructure  
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Fig. 1.5 la) The atomic structure o f - = S t .  -- 

(b) The ( 1 l i 0  1 diagonal cross-sect loo' of the T ~ S I  
u n i t  cell (ref. 4 2 )  
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r 9  

t h e  Fig. 1.6 The (160) diagonal cells fl  cross-section 'of 
1 - unit 

( r e f .  4 2 ) .  

sites are 0 .42  of the octahedral with occupied 
> 

0 .20  of the octahedral occupied -- with 

atom. 





2.1 Scarbriinq Aucrer electron microsco~y 

During t h e  last decade, the techniquc'of Auger 

electron spectroscopy (ABSI has emerged as one of the sost 

widely used analytical techniques for obtaining chemical 

corposition of solid surfaces (47, 4 8 ) .  In A X S ,  a core level 

of a surface atom in the sample is ionized by an electron beam 

tollovcd by rciaxation of the atola by filling the hole in the 
I 

core l.eve1 withb an -e lectron from an outer l e v e l .  The energy 

difference between these two levels can be qlven to another 

&ctrrm e f t h e r  tx the ~ a r ~ T ~ v e  l lor  t n a a %a mwer T e 7 ,  
- -  

whereupon a second electron (Auger electron3 is eje>cted (Fig. 

2 . 1  Since the energies of the emitted Auger electrons are 

characteristic of the parent atom, the analysis of Auger 

electron energies leads to elemental ldentlfication. When 

Auger t rans f t l ons  -occur vlthlrt a few atomic layers belov  the 

sample surface, the Auger electrons can esca& from t h e  

surface without loss of energy and give rise to peaks ln the 

secondary 21ec t ron  energy distribution. 
- _  

The quality of a probing t e  ique is characterized by 9 
depth resofution, lateral resolution, and sensitivity bf tfie 

analys i s  ae thod .  The surface sensitivity of t h e  AES technique 



-- 

19 
-- - - - 

is clue t o  t h e  sh t mean f r e e  path of the low energy Auger 
t - r  

cTeetrons. The escape depm of-Xhe ' b q e r  &Ie&tr5%ns is in the- 

range of 5 t o  25 & for Auger electrons in the energy range of 

30 to 2500 tV (49, section 310). The escape depth is 

independent of the incident b e a m  energ#. ILs shown in Fig. 

2 . 2 ( a )  and (b) the volume excited by the incident electron 

bear 1s much larger than  t t? e analyzed volume.. The lateral 
- - - 

- - 

rasofatfan is Ucterrlned by the spot diameter of the probing 

beam. 

'me Auger technique can be used to detect all elements 

except hydrogen and he1 iua. Quantitative analysis using Auger 

electron sbctro?copy can be performed through a comparison of 

the Auger signal from t h e  sample, and the Auger signal from a 

pure elemental,gtandard. The limit of detectability for the 

elements are  on the  order of 0.1% atomic concentrationt The - - -  

factors such as transitfon probability of the Auger transition 
'4 

involve$, the incident bear current and energy, and the 
/ 

coflectton efficiency qf the Auger electron' analyzer. For a 

given primary electron be- voltage, different elements can 

have different r e l a t i v e  sensititity factor3 ( S O ,  p.13). 
,- 

The e x p e r i ~ n t s  presented in- chapter 4 ~ e r b  llarrFed 

out uslng a Perkin-Blur Physical Electronics nodel 595 

scanning Wger electron ricroprobe (SAnI-. The scanning Auger 
-- 

electron rwct&scopy system conslsts of an ultrahigh vacuum 



- - - . --- - - - - - -- - 

system, a rastering electron gun for ~paclmen excitation, and 
---  - - -- 

an energy analyzer fo; detectlon of Auger eleGtron peaks (Pig. 
' 4  

2.3). Auger electron spectrometers are operated unaer 

ultrahigh vacuum of about 10-lo torr to rebuke the a 
- contamination of the sample surface from the residual- gas in 

I 

-th& aanrplt'chamber . Since the probing depth cr+AES ia only a 

f e w  atomic layers, the techniqueis very sepsitivt to - surface 

contarnination. In SAH-595 al l  electron gun functions are 

controlled via a mfcroprocessor. , 

The probing electron beam-is produced through 

thermionfc emission by heating a lanthanum hexaboride (LaB*) 

filament. The electron beam is accelerated 'toward the sample 

ushng a high voltage (from 3 to 30 kV), and shaping and 

focusing the electron beam is perforreed by clcctromagnetic 
- - - - - 

condenser and ~blective lenses. ,Since the beam d i a d t e r  
t 

- -- 

increases wFih the beam current one-must s a c ~  i f f c e t h t  b&&b - 

current in order to achieve a small beam sizk. The ~ h - 5 9 5  
-- 

provides a minimum beam. diameter of about 500 A. While a 

small beam size is desirable in studying ssaall stirface 

features a high beam current ensbres rapid Auger analysis. In 

the S M - 5 9 5  a finely focussed electron beam with conventional 

deflection and rastering capability Is utilized to obtain a 

two-dimensional coapasiti~nal analysis of the q l e  surface. 

Imaqlng of a surface is otkained using either s @ c ~ n d s ; r ~  -- 

electrons emitted iron the sample or by measuring the current 
e 

absorbed by the sample as the electron beam sweeps over 

var f uus topographlcaf fea tures .  



- -  - --  - 

In drder to analyze the energies of the auger 
- - - 

electrons emitted from the sample, an energy dispersis . 

cylindrical mirror analyzer (CHA) is used in the Slm-595. The 
d 

high signal-to-nofse ratio of the CnA increases the ' 

sensitivity o f  the instrunent. In the CtfA two cylinders a r e  

'C - - 
positioned c xially and the outer cyllndar is kept at a - 
negative potential relative to the l n n e ~  cylinder. The Auger - - 

'electrons .emitted from the sample are passed through an 
6 -  - 
aperture in the inner cylinder and those electrons of a * 

0 

particular energy are deflected hy the electric f i e l d  ttuough 
- - 

another aperture to a focus on the axis where a channcltron 

electron multiplier 1s located. The energy resolution of the 
C 

CMA can be var.isd contfnuously over the range from 0.39 to 

2.'01 using a mechanical aperture. - 
- 

The Auger electrons appear as saw11 peaks i.n the total 

secondary electron energy dlstributlon, N ( E ) .  Since these 

Auger peaks are superirposed on a rather large continuous . 
- 1 

backqround, s m l l  peaks art w r e  caslly detected by 

diffbrentiatlng the Auger electron energy distribution. W(E1 

with respect t o  B. Thus, the conventional Auger spectrum Is . 

given as 8#4l%)/B3. 
- - -  

..s c,  

There arc sevez& -4- fBf am%w~g t s a m p k  m q  - 

t h e  3Nf-595,  such as single or .ul;fiple point analysis, Auger 

line scans, dep- p r d i l t n g  9 clcvRtaf uappfmg. As the 

first s t e p  of the analysis, an elemental survey (Auger - < - 



spectrum) on the sample surface is usually obtained t o  
- - -- 

identify the elements present. The survey spectzum is also  

u s e f u l  to decide whether the surface is contaminated. The 

relative intensities of the Auger peaks are highly degraded 

for contaminated surfaces. In order to obtiin an Auger survey 

spectrum one can cho~ae the single pdint an; lys i s  mode, 

multiple point analysis mode or a n  area-averaged spectrum. In - 

! the sing$e or multiple point analysis mode a stationary 

electr 

area-a 

on beam is used to probe specific points. To obtain an 

teraged Auger spectrum the is rastcred across a 

selected area on the surface. 

An Auger line scan gives  a quantitative indication of 

the elemental distribution by giving the relative 

concentration of a specific eleocnt along a line across the 

specimen. One can scan sevcraX lines simultaneously ln order 
- -  . 

- 
- - - - - - - - - - 

to obtain the two di-nsional distribution on the surface. 

' 
2.1.3 S~utterinq and d e ~ t h  ~rofillnq 

L 

In conjunction with inert gas lbn sputteringf the SAM 

provkdes compositional variation as a functlon of saq1.e ,Gpth 
8 - 

( 4 7  Ch. 5, 48, 5 1 ) .  High purity argon (or xenon) qas is used 

In the sputtering syster .attached to the S M - 5 9 5 .  Argon a t o m  

are fntrodtteed thrwgh  a precisely controlfed leak valve and 
- 

argon ions are then accelerated through a tube toward the 

hqet (samplsf, T h e  rywtterfrtg I- gun attached to the 

S M - 5 9 5  provides the sml~lest ion beam size of about 200 p r .  I 



\ 

23 - - -  

- - - -  - 

The s p u t t e r i n g  rate is easily c o n t r o l l e d  by chang ing  e i t h e r  
- - -- - -- 

-7- 

Che ion beam c u r r e n t  or thC raster area.. - I n  a d d i t i o p ,  t h e  
* 

sputtering rate depends on m n y  o t h e r  p a r a m e t e r s  such as, 
f 

density of  t a r g e t ,  energy ,  atomic esass and. a n g l e  of t h e ?  

i n c i d e n t  i o n  behr, and p u r f a c e  corapoaifion o f  t h e  sample - 
( 4 7  Ch* 5 ) .  

- - -  - - 

< Auger analysts of a sample can be clone el t h e r  w i t h  
- 

con t inuous  o r  d i s c o n t i n u o u s  s p u t t e r i n g .  Uhen i n  t h e  . 

. c o n t i h o u s  s p ' u t t e r l n g  mode, t h e  a n a l y s i s  is done 

s t a t & & n s l w s ~ ~ ,  whl fe ta. tht bfscmt lnuotrs spottaring mode the 
. . 

a n a l y s i s  is done a f t e r  s p u t t e r i n g .  I n  t h e  s i n g l e  o r  m u l t i p l e  

p o i n t  a n a l y s i s  m e s ,  one c a n  o b t a i n  t h e  elemaental 

d i s t r i b u t i o n  ( d e p t h  p r o f i l e )  a l o n g  a n  a x i s  p e r p e n d i c u l a r  t o  

t h e  sample surface. Uhen o p e r a t e d  i n  t h e  l i n e  s c a n  mode with 
9 

a l t e r n a t i n g  s p u t t e r i n g ,  t h e  e l e m e n t a l  d i s t r i b u t i o n  a c r o s s  t h e  
y - --- -- - - - -- - -- 

layers unde rnea th  and p a r a l l e l  t o  t h e  sample s u r f a c e  can  be 

o b t a i n e d .  S p u t t e r  i o n  e t c h i n g  is a l s o  u ? e f u l  i n  c l e a n i n g  
0 

c o n t a m l n a t g -  sample s u r f a c e s  p r i o r  t o  Auger a n a l y s i s .  G e n t l e  
- - 

s p u t t e r i i n g  is d e s i r a b l e  f o r  t h i s  purpose  s i n c e  o t h e r w i s e  t h e  

s u r b c c  i n f a r m t i o n  may be lost due  t o  i i o s i o n .  

There are several f a c t o r s  which l i n t i t  the d e p t h  
I 

r c a o l u t i o n  as a r I t  of s p a t t e r i n g  ( 4 7  chaeter 4 ,  52, 5 3 ) .  "rtt 
1 ' 

Ton bombarbrent  lndaces changes i n  t h e  surface t opography  and  
& 

fnevktabfy m a s  t o  r i x l n g  o f  atomic l a y e r s .  ~hls lnduced 

s u r f a c e  roughness  can r e s u l t  l n  
- L. 

prof f lss and %ence decreas 'e  t h e  
-4 

atoa lc  layers. In ad$lition, it 

broadening  of  the d e p t h  

d e p t h  resolution t o  several , 
has been observed t&it t h e  



original surface roughnees of the sample will alao  - reduce the  

depth iesolution. e 

\ 
h 

I A non-uniform ion beam c u r r e n t  density over t h e  . 
s p u t t e r e d  area 

depths f ormf ng 

detect signals 

by raster i ng a 

order t o  avoid 

choose an area 

a n a l y s i s .  

I - - 

, 
can cause t h e  sample t o  ber e&dqd t o  d i f f e r e n t  

a crater. As a consequence AES will i n  general 

from different d e p t h s  on the cra'ter wall, 
d 

depth rcsofuttok. T h i s  problem can be avo-Ids& 
- 

w e l l  f ocussed  ion  beam over  a large area. In 

2.2 .  Scannfns  e l e c t r o n  m i c r o s c o ~ y  

The basic featGres of  a scann ing  e l e c t r o n  microscope , 

(SEMI a r e  a n  e l e c t r o n  gun, a n  e l e c t r o m a g n e t i c  
- - - - - - - - 

electron d e t e c t o r  a n d ' a  h i g h  vacuum system / 54, 551 .  V i t h  an 
-- 

+ x-ray f l u o r e s c e n c e  fXRF) a t t a c h m e n t  ( i . e .  a n  x-ray detector) ,  

t h e 3  SEtl can .be used t o  analyze t h e  b u l k  of a s o l i d  sample, 

generally w i t h i n  a d e p t h  of 1 t o  3 psp. The SBH is operated 

under a vacuum of about 10- t o r r  . An electr,on bear is 
J 

produced from a L a i k  c a t h o d e  by t h e r m i o n l c  emlsa lon .  k 
e l e c t r o n s  are accelerated toward the sample by a p o t e n t l a 1  of  

5 to 4Q kV, The conclenser a@ the o b j e c t i v e  l e n s  system are 

used t o  f o c u s  the e l e c t r o n  bear t o  a f InaI  spot s fze  oh the 

s a q l c .  I n  a lanner s i m i l a r  t o  ABS, t h e  area of t h e  sample t o  

be examine4 Is i r radiated w i t h  a EineIy  focussed electron 

beam,  vhich is swept in a raster  across t h e  surface of t h e  



- - % mark a sa-mph i8 ~ - Y i ~ - ~ ' F F Z l r ~ ~ - ~ -  

electrons, chsracter istic x-rays, secandar  y e l e c t r o n s ,  A u g e r  

e l e c t r o n s  and backscatteted e l e c t r o n s  df various e n e r g l s s  are 

. emitted, I n c i d e n t  electrons of s u f f i c i e n t l y  high energy c a n .  
. q 

' 4 

r s w v e  a n  i n n e r  s h e l l  electron of a n  atow l e a v i n g  the atom i n  

a n  e x c i t e d  s ta te .  X-ray f luoreJcence  ( X R F )  s p e c t r a  are .  
- - 

produced aa a result of d e e x c t t a t i o n  of 'the atom by f i l l i n g  a 

vacancy i n  a c o r e  l e v e l  w i t h  a n  e l e c t r o n  from an  o u t e r  s h e l l .  

The energy of t h e  e l f t t e d  x-rays, which corresponds  t o  t h e  

energy  d i f f e r e n c e  b e t w a n  t h e  inner  and o u t e r  s h e l l ' o f  the 

atom, provides c h & r a c t e r i a t i c  informat ion  of t h e  p a r e n t  dtont 

(Fig. 2 . 4 ) .  With a n  XRF attachment, t h e  SBU can provide  
C 

f n f o r m t i o n  s u c h  as elemental i d e n t i f i c a t i o n  and r e l a t l v e  

concentudt ion  of clemqts a t  a g iven  p o i n t  o r  a l o n g  a l i n e  

aczoas a sample- i h l - e -a -  t b - c h ~ & t t  b ~ e ~ t t e r e s e m t  -- 

s 

x-rays i d e n t i f l e s  t h e  x-ray e m i t t i n g  element Mi l e  t h e  x-ray 

i n t e n s i t y  is propo, r t ional  t o  t h e  weight o n c e n t t a t i o n  of t h e  

e l e m n t  w i t h i n  t h e  analyzed  volume. Th C d e p t h  of t h e  a n a l y s i s  

vo luw depends m i n l y  on t h e  pr imary e l e c t r o n  beam energy and 

t h e  element m t r i x  of the '  speclmn. 

In t he  s x p e r i r e n t s  p resen ted  i n  chaQter 3 an RTBC 

Nude1 Autoscan Scannlng Blectrorr l l c r o s c o p k  w i t h  a n  energy 

d iapars4ve  x-ray detector f S i / L i  d e t e c t o r )  was used t o  o b t a i n  
-- - - - - - - -- 

t h e  relative auoqnt of i n t e r c a l a t e d  Ag i n  T i S t  c r - t a l s .  

Typical XR? spectra f o r  Ag0.4TiSa (stage 11, 
*. 

2 )  and pure T i h  are shorn I n  P ig .  2.5.  The spectra -re 



2 .Xm *tV, t*t 6, thrr. at S.*+~VIHRPXT no r i n i ~ . 5 1 0  

k e y ,  The intensities fur t h e  Ag L, and T i  K, p e a k s  -re 

laeasured using an cner"g window of vldth 0.30 k e V .  

As in ABS, sample imaging in the S M  is obtained uslng 

low energy secontlbdary electrons. The secondary electron irages 

are use fu l  in posltio~ing the sample for a n a l y s i s  and 
- - - - -  - 

observing it  on a alcrosc~pic scale. In the exper lants  

descr ibed  i n  chap' r 5, t h e  secondary e l e c t r o n  imgcs vere  

used to  measure cne thicknesses of thin TISI crystals with t h e  

Instruments,  Inc. ) electron mtcroscope, 



B i g ,  2.1 Energy l e v e l  diagram describing t h e  process 

involved f n auger electrbn spectroscopy. 

This f fgure represents  the  K)IN t r a n s i t  ion.  . 
\ 

-. ., - - 



- 
Auger electron 

-- - - -- - 

e k c  t ron 



2 . 2  (a) Schematic presentation of electfon scattering. , 
[ , +  

in Auger electron spectroscopyY(ref. 47). 

(b) A n a l y s l s  volume in Auger electron spectroscopy. 

diameter of 'the incident electron bear 

depth from which Auger electrons can escape 
--- --- - - - -- -- - - 

withdat sf gni f icant e'nergy f osa - 



Fig. 2.2 



Fig. 2.3 Schemtic drawing of the  coaxial  electron gun 

column and the cylindrical mi ror analyzer  i n  .. 
&3 



a 6-------- Condenser lenses 

L 

r L  Auger electron , 
- , I  I collector assembly 

Fig. 2.3 



Pig. 2 . 4  Energy level diaqram for an atom shoving the 

excitation and emission process lnvolved in x-ray 

f luokescence t 5 4 ) .  
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The electrointercafation of TiSa with- silver i n  * - 

usually carr led oat using an electr&hemical intercalation 
- -  - - 

-- -- --- - - -- 

- -- 
- - -- - -- - - - 

c e l l  rinllar t o  t h e  OM shorn in Pig. 3.1. A single crystal 

of .Ti93 is lmrsed in the electrolyte vhich is a solutlon of 

dllver nitrate t*gYOI) in -mter  or glycerol. AgYOI is chonen 

- since it ia one of the f e w  soluble silver compound& available. 

A - A piece of pure sllvar r t a l  acts as the an& u h l l e  the T ~ S I  

lattice and electson. puss through the external circuit. The ' 

reactions occurring at the two electkodes arc: 

0 -> + t- . at anode 

*re x = -1s fraction of Ag. 
-- - 

i q o a l m q  an extarrul v o l t ~  acre88 the  cell. The i n l t l a l  
4 



. . 0 . - -  L1 

w i th  respect to the Ag anode I 5 6  ) . 
- 

electrointer~alated into TiSa c r y s t a l s  uuing 0 .  lM AgWi in  
, 

Ag/TiSt crystal one can see three regions, n u l y ,  stag. 1, 
4 __I 

stags a * W  2 ami empty crystal. Wag88 1 an& 24mvs Men observed 
- - -- - - A -- - -- - -- - 

- 
- - ---- 

- 

+ - - -  

optically and detected by x-ray UiEfractIon arid x-ray 

followd by a stage 4 front, 'These fronts advance in to  the 

crystal from the crystal edges as the intercalation contlnuas. 

me mle fractipns of Ag in stage 1 and stage 2 regions are 
Q 

found to be 0 . 4  and 0.2 rqapectively (41,. 42). The BnP valuer  

of %he Ag,TiSl/O.lN &q+-(glycerol)/Ag cell in stage 1 and stage - - c 

- - 2 - t r d v t ~ u ~ O ~ T p p ~ o x i l b a t e l y  40 a- mV ( 5 6 ) :  
.- . - 

After prelirlnary obaervatioa of ataging in the 
- 

A.giFSlS, s y s t e m  with XBP, several experiments were carried out 

to study the notion of intercalated Ag In the T i S a  latt ice  . 
t? 

using x-ray fluorescence and radioactive tracer t6chniques. 

, . 
3 . 2  X-rsv fluorescence studv of s taw 1 and staae 2 rib. 

with both stage I and stage 2 -re studied uring optidrl arrd 

l[PP ~ a s u r e w n t s .  Ihs  air was to inve4fdqlkh~rr-trhrrrtQlxrtnt 

rotion of Ag intcrcalant' in stage 1 and/or stage 2 teglona 



" - - - 
c - 

- -  - 
- 

4 4 3 4 %  
- - - - - - - -  - - - -  - - - - - - - - - - - A -- -- - -- - --- - 

, -  
_--A I - - - - -  ---- _---- --" 

-- - 

a€ tez the lntercalatlon was terrknated, 
. - 

The thickness o f  #a T i&  crystals used i n  Uris . 
- 

d* - mxpdriment tmze., in the range of 1. t o  2 pm. As-glrowa WSI 
* 

- - crystula ate usually R U C ~  thicker (10 to'100 pm) than this 

thickness - - - - - - - - range --- - -- arjd t L ~ & z 0 c t ~ u r e  for & ~ ~ ~ ~ r r s ~ - - -  
uargles - -from a s - g r d  -crystals wi 1 1  be desci ibed 

r -  

. " 

in section 

4 2 .  A t h i n  Ti& crystal was mmmted OR a piece of 
% 

=-, T' 

ricroscope cover r_gl_a_ns~im~-~~than-rauntaAnn;.c d 1  b- -- - _-= - -  - 

- - -- - - - -- 
-- 

graphite block' fixed onto' a sw s a q l e  holder. a The graphite 

block wq used t o  isolate t h e  Sb( s&la holder from the 

electrolyte. the crystal war, electcically connected to the 3EH 

sample holder with graphite DkO (Fig. 3 .23 .  The crystal was 
B 

. aIlolmd t p  interalate on ly  fram one eQge to 'avofd a rg tng  of 
\. 

pp 

i a t a r u l a t  L o n  fronts advancing l n t o  t h e  crystal f r o m  d i f  &ent 
/- 

iedga8. Except the edge intaadcd to be intarcalrted, all tha 
, 

other d g e s  were first c~vered with RW silicone rubber and 
, - 

then with qzaphlts DM. ?he plupose of using graphite D M  was 

to cbwr  the electrically nonconducting BN stace nonconducting 
- - 

mterfala tend t o  clsatgs up uhen exposed t o  the election k a ~  

of t&e SBM, The Tf& crystal uas intercalated wfth Ag using a 

carr id  out obse~vinp t h e ' n y s t . 1  through an optic81 
- 

=o*-wQ- - - - ~ * ~ a a * t - o -  
I 

exhibit stage 1, st- 2 and azt e g t y  region, intercalation . 



was terminated aad optical photographs wbrs taken t o  vrsure 

the widths of intercalated regions (Fig. 3.4). , C r y s t a l s  

k disqarded. In this experlmnt crystuls  -re usual ly  

interulatud f a  4 to 6 hours. Mtet intercalation, the 

4 sableas were thoroughly rinsed with acetona t o  rerove t h e  

_ electrolyt,e _ _  and then taken- to "t be  -3%~ f ox~ys ia - - - - - - - - -  

of distance in  from t h e  crystal edge uas determined by X if F 
scans along a line perpendicular to t h e  edge of the c z p t a l  

fFtqs. 3Sa ,and b) . the scans were point rrtasurerrsnts taken 
- . 

about 5 to 20 )u apart. The brimry electron -beam used warn 
- 

20 kY with a scanned area of a b u t  2 pr across. One XRF scan 
-- - I 

took typically a-ut 2 to 3 hours, dqpcrrbtng on the distance 
1 

tntercalated from the crystaf ebgs. 
- 8  

Fbe first XPP scan of the int,ercal&& cry&ul rp* 
C 

~wrde'within 30 t o  45  rinutts-after the i n t e r c a l a t i o n  stopped. 

R e p e a t e d  fBP scabs were carrled eot in 2 to 3 hours ti- 

duration and i t  was observed that t h e  statje 1 region Qrplat?d 

the crystal.  #o mtim ed the stage 2 kg front was o b s e r d  

crystals with only stage 2 and an s q t y  rsglon. were then lef t  



- - - - - - -  - - - _16_- 
-- 

a t  room t a ~ x a t a r e  f'or periods up t o c ~  mat-. aegsaw XOF . - 

scrnr  prrfatrrd derflrg t h i s  kr iod  ahowd that &he stage 2 * 

ttoat ras & t i m m E Y .  , c  

rt 300- for 2 hoars caused thu stage 2 Ag to distribute 

evenly.thrdoghoot the T l B r  crystal. I t  seemed that the stage 2 
. ' 

was converted to r mixed phase of stage 2 end dilute stage 1 

at t h t s  temperatare. 

Axthough Rfgh mbffity was observed for stage 1 Ag a t  

temperature (77  11.  S o l .  s a q l e s  with both stage 1 and stage 

2 vbrs I ~ f t  iq liqufd Ik for about a day and the fronta which 

wre observed o p t l u l x y  be~ore  and after cooling revealed the 

gs- 3.5b and 3.6 that stage t Ag 

in put laf ly  i~terculuted ti& crystal rupfdly converts into 

~ ~ ~ T ~ s - ~ I s o  clear f f - e  

x k t a  presentad abo- tm the rotion of 4 I& ti& cait k 



- 
conversion is probably dr lven by .stzong rspulmlve-. Coulomb - 

forces between charged &+ ions I n  t h e  van der Y.als gaps in 

the stqge 1 reqlos. 'Since the Interlayer Ag a t o r  in  stage 2 - 

* .  . are twice as separated as  those i n  stage 1, a hlgfiet Coulomb 

'I 
rtpcllslon can be expected betimen the intezlayer Ag atom i n  

- -- 
- - - ---P - - - - 

.- - 
1 stage-1. The rate of stage 1 to stage 2 conversion- *ar found - 

to be 7 pm/hr. iht fact that the+stage 1 front rsmins 

s t a t i o ~ r y  at  77 K indicates that n o r  thermal r c t l v a t l o n  of 
-r__ 

rapglsive driving forces. Usir(g t h i s  fact, the t h e r v l  energy 
I , - 
associated u i b  stage 2 inland formtion daring t h e  stage 

conversion is dbtirratd to be about 25 u V -  ?ha obeervation 

that the wt ion  of stage 2 Ag occurs only at  elevated 

temperatures a lso  i g l  ien that a b - ~ e n d f ~ -  
-- 

to overcome the energy barrler asuoclated w i t h  stage 2 Ag - 

rotion. This thermaf energy is es t l r tcd  t o  bs about i 0  

. a V  considering t h e  fact that the mtlon of Ag vss observed to 

s t a r t  around 1SO-c. 
I. 

The statioouy behavior of stage 2 Aq observed at  room 

t-ratare has brought up sol. questions. (a) Where do Jhg 

atom resldr W r  tbay ,eater. a paxtially intercalated crysial 
- -- --- P PAP--- - 

with only stage-27 is stage 7 &g w b l l a  duzlag iotercslstioa? 



X t o  stage 2 corwarsion? Is 

r-trga 2 Ag Wife dttrirq the rags convarsian or does o t a w  2 ' 

Ag remain strtfonrry while stage 1 Ag is being rad i s tr ibe t~?  
-C 

To f id kka answers to these queation8,- some 

sxperllantrr were carrted oet using radioactive sflver (AgU0) ,  - 

intercalation, AgSL0 was used to ronitor the new quest atom 
i 

. -  
entering a partially intercalated stage 2 crystal. 'The 

-- --- - - - - - - -- - - 
- -  - _ _ -- - --- - 

-- 
-- - -- 

tocatfon of the actl*.Ag was menitsred by detecting the 

radlo.ctivity in dffferent regions of the intercalated czystal,  

Sihce the amant of %liver inte~calated and hence the 

-- - ~ W y ~ ~ * f a f a a d v a t a g e o u s  to 

use the t h k k e s t  cry.tals available in counting expszl,-ts. 

However. the induqed slastlc strains during intercalation 

cause- t h i c k  crystals to  crack from the .intercql;ted edge, and 

the cracks wilt then propagate into the lnterfsz ~f the 

crystal IF-tg. 3.7). It was found by trial and error that the 

crystals in the thfc tnass  range of 3 to 6 pr did not crack 

4-2.1 urs usad to prepare tbe Ti& crystals of the above 



11 - - . b 

F 6 - . -  - - r n  a t h i s  gossibllity, a thin layer of 

R W  silicon rubbem was spread on the bottor+surface b f - t h s  f 
. . 

crystals and all the visible defects of the top susface uare 
b 

casefalfy cove-ted vttb tiny dots of RPV. The crystd$s were c 

first mounted on pieces of cover glass which were then fiksd 
f 

onto 8BM sample holders. ( A  SBH sample holder was used only 
_ _ _ - - - - -- ----- -- - 

- - for o&vcmisnce. ) -  For safety reasons, it i n  dasirable " toa use' 
b ~ 

the smallest a k a t  of the radioactive electrolyte. A small 

intercalation cell w s  d d a  hs shorn in Pig. '3.8a. A tlny 
_-- -_ - L- -- --- -- -- 

- - 
- 

- - - - - - - --- - - - 4. 

piece of silver was attached* to the crystal to serve as the 
: e 

anode. An electrolyte container was made using a rubber . 

O-ring. The crystax was intercdlated from all edges to 

increase the number of intercalated silver atom and hence t k  

activity of the crystal, 

and the other with wnactive Agl-. The a~tivebelactrol~te was 

a solution of 0.001 M AgSs0 in 0.05 If HNO- in water. (This was 
/ 

prepared from a solution of C.1 H AgLaO in 0.5 tl HNOo i n  ' 

water, purchase-d from Mew Bngland Wuclear of Canada. j The 

nonactfve elactrofy$e uas prepared with the identical golarlty 
- 

and solvent as that of the active one. Since the amount of 

the - electrolyte - - - - - - - - used -- i+-a -eel 1 YZIB very_-small  lab-- 

t h e  cell was covered with a mieroscopc cover qlaes to ~ r w s n t  ? 

evaporation of the sdlvent (pig. 3.0b). 

- 
In order to study stage 2 ni3ver motion, a crystal was 

f lrst  intercalated with n o ~ c t i v e  ~ 9 ~ -  until the stage 2 . 

t 



', (Pig.. 3 - 9 . 1  . The crystql w s  photographed af tcr each 
A - 

'0 fntezcalation to aeasure x and y .  Th0.typical  values f x and '  
3 

\ y are  about 60 to  100 plr and 90 to I40 pm respectively. The 

width z of the stage 2 regibn Intercalated w i t h  tk active, 

~g'lO was calculated from x and y ,  where z = y - x. After 
- 1 - 

intercalation, the crystal  was reraoved from t h e  sample holder 
c- 

and thoroughly rinsed wi th  acetone to  wash o i f  thb- excessn 

active electrolyte.  Handling of the crystal was done under an 4 - - 

optical microscop~using fine too l s .  
1 

The procedure used to monitor tFe locat i  of active PP. P 

silver in a ciystal was as fol lovs.  The to ta l  c{&tal 

activity was first measured and then narrow sections of the 

crys ta l  edges were cut with'a razor blade as shown i n  F i g .  3.9~. 

T* crystal= nrs-xtwaps i n t e r c  a t c a p s i i ~  th i t  t IG-f i hi stagiC 4 
2 v i d t h ,  y > 22 .  Hence, i t  was possible to  'cut t h e  edges of 

t h e  crystal so that t h e  wldths of the cut s e & k s  and the 

remaining stage 2 region in the middle part were greater than  z .  

The-Idea was t o  check whether &he AgSsO atoms which have . 

entered la ter  into the  stage 2 region, ( a )  remained near -the 

edge, or (b) &vcd to t h e  interior of the crystal passing the 

preintsrcalated nonactive Ag'- atoms, og Ic) RLXEH% togcthex 

microscope it 'was possible t o  cut strips from the,crystal  a 

activttlss of a l l  cut secttons and t h e  remaining middle part 



detecteh with a Ha1 well-type scintillation sp+ct.roater.  

3.3.2 Saawle ~ r e ~ r a t i o n  and intercalation: s tudy  o f  ataqc & 

t o  stage 2 converston 
- 

The sample preparation for the study of stage  

on was essentially the same an thak described in 

f se tion 3.3.1. The nohactive electzolyte used yas a solution 

',d 0.01 i4 A g N b  in 0.05 H VHO, acid. The active electrolyte 

was a mixture of A ~ S ~ O  and ~ 9 ~ -  with a cdncentration of 0.01, 

H in.0.05 I4 Hna. Some nonactive Agim solution was mixed 
2 

3 

' with the ac t ive  solution to reduce the h i g h  activity for 

until a region of stage 2 of width.q (typically, q = 100 t o  
- 

130 p r )  was obtained. Then the crystai  wgs 

intercalated with ac t i ve  A g s s O  until a staqe 

p (typically, p = 30 to 50 p r )  was formed at the crystal 

edges. To ensure that Ague ato- intercalate only as staqe 1 

Agaao, the switching of the efectrolyte was'done just a f t e r  

observing a narrow region of stage 1 Agam a$ the 'ciysfal.. - -- 

. 
edges. After intercalatisn the crystal was removed $2- t h e  -- -- 

sample holder, washed vith acetofie and left for about a day i n  

order to give sufficient time to convert stage 1 AqasQ into 

stage 2 Ague. Since the width of the stage 2 Ag-9 bucores 
9 



locattom of  AgsLo after the stage conversion, three 

possibilitfes rare considered: (a) AgasO atom froa stage" 1 

rerrsrln near thb czys ta l  edges while stage 2 kg*- atom w v e  

furthar i n t o  the c r p t a l  fram thq edges, (b) Agne atorre move 

t o  t h e  interkor of the  cryetal by passinq the stage 2 Ags- 
- - 

atom an& i c )  =st of t h e  -*&*atoms from s tage  1 reside near 

t h e  edge, but some bf them can be mixed with stage 2 Agam a t  
i 

t h e  s tage  2 AgsaO - s tage  2 kgaw interface. 
- 

~ f t e r  the stage 1 AgaSa converted into thcstage 2 
' 

Agaae, the t o t a l  crystal a c t i v i t y  was counted and then 

c r y s t a l  s e c t i o n s  w r a  cut wit& a razor blade at a distance 

s l ight ly  greater than 2p fror ttte crystal edges. The - -  

a c t i v i t i e s  i n  the cut s e c t i o n s  and t h e  remaining r idd le  part 

- - - - --- - -- --- 
-of k b  cry&& -rsditmpuraMy. - 

3 . 3 . 3  Results and biscus8ion: Tracer exptrilunts 

The r e s u l t s  fror s e c t i o n  3.3.2 showed that when guest : 

a t o z  snt'cr a partially int&calated stage 2 c r y s t a l ,  newly 

intexcaleted atoms res ide  mainly near the  crystal edge. The 

results obtained for two samples are shorn In  Table 3.1. I t  

is clear 'from the casul ta  tbat p a t  of the active AgsaO - 

,rerained in the  cu t  secttons of the crystal. A lov but not 
- --- 

-- 
- 

neg l ig ib l e  act iv i ty  was found in the r iddle  part, shoving 

there is no sharp boundary between the act ive anb the 

J mwctive regform, This m y  be partly dm to atortic mixing 
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w e n  silver in tEte neJghborFng sites. The fact that  the  

prelntercafated stage 2 kga- atoms have roved fnto  the 

c r p , a l ,  theqeby clkear ing thk sites near the edge fox newly 

intercalated a t  This observation leads t o  the  laportant 
', 

conc lus ion  that the s i l v e r  i n  stage 2 reg ion  is mobile during 

intercalation. 
t 

The study of t h e  stage 1 tb 2 conversion a l s o  showad 

t h a t  lllcost of the A g S S O  from t h e  stage 1 region had been lotatsd 
- - 

near t h e  crysta l  edge during t h e  stage canversion. T h e - r e s u l t s  
v 

o f  one sample are g i v e n  i n  Table 3 . 2 .  Even though w s t  of the 

activity was detected in a region 2p from the crystal edges, 

some activity iws  af sa  measured In t h e  remaining r l d d f e  part 

of the crystal.  In order to find how far t h i s  AgSSO has 

distributed, a second cut was made around t h e  edges of the 

r t ~ h k a q  & W e  andttra-etvtt;tes-Tn Tht cut- b=cXXoni 

and the remaining c r y s t a l  parts were measured separately. k 

g i v e n  i n  Table 3 . 2 ,  a very low activity was v a s u r e d  i n  t h e  

r e m i n i n g  middle part of  the c r y s t a l  after t h e  second cut, 

The resu l t s  showed that, during the stage conversion, the 

s a l v e r  i n  the stage 1 reglon p u s h e s  s t a g e  2 s i l v e r  into t h e  

crystal whi l e  remaining near t h e  cryatal  edge. The a c t i v i t y  

found h y o k  the expected region,  Zp, implies t h a t  t h e  s i l v e r  -- 

from both stages tend to mix at the interface.  From t h e  

results i n  this section, i t  is c lear that the silver in the 

stage 2 region is = b i l e  during stage 1 t o  stage 2 convers ion.  
r 

As explained in s e c t i o n  3 . 2 . 3  t h e  driving force for 
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stage 2 sllver motion in the p r e s e n c e  of stage 1 can be t h e  
4 - - - -- - - -- 

strung r&pofstve Coulomb forces betwen charged A g '  ions in 

the van der Clads <gaps in  t h e  stage 1 region. Bven though it 

has not bean pzovcrn yet ,  it is believed that there my exist  a 
* 

- very narrow regton of stage 1 at the edge of an intercalating 

c r y s t a l .  The driving force for the stage 2 silver motion 

during the intarcalatton m y  have derived from a narrow stage 
- - 

1 rtgion present at the crystal edge. 

The stage I to qtaqe 2 conversion will be further 

discussed i n  section 3 . 4 . 2 .  

MS of Ti$= 

The d i f f u s i o n  of intercalated a t o m  i n  layered 

structures is h i q h l y  anisotropic. A higher dtffuaivity i n  the 

mtioa of silver perpendicul& to the layers of Ti Bf lattice 
is p r e s e n t e d  i n  t h i s  section. In  this experiment, Ti81 

crystals with thin steps wcre used, and only t h e  base part of 

the crystal steps were intercalated with sllver. The idea was 

to supply a good source of uilver to the s tep  from the base ' 

c r y s t a l *  Tha dintributien ef &fv= in the erystaf  step was - 

determlnad in the s a r  rry as Akcusnd M* 3~~ 

t h e  Slan w i t h  the XRF attachment. 
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~ 
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3.4.1 garofe ~ r s w r a t i ~ n ,  intercliplption and 
- -- -- -- 

As-cprown Ti& cryatais with t h i n  ntspn wre sel8cted 
t 

so thdt in a crystal the height of the stes was w c h  smaller 

than the height of the  base crystal .  The thicknesses of the 

steps and the base crystals ranged from 2 . 5  t o  10 pa and 25 t o  
7 

50 pr respectively. A crystal was f i r s t  wuntad on a piece of 

mfcrost=ope cover g i a s s  which was then mounted on -a 'SEn aampla --, 

holder as shown in Pig. 3 . 2 .  All the edges of the s t e p  w r s  

t h e n  covered with a thin layer of RTV t o  prevent any possible 

intercalation of s i l v e r  into the s t e p  throuqh its edges. thm 

e l e c t r o l y t e  used for intercalation was 0.1 i4 A a O o  in 

glycerol. The 88n sarple holder was kept u p r f g h t  and a n  edge 

for t w o )  of t h e  base c r y s t a l  vas wetted with a f e w  drops of 

the electrolyte such that no part *of the step was i n  c o n t a c t '  

with the  e l e c t r o l y t e .  A sp611 s t r i p  of silver i m r a e d  i n  t h e  
- - - -  - - -  

eTectrol-fie was co?mktedto - t t i c r j & t a l .  The base crystals 

were intercalated for 4 t o  8 days, depending on the thickness 

of the crystaf . The stage 2 front had m v t d  underneath t h e  

s t e p  w i t h i n  2 t o  5 days and the intercalation uaa stopped when 

t h e  stage 1 front approached the edges of the step s i n c e  so& 

cracks developed in t h e  base crystal with the progress of the 

stage 1 front.. After[ observing the motion of the intercalation 

of s i l v e r  far the steo, 

After intercalation the crystal was analyzed using the 

SBY. As descz lbed  in scition 3.2 .2 ;  the c r p t r l s  rx. w n n c B  

along a line perpendicular to a crys ta l  edge used for 



primary e l e c t r o n  buar was used to  reduce the m x i ~ u r t  
\ 

penetration depth of the electron beamc When scanning the . 

steps; a high energy electron baa* can penetrbte through thln 

s t e p s  dovn t o  t h e  base crystal producing x-rays from the 

ai lver  i n  the base crystal. 

3 . 4 . 2  Results and dtscwslon: Aq notion alonq t h e  "c* a x i q  

A l l  samples i% altagether) Lnre scanned after 
B 

intercalation w s  stopped and no silver was found i n  t h e  

ateps. This shows t h a t  t h e  silver had not awed a l o n g  t h e  c ; 

a x i s  during tntercalation. ?he samples were checked 
i 

Intermittently during the next two mqnth; and no rotion o f  

si 1 ver perpendicular t o  t h e  layers was observed. 

- - -  - - - 

A f t e r  obtaining this r e s u l t ,  i t  vas clear that t h e  

results of t h e  tracer  e x p e r i w n t  for stage 1 to - s t a g e  2 

conversion (section 3 . 3 . 3 )  'support D a m n  and Hdrold'a model 

(Fig. 1 . 0  for intercalation. The type, of notion o f  s t a g e  1 , 

Ag in to  stage 2 Ag required by the tracer results can only be 

reasonably explained v i t h  islands of atom v i t h i n  the host 

layers. The cbnversion from stage 1 t o  stage 2 i n  the 

c laasfcal  made1 for staging is only possible if migration-of 
. t - -- - 

Aq a t o m  perpandicular to the layers of t s ?is= lattice hi 
uccurs.  Since mz she-4 that the motion f Ag atolrs i 
p e r p u n d i c u l ~  to the layers  is neglfilble,' t h e  c lass lca ibdel  



* stage 2 conversion, s o u  actlvity was found beyond a distance 

from the  edge greater than twice the vidth of the  stage 1 

egion ( ~ k b l e  3.2). This agrees w i t h  the electron rlcroprobe 

r e s u l t s  where i t  was observed t h a t  the intercalaticn fronts  

are not sharp and that thcsstage 2 front b e c o a s  rider after 
- 

the conversion of atage 1 into stage 2 .  + 

To in terpre t  t h e  r e s u l t s  obtained by both XRF a n a l y s i s  

and t h e  tracer e x p e r i e n t s ,  an i s l a n d  model based on Oauaas 

and HBroldls -el was proposed as a h o m  In Pig. 3.11. 

Pig. 3.lh shows t h e  upper half of a partially intercalated 

crysta l  w i t h  stage 1 and stage 2. The lowest fayer In 

Fig. 3.11a r e p r e s e n t s  the l a y e r  a t  the center of t h e  c r y s t a l .  

The silver dlstribution in the whole crystal Is expected to be 

arranged in t h e  c r y s t a l  in s u c h  a way that the fronts  are  

V - shaped giving broad intercalation f r o n t s .  F i g .  3.11b 

shows hov Ag a t o m  in stage 1 can remin near t h e  c r y s t a l  edge 

an the stage 1 to stage 2 conversion, as required by the 

tracer.results: In this madel the stage 1 Ag acts as a source 

of .moving stage 2 islands. 

The- stationary behavLar of ailver found in stage 2 

ifst crys ta l s  a t  room temperature van an advantage for ' 
-- 

studying the intercalation reaction at room t e r p e r a t u r t .  
= 

Because of this convenience stage 2 Ag/TiS= c r y s t a l s  were used 

" in the experimnta described in the following chapters. 



1 3 Schematic diagram of sllver/tltaniua disulphide cell 
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Pig. 3.2 , A Tist crystal  prepared for intercalation. 
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I'- Graphite 

SEM sample block 
holder 

Fig. 3.2 



3 . 3  ?Fie setup used for 



SEM sample 
holder 

/ 
- - - - - - - - TiS crystal 

Ag eTectrode ,,-, 
\ 

2 - -  

4 Optical - - microscope 



- 3 

Pig. 3 . 4  Optical photograph of a partially intercalated - % a - 
TiSs crystal viewed with reflected light. , 

4 
Crystal thickness = 1.8 pa 



empty  stage 2 edge of crystal  
crystal  s tage 1 

Fig. 3.4 



F i g .  3 . 5  (a) S k c .  h of a partially tntercalated TiSa 9 v 

crystal. 

XRF scans were made along a line perpendicular to 

t h e  intercalated crystal edge. 

(b) XEtF scan of the distribution of Ag content in a 

partially i~tercalated Ti St crystal. 
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1 to stage conversion 3.6 XRF scans showing stage 

at room tempezature. 

Time after intercalation: 

0 - 4 5  min. 

0 - 2 3/4 hrs .  

A - 4 irr nr$. 

+ - 6 1/2 hrd .  

0 - all stage 1 

two days). 

- - 

moved has (Data taken 
- 

af ter  





Fig. a n  i n t e r c a l a t e d  T i S a  Optical 

crystal 

Crystal 

showing cracks formed a t  edges. 

thickness 5 0  pm. 

(Courtesy of 



Fig. 3.7 



T i S n  sample prepared for the r a d i o a c t i v e  Fig. 

tracer experiment ( t o p  vlewF. 

Setup used for i ntercalat ion i n  tracer 

exper iesents ( s i d e  view). 

- *-  
- 

IDram to scale. J 



holder 

cover glass 

Fig. 3.6 



Fig. 3.9 The sequenke of intercalation of a cryatdl  and 

cutting the edges for tracer experiments. 
t Q 

Dashed link dapicts Ag intercalation front.. 
Q 

(a) X is the width of the stage 2 Aga- 

(b ) i  Y is che width of the stage 2 nude up of 

( c )  The width of the cutoff sections and the 
5 

width of the stage 2 region In the remaining 
1 

part of the crystal are slightly greater than 
1& 

.& 

the vidth of' the active region 2, where 



xi- 

Intercalation Intercalation 

Fig. 3.9 . 



Table 3.1 Results of t h e  tracer experiment:  study of stage 2 

region 'during intercalation of a cr.ysta1. 
. a 

a 
, 





e 

table  3-.2 Resulta ot"tha ttacar a x p e r i r n t :  study of stage 1 
r - 

ta stage 2 converslon after intercalation. - 
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Scheratlc diagram of a sarpl-e prepared for  the 

' - \the s t a y  of urtim of Ag along the  "cW a x j s  o 



crystal ' 

Step 

RTV 



proposed for a The 

stag? 2 and empty regions ibasedfon the 
"4  * 

of intercalation). 

The distribution of i n t 4 1 a n t s  after' thk stage 
- 

> 

This  is a a c b s u t l c  d l . g ~ ~  OE the cross-saction of an - 
. '  

intercalated crystal *.ere the host layers are deplctad 

by linsu and the circles depict8 reglorn of intercalated 

&+-Dark clrclea are the or ig iml ly  stape 1 9. Light 
circles depict .&g la stage 2 islands. 





4.1 Introduction 

In the study carried out t o  understand. intercalation 

and the result ing distributl* af Jig. in Ti& c ~ y s k a k  - 
- 

- - - 

- 
described jn'chapter 3, khe variation ( i f  there is any) of Ag 

distribution along the c axis was n o t  considered; The 

distributidn of intercalated Ag found in that study w i t h  XRF 
7 a 

measurements and tracer experiment was considered to be a 

constant throughout the  tota l  crystil thickness. In fact, it 
- - - -Lp -- - -- - -- --- - - 

- - 

has b x n  assumed over the years that the distributiun of 

i n t c r c a l a n t s  in a h o s t  lattice along the c a x i s  is c o n t i n u o u s  
4 

and a variation o f  intercalant eoncentration is only o b s e r v e d  
0 

i 

p a r a l l e l '  to t h e  basal. planes o f  t h e  host. 

~ h c  elastlc s t r a i n  inducdd by the  intercalated atoms 
- 

due t o . t h e  separation of the host layers during intercalation 
b .  

.wass known t o  play  an important role in staglng and 

energy- is rcguircd to bc& a hest gayer upon f a t m x a h t t u n ,  
. Increasing elastic energy must be overcoat! with every new 



- -- - -  - - - - - - -- - - - - - 

intercalating layer. Considering these facts, l t  is. 

intercalate more 

easily at t h e ' b s a l  surfaces. Also, I t  is of interest  to know 

Che possibl; variation of the distribution of intercalants as 

a function of depth from the basal p l a n e s ,  
- - 

This investigation can be carried out with the aid of - 

the sIVIjWS surf~ce analytical technique Jn conjunction with -- 

- 

i n e r t  gas ion sputtering' for microsectioning the sample 

parallel to t h e  basal 'planes. The analyzed depth  i n  ANger 

electron spectroscopy is less than 30 A and the distribution - . 
of lntercalant given in an Auger line scan is an average over 

that depth. With ttte help of ion  puttering one can obtain t h e  ' 

+ +. 

distributions of the intercalants ak different d e p t h s  from t h e  \ '  

crystal surface. With this information, a 3-D-distribution of \ 

the intercalant in'the host crystal can be developed. 
-- 

' 

~ I S  s f u d y  % i % E ~ ~ r i I e d o ~  for the Aq.TIS1 system 
7' 

as presented below. 
u 

4 . 2  Sample mewrat  ion and intercalation - 
V 

4.2.1 Sample ~re~aration 

The thicknesses of the TiSr crystals used in these 
" 2 

- 

exper iments  were in the rangE a5 2 Lo 4 pm-arxk m-Zatw-al - - -- 

t o  use crystals with thicknesses in the above-speclf'ied range 
, 

since' those with large t h i c k n e s a e ~  0 10 )ral take lmgu tlacs - -- 

t o  intercalate t h e  entire thickness. 



OtngLe c r y s t a l s  of TtS= were prepirre&by the Iodine 
- . -  - ~ ppp - 

- - L- 

9 

vapor tr.nsport technique L39, 4 0 ) .  ~ h c  1 _ crystals obtained by 
1 1  

this method were typically 10 t o  Z O O  prn t h i c k .  The following 

- proceduse vas used to prepare thin crystals from as-grown* 
% * 

c r y s t a l s .  some large: and reasonably  f l a t  crystals were 

r s e l e c t e d  and placed on half-set-five-minute e p o x y  on a glass 
C 

- , s l i d e .    he crystals were b e n t  lv pressed-dmm untf 1 the bases- - p- 

,' 
of the c r y s t a l s , v y r e  settled in t h e  epoxy.  After'the epoxy 

wa&eured the crysta ls  were peeled off using. s t l c k y  tape  t DRG 
-+ -%t, - 4 

t h i n  c r y s t a l s  front one as-grown c r y s t a l .  The peeled thin 
, - 

crystals attached to the sticky tape were viewed under an 
- 

o p t i c a l  r n i c r o ~ t o p e ~  ( R e f c h e r t )  a t  low ma'gni f icat ion  t o  

good crystals with large areas and no v i s i b l e  defects such a s  

s t e p s ,  scratches o h k & ;  Even though only one side of the 
- -- 

___--- -- - 

c r y s t a l s  was chtcked at this stage (with the other side being 

stuck to the Lapel it'was advantageous to select only  the b e s t  
< - 

available samples, conskdering the t e d i o u s  and d l f f ~ c u l t  

procedure for sample preparation. The s e l e c t e d  samples were 

soaked i n  tr lchlo;oetbylene for about half an hour to remove 

the crysta l s  from the  adhesive on t h e  s t i c k y - t a p e .  I &  is very 

important t o  select a suf table  stfcky tape and a s o l v e n t  f o r  
- - - - -  - 

dtssolvlng the aahcslve &&use soac tapes w i i i  leave t r a c e s  

tonteaination can be .extremely d i f f i c u l t  t o  remove. After - 
i 

W f r t g ,  t-isc crpstafs -wrt carbf~3ly pfcked up with an 
p, 

eye-dropper and wshed scvcraf times i n  fresh 



smooth surface. After placlng the crystals on t h e  pieces of 

cover glass,  the samples werc again thoroughly r insed  i n  
Q8 

trlchloroethylene. Since the crystals were mounted on 
I 

transparent glass, I t  was posslble to check both surfaces of 

the crysta ls  at t h i s  stage and only the crystals vlthout any, 

visible defects werc ehosen f ot furthe; sample picparat  i on. 

e - t h i c k n e s s e s  of the crystals were measured t o  aq accuracy' 
4- '* 

t 0 . 0 6  pn using a Wild H 20 optical mlcroscope with an 

interference attachment. 

The fntcrcalation of Ag in TlSs was carried out only  . 

from one edge. When the experlment was first started, the 
-7 * 

crystals vere - ~ t e z c & J a ~ ~  --a K & l y e - n r c E p t  W k  - e d g r p  

to be intercalated were"c6vered to prevent the intercalation 
1. 

t h rough  them,  and the  wftole crystal w a s  Immersed i n  t h e  

electrolyte. Since the analyz lnq  depth in Auger analysis 15 

only several minol&rs, the questlon arose later vhether one 

would inadvertently detect any sliver p o s s i b l y  Intercalated 

i n t o  t h e  crystal through any micro-defects such as s t e p s  or 
J 

scratches whlch may be present on the c r y s t a l  surfaces. I f  so, --- 

this siluer will also contribute to the true dfstribution of 
- - - - - - - - - - - - 

\ 

Ag which is intercalated through the c r y s t a l  edge of interest. 
% 

To avoid thla possi6i~ity it 9 s  then decided to r a k e  contact 
. . 

+, a f 
with the electrolyte only at t h e  edge to be intercalated. The 



procedure was as fof  l o w .  ---a, -- P 

- - .- -- - L%..d?Jp - 
After measuring the crystal g h i c k n e s s ,  the sample was . 

soaked in ~ t h a a a l  to reeaove the crysta l  from the  cover glassg - 
substrate. The crystal was carefully picked up with a pair of 

' fine forceps (15,  DUMOXELf and a small force, just enough to 
-- 

hold'the crysta l ,  was applied t o  the forceps by wrapping 

adhesive tape around it. The crystal was held in such a way 
- - - - - - - - - -- - 

t h a t  t h e  edge Ea be Intercalated was horizontal below the 

forceps .  The set up' for intercalation is shown la Flg. 4.1. 
P 

The forceps were attached to a stand which' was movable in t h d  
- -  - - . . 

x ,  y and z directions u s i n g  t k e e  micrometers with fine A % - 
L d  

adjustments. The electrolyte used was 0.1 H AgNOl in - 
glycerol. Below the crystal, the electrolyte-was placed on a 

horlzohtal glass  slide-which could be moved vertically using a 

fine micrometer. A small piece of dlean ~g metal which G r v e d  
- ---- -- 

a s  t~-a~O5e-G3-pEtiSl~lf i=Isedii the electrolyte. A 

w i r e  vas attached to the metal forceps to nrake electrical 
L1 

contact to the crystal. Using a horizontal optical microscope 

(Olympus' Hodel FHI with a white-light lamp, the crysta l  was 

viewed with light reflected fzam its surface. Observing -. 
through the microscope, the crystal was carefully lowered 

t 

until the edge to be intercalated just touched the 

e let-trolytt , L T h f s  w a s  a very dcf icatc t a s k  since a s m a U  - 

vibration - - may move the crystal t o 0 f a r ~ i n t o ~ t l e c t r - a 1 - & ~ - ~ -  - 

wetting the 

t h e  crysta l  

electrolyte 

surfaces of  tHe crysta l  near the edge. Also, if 

edge is not parallel t b  the surface of the -- 

only one side of  t h e  crystal will touch the 
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P--  -PAP -- A- ------ --- --- - *' 
electrolyte w & l c  h e  o t h e r  rill ;emin i n  t h e  a i r . )  - 

n -  i 

P*~tbPrrrysT=l-eedqe-a~ in ~ ~ f a c t  with t h e  
d 

.I - 
electrolite, anelectrical  connection between th,g c;ygtal;'and :+ . 

i: 

t h e  Ag a n o d e  was made a n d  t h e  i n t e r c a l a t i o n  was.started. The 
D 

- *  , '3- * i n t e r c a l a t i o n  MS c a r r i e d  o u t  u n t i l  the s t a g e  2 fr.ont .ha& , 
t 

19 

%- moved i n  from t h e  e d g e  about 10  t o  20  pa as o b s e k d  t h r o u g h a  

t h e  o p t i c a l  m i c r o s c o p e .  ( T h i s  d i s t a n c e  was c h o s e n  t o  be 
- - -  - - - 

a p p r o p r i a t e  af ter  severql samples were  a n a l y z e d .  ) kn most e 

.I 

s a m p l e s  o n l y  s t a g e -  2 w a s  observed .wh.lle - , i n  slew bf them, 
-,  "$-, . .& 

depending pn t h e  t h i c k n e s s ,  a n a r r o w  s t r i p  of s 5 g g e  1 was , 

d 
LA 

-/ 

/ - - 
Pp 

e 

. v i s i b l e  neat <fie e d g e .  T h i s  na r row stage -1 reg7ipn digzf@cared ' - 
i 

4b 
(by c o n v e r s i o n  t o  stage 2 )  s o o n  a f t e r  t h e  i n t e r c a l a t i o n  was A 

O 
: i ,  

s t o p p e d  a n d  t h e  c r y s t a l s  w i t h  o n l y  a n  a p p a r e n t '  i t a g e  2 r e g i o n  
4F 

were u s e d  i n  -AES a n a l y s i s .  A f t e r  t h e  k y s t a l  l n t e r c a l f t e d  
L 

t o  a s u f f i c i e n t  d i s t a n c e ,  t h e  c i r c u i t  was d i sc  cted and, t h e  - - 

o p t i c a l  p h o t o g r a p h  
- he i n t e r c a l a t e d  edge r e g i o n  was t h e n  

- B 

t a k e n ,  a n d  was a s u r e  t h e  & o n t  u l d t h  s e e n  o p t l c a l l r y  ' 
% - - 

a n d  a l s o  toT0fTositiot-i k e  s a m p l e  i n .  Auger analysis. The 

c r y s - t a l  was t h e n  removed- f r o m  t h e  f o r c e p s  i n t o  a clean p e t r i  

d i s h  and r i n s e d  w i t h  a c e t q n e  t o  Gash  o f f  t h e  e l e c t r o l y t e  . 
C 

r e m a i n i n g  bn  t h e  c r y s t a l ,  . f o l l o w e d  hy a f i n a l  r i n s e  w i t h  

m e t h a n o l .  -- - 

P 

- - --- - -- . 
3 .  S a n o l e  n a u n t l n s  for A w e r  a n a l v s l s  

Samples  t o  be ysed i n  Auger a n a l y s i s  were mechanically 
t 

clamped onto sawpfe hofd-ers s ~ e c i a l l y  p r o v i d e d  f o r  the SAX. , , 



- - - - -- - - -- 

since the ~ 1 6 ~  crystals are t o o  3-11 to be clampeed directly, 

t h e y  were first miinted on a clean, flat copper .substrate 

I1 cm x 1 cm), Sample mounting ws done under ansopt i ca l  

microscope. T ~ e u u n t  the,TiS= crystal on t h e  copper 

substrate ,  a tiny amdunt of graphite DAG was first placed on 0 

copper and t h e n  the crystal* was gently pressed do* on it 

u n t  i 1 the graph1 te DAG p s  evenly spread underneath the - - 

f . - 

crystal. when mounting the crys ta i ,  it w a s  important to - ,  

adjust thk crystal-*or i k n t a t  ion such that the intercalated edge 

' w a s  p e r p e n d l d a r  t b  the x-directlan (see F i g .  4 . 2 1  along 
U 

which the line scans &re to be carr:ed out. The s&-595 does 
i & 1 

not have the facility foF adjusting the crystal orientation. 

The SAH sample holder with the Ag/TiS= crys ta l  was t h e n  . 
* 

mounted on the sp&im;en stage {carousel) in the main chamber, -.- 
of the SAiS. 

- -- - - ----p - - - -- - - - -- - - - - -- -- - v. 
When mounting samples, great care had t o  be taken not 

to contaminate the sample, the copper substrate or the S % % 

sample holder. The Eorceps, p e t r i  dishes and glass slides 

used i n  the sample preparat ion  w e r e  cleaned from time to time 

in order to remove dust  p a z t i c l e s  deposited on them. The -a a, I sample preparation in the exp'erl&nts glveh here was extremely' 

.delicate from beginning to end, and why s a m p l e s  had t o  be 

discarded at$ varf o& stages of t h e  sample prepar&fon - - 



4 , 3 . 1  Auqer analysis - - 

The specimen stage of $he S M - 5 9 5  proufbes stability 

- and p r e c i s e  spectmcn amwm~cnt  v l a  micrometers In the x ,  y and 
C 

z dlrectfons. The acce ieaa t i rq  potential . b f  the ' t l t c t r o n  beam 
d 

- - 

used i n  Auger a n a l y s i s  was 3 k V  and t h e  beam size was a p ~ u t  

0: 4 pm- ., 

-The principal Auger peak energies obtafned frqm 

s tandard  spectra i 5 0 )  are, 3 8 7  e V  and 4 1 8  c V  f o r  TI t t W I  from 

t h e  e lementa l  Ti gpectrum, is? eV f o r  S f K L L l  from t h e  

spectr&n for CdS and 3 5 1  eY and 3 5 6  e V  for Ag I M N N )  f r o m  t h e  

elemental Ag speCtra;m= A, deviation of s e v e r a l  e V  in ~ e a k  

e n e r g y  from those  obtained from a standard spectrum can be 
- -  -e -- 

exgectedd due to d i f f e r e n t  chemical bonding 1 f t h e  elgment in 
r 

. question 'is in a diffeient. c h e m i c a l  e n v i r o n w n t  . 
1 

A f t e r  sountfhg - t h e  Aq/TiS3 c r y s t a l  on the  spcctmcn 

stage,  the area  to be a n a l y z e d  was positioned on a T V  pgdnttor 

displaying t h e  secondary e l e c ' t r o n  frpaqe.. P r i o r  to t h e  flrst 

2.lne scan an Auger s a ~ r v c y  s p e c t r u m  was obtained to identify 

the surface constituents usinq the area-averaged spectrua 

spectrum dH(Ef/dE, o f  Fig. 4 . 3  1s shown in Fig. 4 . 4 .  

found i n  AglTIS= This C a t i d / ~ r  O l aye r  ' m u s t  bt removed by 



br lef  &uttcrtng before tho analysis. - -- 
- -- - -- 

The locations of fine scans on t h e  sample w e r e  
b +. sefectcd using  sccobdary tlecfron images displayed on a 

storagr-type osci~toscope. The parameters specified for line 
1 

scans are g iven in Appendix 1. For comparison, usually two'  or 

t h r e e  line s c a n s  vere performed at different locations on the 

m m p h  surface. for  every f f rrk s ts f  etted the - B 

distrlbutfons of Ag,  S and Ti were obtained. 

s!qnai to n o i s e  r a t i o .  M o t h e r  problem a s s o c i a t e d  with the A g  . 
signal was overlapping of the w i n  Auger peaks for ~ g - ( 3 5 1  eV, 

C 

356 cV1 w i t h  a minor Auger peak for Ti I354 e V 1 .  Since this 

-+ 
was unavoidable, both s f q n & s  vere measured t o g e t h e r  and the 

T i  s i g n a l  increased the background level of the A q  signal. 
- - - - --- - - - --- - - - 

* 
The results o f  t h e  line s c a n s  are g iven  in ! k c t i o n  4 . 4 .  

Secondary electron imaqes &Jhe sample were u s e f u l  

f ~ r  observing t h e  intercalated regions directly where t h e  . 

intercalation f r o n t s  appeared as boundaries between regions 

with different c o n t r a s t .  During the analysis, polaroid 

p h ~ t o q r & h s  of t h e  secondary ef ectron leaqes t SED 

SED stands for  "secundary e lectron detectfun") of t h e  sample - 





Increased, much deeper I ~ ~ E c  the m i d d l e  of t h i  cryS87, T I T  - 

. 
line syang and- the ~ ~ ~ - & m t o ~ r a ~ h s  obtained at a given depth 

.o . v were corre la ted  to determine the locations of the 
0 

intercalation f r o n t s  at that d e p t h .  
t 

* -  . 
+ sent t h e s e  r e s u l t s  more clearly, the data 

- 
ne sample are given here as an example. F i g .  

-. - /& 

% 
- - - 

flcal photo of .a: intercalated TiSt crystal 

l a t e d , r e y i o n  of  - 1 5  prn measured from t h e  
a . L 

- c r y s t a l  edge. The f n i t f a f  line s c a n  for  t h i s  sample was 
L 

- . / 
z? obtained at a, d h p t h  f d j  of 50 A below the surface and the Ag 

dlstribution Is presented  i n  F i g .  4 . 6  ( L i n e  1 ok Lli. The 

high noise l e v e l  s e e n  in the Ag line scqns was unavoidable as 

discussed I n  section 4 . 3 . 1 .  (For this sample, the data ' 

a c q u i s l t l o n  t ime-was  d o u b l e d  a f t e r  t h e  s e c o n d  l i n e  s c a n  t o  

amount of Ag in e a c h  line s c a n  and to compare the values with 
- 
other line scans obtained at d i f f e r e n t  d e p t h s ,  t h e  r a t i o  of Ag 

J- 

t o  S average counts w i l l  be considered later ( c h a p t e r  6). The 

Aq line scan given in Fig. 4.6 shows more or less a constant 

distribution o f  Ag up t o  a *distance of 320 prn from the ' crys ta l  
L 

-A /+ * edge,-- The area beyond t h i s  d i s t a n c e  was checked o e a  SED - 
- image d i s p l a y e d  on the s torage  m o b i t o r ,  but no  intercalation ._ - - -  

f r b n t s  were observed. Following the L i n e  I, a s e r i e s  of line 
+ -- -- 

+ .  scans were performed a t  d i f f e r e n t  d e p t h s ,  t h e  'results of which 

are  presented b e l o w .  

P 



seems t h a t  there is a s l i g h t  decrease  of Ag after 230 pm. . -. 

d = 410 6: N e x t ,  the sample was sput t ered  for  another 2 1 0  A 

( i . e , ,  d = 410 A )  and a silver line scan obtained a + h i s  
- 

depth  is- given in Fig. 4 . .  This line scan f t 3 )  shows  a 

s i g n i f i c i n t  decrease i n  t h e  Ag s i g p a l  near 2 5  pn. A f a i r l y  

sharp  intercalation f r o n t  n e a r  2 5  prn and a n o t h e r  f a i n t  front 

near 3 5  prn were observed o n  the SED image displayed on t h e  

s t o r a g e  monitor .  Unfortunate ly ,  these f r o n t s  a r e  n o t  s e e n  

very  c l e a r l y  o n  t h e  SED photograph given I n  Fig. 4 . 9 .  I n  L3, 

the reg ion  0 - 25 prn seems t o  have b e e n  intercalated with t 'he  
A 

same s i l v e r  c o n c e n t r a t i o n .  Tpe intercalated r e g i o n  seen 
+ ,  
3 

t he  SEB ~ o t u q r a p h + r ~ - ? ~ L ~  pm 
J, 

Y 

r e g i o n  between the two 

scan.with d i f f e r e n t  s i l v e r  c o n c e n t r a t i o n .  f A  sfrnlfar e f f ec t  
* - 

can be s e e n  i n  t h e  line scan given i n  F i g .  4.11.) 

The l i n e  scan L 3  shorn in F i g .  4 . 8  was performed' 

near the edge area  up to  100 pm, in order to study t h e  area of 

i n t e r e s t  more carefully. An SED image of,the c r y s t a l  at low - 

lnagn i f i ca t i on  d i d  not show any f ronts  o ther  t h a w t h e  ones  - 

\ 
given here. Line 3 s h o w  t h a t  the 'cry'stal h a s  been 

F ,  
- - -- L - - 

intercalated beyond the distance s h d n  t h e  orlql?iisal optical ef-. 
fr 

photograph I15 p m )  in Fig. 4 . 5 .  



f ~ r  another minute fd  = 

obtained a•’ t e r  sputtering the sample 

530 A )  showed a clear front near 35 pm 

and a n o t h e r  l eas  sharp  f r o n t  near 4 7  pm ( F i g .  4 . 1 0 ) .  The A g  

l i n e  scan lL4l obtained a t  t h i s  depth is g i v e n  i n  Fig, 4.11. 
i E 

in LI, a drop of the A g  amount is s e e n  near 38 pm. The f r o n t  

s e e n  near 35 pm on the SED.photograph seems t o  correspond t o  

the  f r m k  seen near 38 pn.~ in t4, The law contrast -&ghn seen  
'x 

on the SED between 3 5  a n 6  4 7  p i  seeras to be a 

t r g n s f t i o n  reg ion uhich  sepazates  t h e  two intercalated regions 
&' 

seen in P i g .  4 . U  trom Q to38 pm ancl b e y ~ m l  34 JIB. 

The SED photograph i n  F i g  4 . 1 0  shows a front near 15 f b 

par even though t h e  l i n e  4 i n d i c a t e s  that , t h e  r e g i o n  from 0 t o  

38 pm has intercalated with  the same concentration 5f Ag. It 

is p w s i b l e  t h a t  the 'bright region seen on the SED photograph 

, concentrated Ag region was found in L6 from O to 15 par (see 

F i g .  4.16 later). Although  the secondary electron detector i n  
sl 

the SAH-595  is more s e n s i t i v e  to t h e  low-energy secondary  

e l e c t r o n s  l a  5 0  c V ) ,  t h e  high energy backscattered electrons 

t r a v e l l i n g  towards t h e  detector may a l s o  be d e t e c t e d .  T h e .  
9 

h i g h  energy backscattered e l e c t r o n s  coming from g r e a t e r  depths  

obtained from l i n e  scans a r e  cons idered  t o  be more a c c u r a t e  



d f =  650  A: An SED photograph and a Ag line scan ( ~ i n e ' 5 )  
- 

obtained at d = *%50 d. are shown in Figs. 4.12 and 4 . 1 3 ,  
- 

respectively. The f r o n t  seen on the SED photograph near 4 3  pm 

c o r r e s p o n d s t o  t h e  f r o n t  s e e n  in L I  near 40 pm. Again i t  
- * A * * A 

P 

d ! h a ~ h e r e  - d x i s t s  a tranbition region between  4 0  and 
- + I "  -, r a  

SO\)lrn. -- * - *&+, & . - b . . 
- -- 

. . - 
a - _JH - 

d = 890 b: The 'sample ,w@s t h e n  sput t ered  f o r  another t u o  

minutes ( d  ?,*8'3Q_;A). Two SED photographs taken a t  h i q h  and 
*,* - 

*+% 
, %ox aagniffcation &;ta pgrsented la Figs. 4 . l l - a  and b. F i g .  

3 - ?.. - 
, 4.14a shows that the i'&&&lqted region; have advanced 

t -;+*.- ; 
+ . '-; .+-< 5 

slightly farther into t h e  % & t a l .  No line scan w a s  obtained 
Z - 

at d = 890 A .  

/' 
d = 113Cfy6: An SED photograph and a Ag line scan ( L l  ne 6 1 

- - - -- - -- - - - - - - - -- - 

a t  this d e p t h  are presented in Pigs. 4 . 1 5  and 4 . 1 6 ,  

r e s p ~ ' t i v e l y .  This is the' first line scan which shows a s h a r p  

decrease i n  t h e  A q  distribution n2ar 15 prn. This tndfcates 

, that the stage 2 region is p r e s e n t  in the c r y s t a l  at t h i s  
f ,  

dephh, 
- 

d = 1370 A and 1600 A: The SED images were checked at these 

d e p t h s  but  nu line scans were obtained. No mafor changes were 

I 

which was a t  5 6  prn in Line 6 had adva'nced by f e w  6.  
u 

d = 1910 a: Figs. 4 ,  h and 4 - 1 8  show an SED photograph and a 



A 

Ag llne scan (I,lne0 7 1  obtained a t  d = 1850 A. The secon* 

intezcaf ed region from the edge has advanced farther into T - 
the crystal .  After the h r s t  intercalated region ( -  13 pm), 

the line scan'shows a slight slope indicating that-the A g  

concentration is not cxactl-y constant but slightly decreasing.. 

Af-ter t h i s  line scan L i e .  at greater d e p t h s )  t h e  w i d t h  of the 

second Intercalated r e g i o n  started t o  decrease. T h e  front - 

#. 

ncar 1 3  prn is not clearly shown on the SED photograph but was 
I 2- 

observed on the image on the storage monitor. 

d = PO90 A and 2570 A:  The, SERphotographs obtained a t  these 
0 

d e p t h s  are s h o r n  i n  Figs. 4.19 and 4.20, respectively. ' The 

first front near the edge ( '  1 3  pml is not  s e e n  in these SED 

photographs,  most probably due to  poor c o n t r a s t  between the 

two regions. Houtvt r ,  this front was slightly v i s i b l e  on t h e  
- - - - - - b - 

SID image d isp lay .  The f ront  seen at 60 pm in Pig. 1.17 has 
e 

advanced t o  6 3  pm in Fig. 4.19 and then  to 6 5  pin i h  F i g .  4 . 2 0 .  

E: 
No l i n e  scans were performed a t  these  d e p t h s .  - .  - - .- - 

d = 3050 A:  F l g ~ .  4y21 and 4.. 2 2  show an SBD phof oqraph and 

a Ag line scan obtained -at this depth, respectively. 

t h e  A q  line s e n  [ L i n e  9, Fiq. 4 . 2 4 )  "obtained at 

Both figrues shar a frat neaz 65 pis, T k  frafft- 

ncar 5 2  pa on the SED photodraph does not appear 



the Line scan. The higher contrast in the region from 1 3  to 
- - - 

5 2  pn~  in Fig* 4.23  may have arisen from a Ag reqion * 

at a depth higher t h a n  d = 3770 A (see  page 7 3 ) .  

d = 4 7 3 0  A: An SEP photograph and a Ag line scan obtained 
b 

at this depth are presented in Figs. 4 . 2 5  and 4 . 2 6 .  As one can "I 

- see in the fine scan, the width. of the broader Lntercalated 

region is decreasing. The front observed at 4 2  pm on t h e  SED 

photograph in ~ l g .  4 . 2 b e s  pot  appear clearly in the l i n e  

region is decreasing it is possgbie t h a t  a front was present 

n e a r  4 2  pm at a depth grea ter  t h a n  d = 4 7 3 0  A .  

+- 

d = 5930. A: T h e  sample image was checked on the s t o r a g e  
- 

monitor and three fronts were seen at 35, 30 and near 1 3  pm. 
Q 

- -- --- - - - - - - - - - -- - - - - 

No fine scan was performed at this d e p t h .  

d = 6890 A :  Data o b t a i n e d  at this d e p t h  is given In Figs. 4 . .27  

soncentratfun of  Ag In t h i s , r e g i o n  seems to be gradually 
3 

%*%+ 
decreasing. fThc 3neven  w i d t h s  of the kntetcalated regions 

C 
> 

Fig. 9 . 2 9 ,  s h o w s  m l y  o n e  intercalation f r a t  near 12 Jim.  I t  



diaappeared totally. 'An SED photograph is  not inc luded  here 
V 

s i n c e  t h e  front was o n l y  barely v i s i b l e .  Ho-vevef, t h e  

p o s i t i o n  o f  the front on the  photograph was consist&& wi th  
- 

that found i n  t h e  line s c a n ,  

I 

% - 
- - - - - - - 

d = 9290 A: An ~ u ~ h r  l i 'ne  scan obta lned  a t  t h i s  depth is 
? 

shown i n  F i g .  4 . 3 0  k i n e  1 3 ) .  Only'one$ i n t e ~ c a l ~ t e d  region near' - 

t h e  crystal edqe is ev ident2  a s  observed i n  L12. 

d = &0,730 A: Fig, 4 - 3 1  shows ~a Ag line scan {Line 1 4 1  obta ined  

a t  t h i s d e p t h .  Thls f i n e  scan is s i m i l a r  t o  L 1 2  and L13- 

S&tnce-the surfare irregularitfes due to sputterinp became 
'r & 

* - 
. . .-. 
'- prominent beyond ararrnd 10,000 A, the analysis was not carried 

oat f u r t h e r .  The o r i g i n a l  t h i c k n e s s  of the TiSa c r y s t a l  

described here  was 3 pa ,  t&us, about h a l f  of the c r y s t a l  

thickness has been analyzed. Pigs. 4 , 3 2 a  and b represent the 

typical Auger line scans for suf'fur and titanium i n  a Ag/TfSa 

c r y s t a l .  

depths are conglled fn chapter 6 for comparison, C o n s i s t e n t  

results were obtained from all. samples f a b o t t t ' l ~ j  used in 

> I 
The data presented in t h i s  chapter is d i s c u s s e d  In 



some observations of the motion of Ag atoms, 
-- 



- 

of. 

- 

d iagraa s e t u p  used the  for 

cryatals. elactrointercalatfon 



Electrolyte , 

Forceps 

Fig. 
- 

fl 

4 piece of %&g ((anode) 

5 Glass slide - I " - - +  
. -*, 

6 Optical microscope * 
P -  - 



--- 
- 

- - 

J' Fig. 4 . 2  (a Ag/TtS= sample mounted on a SAM sample holder. . 
- .  (b)  Sketch showing the direction of the electron - 

k beam and the sputter ion beam. 
+" - 



sumplc (horizontal) 



s u r w y  spectrum for 





d#tP)/dE spectrum of F i g .  4 . 4  the Auger survey given fn 

Pig. 1.3.  . - 





Big ,  4 . 5  Optical 

crystal  

sect ion 

* 

photograph of the intercalated A ~ / T ~ s =  

used 

4 . 4 .  

Width of the 

for line scans presented 

M a *  



t 
Crystal 

Fig. 4.5 

Intercalated edge 



?kg+ 1 . 6  Auger fine scan for Ag pt d = SO A. 





P i g .  4 . 7  Anger line scan for a t  d = 170 A. 





I 

= 410i.1. 
11 r 

ii5 a e b .  nean 

Auger Ifnu scan for Ag at d 

A decrease of the 





photqqaph of the crystal at 
- 

=. 

photograph does not show the clearly. f r o n t s  very 

seen on the SBD the fronts  were found 

pm and 35 W. 



Fig. 4.9 



. P i  4.10 8ID photograph of the cr ta l  a t  d = 530 A. r" I 
Two front8 -re seen at 

35 jim - sharp 

47 m - not sharp. 
\ 



Fig. 



F i g .  4*ll Auger line scan for Ag at d = 530 1. 





- - - -  - - - 
- 

il 

Fig. 1 - 1 2  8BD photograph of the crystal  a t  d = 650 A. 

Fronts were seen at 

4 3  pa - sharp 

50 -pr - not sharp. 



Fig. 4.12 



r;7 
Pig.  4 . 1 3  Auger line scan for Ag at d = 650 A, 





- - 
- - - 

. q 4 . 4  8PO Qhotograph of the  czystal a t  d = 890 A.- 

(a1 at mgn~ficrrtion x 1000-fronts uers seen at 

50 )rr - sharp 



Fig. 4.14 



* 
Fig. 4.15  8LD photograph of the grysta l  a t  

. 



Fig. 4.15 



Pig. 4.16 Auger line scan  for Ag at d = 1130 A. 





Pig, 4 . 1 7  SSD photograph of t h e  cryst33 a t  d = 1850 A.  . 
I t  

R u n t s  were s e e n  at 
-- 

62 pm - sharp . . 

73 pm - not sharp. 



Fig. 4.17 



0 

Augur l i n e  scan for Ag at d = 1850 A, 





p i g  4 1 9  8BD photograph of t h e  crystal  a t  d = 2090 A. 



Fig. 4.19 



Pig. 8PD photograph 
•÷ 

the crystal 



Fig. 4.20 



Pbreu fronts uere s t u n  

near 13 Fm Iclearly seen on the  8BD disp lay)  



Fig. 4.21 



Big* 4'.22 1 ine 





e r  

Pig. 1 . 2 3  8ED photograph of the crystal 

~ r h s  were Been at 

13 ' ) ta  
\ 



Fig. 4.23 



P i g .  4 . 2 4  Auger .line scan for Ag at d = 3770 A. 





Fig. 4 . 2 5  8E0 photograph of the crystal at d = 4730 A. 

R o n t s  were seen  at 



Fig. 4.25 



pig. 4 . 2 6 ,  Auger line scan for Ag at d a 4730 A.  





4 . 2 7  8 g D  photograph of the crystal at d = 6890 

Fronts were seen a t  



Fig, 4.27 



4+28  Auger line scan for 1Lg at d = 6890 4,  





- - -- - - - A  -- 

Auger line scan for Icg at d = 8330 A. 





rig; 4 . 3 0  Auger line scan tar Ag at d = 9298:~. 
Y -  - 

d -- .,& ' ' 4  - 0  $> -- 
\ 

1 

0 \ 
4 

i ' 2 - - . - 
/-- -4 bib . - .- 

.E2 ' . - - \/ . '  - 
-- ~p--~-- ~ ~ -- ~ ~ - . . . * 

. . 





Fig. 4 .31  Auger line s c a n  fqr Ag at d = 10,730 A. 

- - 

The determination of the background,level is 

described in section 6.1. 
7 





A typkal  Auger l i n e  scan for sulfur 

lKne -scan for titanium: - 

. . 0 

s i u l t a n c o u s l y  with the Ag line scan 

given <ifr Fig. 4.16.) 









5.2 m m -  h 

- -- --A- 

Pure rtbl cry.ta& with  t h i e k n c ~ s e s  ranging from 1 t o  
* . . 

3 pr were peeled from as-grown c r y s t a l s  as deaczibed i n  

sect Ion 4.2 .l. l%iakness -satarnta rare done i~ two ways: ' 
L 

( 6 )  using a W i l d  HZ0 o p t i c a l  microscope w i t h  a n  l n t e t f e r e n c e  

attachisnt, dnd (b) taking a polaroiU photograph of the 

using a scanning e l e c t r o n  microscope. 

The in t e r f e r ence  method ut i l '&zos t h e  p r i n c i p l e  of t h e  * 

Mi_c_hhe_lson i _ n t a ~ f u z - t o x ~  A gamle & ~Iaced-~-er the _ a d  - - 

HZ0 o p t i c a l  r i c roscopq  and focussed using m n o c h c o m t i c  l i g h t  
J 

r e f l e c t e d  from t h e  $ample sur face .  S e l e c t i n g  a mirror  i n  t h e  

i n t e r f e r ence  at tachment t o  match the  r e f l e c t i v i t y  of t h e  

sample, i n t e r f e r ence  f r i n g e s  are obtained.  S t ra igh t  f r i n g e s  , 

are obuervad on a smooth and f l a t - s u r f a c e  and a f r i n g e  s h i f t  
- A p  - -_ -- pp - - - -- -- 

Is observed at a ate#. A s h i f t  of one f r i n g e  is equiva len t  t o  

a a t o p  height  of ~ / 2 -  whata X is t h e  wavelength used. 

~ o h n t i n g  the f r i n g e  s h i f t  between the crystal and t h e  

s u b s t r a t e  one m y  ob ta in  t h e  th ickness  of a sample t o  an  

accuracy of * 0.06 pr. A problem that one right encounter  

&en us ing  t h e  i n t e r fd rence  method is t h a t  I f  t h e  sample is 

not i n  i n t ' l u t e  coi l tac t+.vi th  t h e  substrate, the air gap 

thickness. Ona*uay t o  avoid t h i s  e f f e c t  Ip to check t h e  

4ata are cma-istent. In the expefiumta given i n  tKts cbapter 
' -  



the t h i c k n e s s e s  were checked by redmapring them u8ing the 

IS1 M o d e l  D8-130 scann ing  e l e c t r o n  - a i o r o r e o ~  t a w ) .  
J 

For 8UH measurements, a crystal was m&tad f1.t on a 

condqct ikg s u b s t r a t e  such t h a t  a cry it.^ edge which was usad 

t o  measure the t h i c k n e s s  was p r o j e c t i n g  o u t  of t h e  s u b 8 t r a t e  

(Fig, 5 . I i a l ) .  To prepare the conduct ing  suhtrrte ,  r s q w r a _  

glass pisce c W e d  w i t h a -  SROll- bye^ was kaker-and &hen a-yotd- 

layer was evapqra ted  on t h e  t o p  edge surface, The s u b s t r a t a  

wi th  the c r y s t a l  attached was t hen  mounted on a 81eH aampPa 

bat - w q - - e r j s ( p c +  p k ~ e  &st tees &ge***- - -- 

rrsasured h o r i z o n t a l  (Fig. 5.1 (b)). An e l e c t r o n  beam with  a n  

a c c c l s r a t i i g  bge o t  50 t~ was used a d  t h e  sample, 

o r i e n t a t i o n  w s  adjusted' such  t h a t  thg,  electronb baai was 
?* 

perpendicular t o  t h e  crystal edge. polaro ld  photographsoof  

the SED image of the  crystal c r o s s - s e c t t o n  a t  t h e  edge were 

then t aken .  T h e , t h i c k n e s s e s  were b e a m r e d  from t h e s e  

photographs wi th  an accuracy  of abou t  & 0.07 pr. 

To f ind t h e  s p u t t t r l n g  ratesi& pure  Ti+,- s crystal 

which was m a n t e d  on t h e  conduct ing  glass s u b s t r a t e  was then  

i. clamped o n t o  a 60- 9A)I sergle ho lde r  as exp la ined  i n  s e c t i o n  

4 . 2 . 3 .  Hext, $he 81m sarpfe ho lde r  was placed  on the specimen a 

I 

stage i n  t h e  min chamber of. t h e  SAM and t h e  a n a l y s l n  bas 
7 - 

carrf ad out as will be explained f n t h e  fo l lowing 8ections 3.3- - 
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* . - -- - - -  -- ---- - - - - 
Interul~ted wlthPAg follovlng the s a r  step. given in sectlod 
-, 

4.2 .2 .  The thickness ofL,the interwlated crystal was .- 
a l c a l a t d  u.cl l iag aa e x p ~ l o n  o f  6% per st& -2). Tha 

m 

/ 
aluminum-coated silicon wafer*, which was then clipped onto a 

ample holder 'and munted on the spec iran  stage fox 

- - -- 

The s a ~ e  settings used i n  Auger electronics and argon 
- -- - - -- - - - - - 

-- --- -- - - - --- - - - -  
- - - 

- - - - - -- 

> Y 

ion gun control .for the sarple analysis in chapter I were wed 
# 

for staying the sputtering rate. Before sputtering was a 

started, the ion bear was aligned with the center of the TV 

monitor. In order to do this, first 'the beam size was 

adjusted-to its smllest value and then the lon beam was 

gun. (The beam position is v i s i b l e  on some subdtrates when 

they are briefly spattezed, mking it possible to okerve and 

adjust thp - h a  A slightly contaminated sample substrat& or 

silicon wufer is convenient for th t8  purpose. ) 
,- 

i Depth profiling was carried oqt at selected points on 

the & g l e .  FOZ A u ~ ~ z  analysis. an e l s v n t  (oxygen) from the 

- - -- - - - - -  - - - - -- - - 

* L ~ Z  the first spattaring axpurfmnt w i t h  pure Ti&, it vas 
noticed that t h e  8- condactima layer w y  
after stur t i ,  eltposirtg PbBeaizabla non-coadtictfng glass,if 
part af tb. subutrate was included in the sputtered area. 
S i n c e  it WMS nschs-y t o  select points for depth profiling 
glosr, t o  the I n t e r c r l a ' t s d ~ t u l  6dgs for lu/- t4ms-  
cr=l.i%iG-~--pi.c~ of silicon anfir cuatd w g t h  a * 

t A l c k  *%+minor 3iysr. A sf licon u a f s t  was sf- I t  
providsa 8 flat norfrod. 
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- 

- 
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sample s u b s t r a t e  was s e l e c t e d  i n  addition t o  t h e  slamnta , 

-- - - - --- 

spectf i d  from tha -la, iha rerrron for selecting .a 

+lemt from the uubsttate  i s  t h a t  &n tho s a g l o  has b a n .  

c o v l e t e l y  sputtered through, t h s . s i g m 1  fror t h o  s l e m n t  
D 

chosen from t h e  substrate w i l l  r i s e - w h i l e  tbeaigmal from t h e  

siuplt elements w i l l  drop. ~ l h e r n a t i v e  sputtering and Augor 

a n a l p i s  was-carried o u t  Phrouph a &umber of cyclebuntll-the 

sarple was sputtered through its t h i c k n e s s .  The s e t k i n g 6  f o r  
i * 

the s p u t t e r  i o n  gun an6. the p r a ~ t e r s  defined for t h e  .Auger 
J 

5 . 4 . 1  Pure Pisa 

An example of t h e  d e p t h  p ro f i l ing  analysis is g iven  

here. I n  this example, the t h i c k n e s s  of t h e , T i S a  crystal 

uasnrecl using i n t e r f e r e n c e  fringes was 3 .14  pr. An SED 

photograph t a k e n  f r o r  t h e  scanning  e l e c t r o n  . i i ~ r o n c o p s  f o r  
, I 

t h i c k n e s s  measure=nt is g iven  i n  Fig. 5.2. This photo was 

t a k e n  - before any s p u t t e r i n g  and t h e  t h i c k n e s s  of t h e  crystal 

reasured 'on the SBD photograph i s  3.22 -)u. The average - 
c z y s t a l  t h i c k n e s s  frum .the two  ae thods  was 3.18 Mr. 

For- -ecmpar#-sort, three polnts o n  the  crystat-were- - - - - -- 

obtained. P i g ,  5,3 p r e s e n t s  the d e p t h  prof ilss d u r i n g  84  

p r o f i l e s  obtainad only for ona p i n t  selected on the crystal; 



I *  ctystal was me&au~& by tali- a n  SEP photograph w i n g  the 'SB~ 
d 

(Pig. 5 . 4 ) .  I t  is seen trom Figs .  5.2 and' 5 : i t h a t  the 
?= 

I crystaZ has been spattered throttgh 0.97 )u. Il ig.  5.4 shovp 

sono a u ~ h c e  I r r e g u l a r i t i e s .  I t  has been o erved t h a t  the f i r r e g u l a r i t i e s  ~ l u e  to s p u t t e r i n g  become pro i n e e t  i n  Ti& 
- - - - - -  - - 1  - -  - -  -- 

af tcr sputteri-ng a b o u t  1 )I- of t h e  crystal* ~ h i c k n e s s .  ) The 
t h 3  

s p u t t s r l n g  =,ate obtaiped from t h u  d&h prof ilk$ for pure Ti& 

orystcls are g iven  i n  Table 5.1. Three v a l u e s  f o r  the %' 
- - - - - - - -- 

- - - - - - - - - - - -  -- - - - - - - - - -- 
sputtering rate  are given - fo r  sample .!#2-. I n  order t o  o b t a i n  

several m e a m r e a n t s  from one sa.ple, t h e  crmtal ws.  f l r b t  

s p u t t e r e d  partly through, t h e n  t h e  . td ickness  of t h e  r e m i n i n g  

crystal was muasured and t h i s  procedure was ,repeated. In 

8-18 #2 the  crystal was comple te ly  s p u t t e r e d  thrbugh its 

' n u t s .  The depth . p r o f i l e s  *\mined d u r i n g  the   final^ 
L,.* 

s p u t t e r i n g  perlod ( f o r  88 minutes)  "are g iven  in F i g .  5.5 to 

show t h e  drop of t h e  and T i -  s ignals  crystal h a s  

/ been aput tared comple te ly  through .": opt tcafj photographs of 
;3-A 

'4' 

sa&e I 2  before and after sputterlns i n  Pig. 5.6. ' 

W> ? 

_ An optfcaL photograph of an intercalated Ti& 

3 

ctyartrl used for d e p t h  p r o f i l i n g  is s h o r n  i n  P ig .  5.7. For 
1 
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- - - - - - -- - - - - - - - - - 

-- - -- - - - - - - - -- - - - - -- -- - 

tiipol&.s at different distances away f r o ~  the edge as seen 

Xii w. b.8a. me idea ~iLGLdetermine whether anye 
4 

significant differences would bo found i n  the mputterlnq ratas 
- 

I 

.in the three regions with different Ag concentrations. The 

results obtained for two samples are g i v m  in Fable 5.2. 

Tables 5.1 and 5.2 show no aignificant~difference 

erystslts. = ~ h f r  u y  &e doe to the low concentration of Ag bin 

AgrrlSi ~rystals, h e r e  x for Ag w s  d 8.2  fog the samples 
I * Q us4 in these experi~nts. In both Ag/TiSr UW Ti8r the  

- - - -- - -  -- - L -  
- - - -- - -- 
- 

sputtering rate was f o ~ d  to be 120 t 30 U-ln, lot the 
I 

settings used. The obdarvation that *the sputtarlng rates tor . 
k 

pure the sala4witMn experi~ntul 

in interpreting the data presented 

: in chapter 4 .  ~f the s@ierinq rates h a r k e n  iigni~tc.nt~~ 
4 

I 

d if fcrant depths, conf d i n g  kha data and raking interpretat l o n  
5 

mre difficult, ' 

poaslble atructurab 
I 

energy electron d i  f f 
d - -  k 

a Ti& sample were ob'tatned 

b 
In ~ d e r  to inveskiqate 

. - 
due to sputterin 

(RWSD't patterm 
, i. 

(by Dr.B. &inrich) k f d k  and a t b r  sputtering. In both Y 

t 

cases, the s ~ f a c e  ~stz~ture of the T i S a  crystal shn-4 - - - - 

hexagonal - s-try indicat ix  that atodc mikjng due to 
R ,  

~pu*tering uus negligible a& the crystal retalped its 8Jngls  

cr-tal structure. This observation suggests Wt the- Ti&- - -- 

w q l a s  m y  have sput t~rad  as T i &  wlecolcs or as %if or 8. s 



as sputtering. 
0 



* 
Fig. 5 . 1  A T1Sr crystal mounted t o r  thickness measurement. 

4 ' (a) A crystal loanted on a condu ting substrate- 

Lbl A sample aounted on an 9EU s holder 



Gold evaporated edge 
of the skbstrate 

3 

TiS crystal 
2 \ '  

Electron beam 
l 1  

TiS crystal 
2 

mounted verticslly 

SEM sample holder 



5 . 2  SEW photograph shoulng the cross-section at 

crystal'  th ickness  h?f ore 

an edge of 8 pure TiSr 
I 

i n  depth 
I 

i n  thin 

sputtering, 



Measured thickness = 3.22 prn 

Fig. 5.2 



Pig. 5 . 3  ALB depth profile for S, Ti and 0 on the pure Ti& 

crystkl'shojm in Fig. 5 . 2 .  b .  
*-e - + 

. . 





.+- - - 
- -- 

- -  - - -- - 
-- 2- *-- - 

- - 

--- 
- - -  -- -- - 

- - -- 

- - - 
- - - - 

I a' 

V -7 

rig. 5 . 4  3m photog ph of t h e  cross-section of the T 1 L  - I+ 
crystal  at ,an adge after t h e  depth prof lles given 

in F i g .  5 .3 .  * 



Measured thickness = 2.21 pm 

Fig. 5.4 



Sputtering rate for pure crys ta l s .  
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, 
Fig. 5 . 5  Depth profiles f i r  9, ti and 0 obtained from 

sample 1 2  i n  Table 5.1. . 

?hi# figure shows the drop of t h t  S and Ti signals 
.3 

from the Ti-& crystal as the3salple is completely 
6 

sputtergd through its thickness .  " - 





shoving .the pure 

used i n  the depth prof f f e n  presented f.n Big.. 5 . 5  

(a) before any sputtering 

- (b) after sputtering through the cryakl. 



Fig. 5.6 



crystal  fsampfc #I, Table 5 . 2 )  used in depth 

, prof fling, 



Fig. 5.7 



Diagrams showing t h e  positions of t h e  points used 

fn depth profiZing for saq?les #1 and 1 2  

in Table 5 . 2 .  



(b) SampIe #2 



The point nsubtrs given for saapfes I1 and 1 2  

are identified in Pig. 5.0, 

ihe total erystaf t h i c k n e s s e s  in c a l m  I are for 

pure T i s t  crystals .  Lattice expansion of 6t. vas 



Average sputter tng rat+./lzO &/.in 



Bistrfbution in a mgttalgy in terca la t  
1 

- - +d T i S r  w ~ t a l  
-- 

+ 

Using the data prcsentcd in section 4 . 4 ,  a dfagram . 

--- 

representing the'~-dirnslonsl diatrlbution o f s l & - h a  
- 7  

- -- - - - - - 
- - - - - - - - - - -- 

p a r t i a l l y  intercalated Agup/TlS~ syater vas constructed as shown 

in F i g .  6 .I: An enlarged view of t h e  region from 0 to 2000 1. 

of Pig. 6.1 Ls shorn i n  Fig. 6 . 2  for clarity. Each line &can 

given in Fig. 6.1 represents the distribution of intercalated 
- . ?. 

are indicated In P i g .  5.1 as they e r e  observed tn t h e  l i n e  
d 

scan8 and on the 8ED photographs presented i n  section 4 . 4 .  

The front posltlons detected in the l i n e  scans arc m r k e d  with 
, 

arrows. Solid bars indicate the front posttfons seen on the 

$LO photographs o r  on the SOD image display. A broken arrow 

1s used -en a front poaltion was not very clear.due to a 
A- A 

- slop. i n  r line sun* Iha i&sr+st@ mphmr-ttrrtmr- - - 

- -  
h i n t  l.y _ ~ i s  ible  m 3 P D  -re i F - 7  

bar.  

A. above in PLg. 6*1 thc fro& f ew%tF frr * -- 

line scans uerc always obsetved on the  8lD photographs. • ˜ o r  
t 



l i n e  scans. The low centrist regions on t h e  SED photographs 

vere observed d i s t i n c t l y  only at high magniffcations. 

To ,compare the Ag &&s$rlbut ions at different depths,  
- 

t h e  ratios of t h e  average counts of Ag to S in dlffaxent 

regions were considered. The ratios, given i n  figs. 6.1 and 
- -- - - - --- - - - --- - 

- -- 

. 
6 - 2 ,  wetre c a l c u ~ ~ ~ ~  for different region8 seen on the Ifns 

scans with a p p r ~ x i l s a t e l y  c o n s t a n t  Ag conctntratlon. k value 

c o u n t s ]  for t h a t  particular region a f t e x  subtracting t h e  

background. The statistical errors of Aq/S ratlos ranged from 

i 0 . 0 0 3  to t 0 . 0 0 6 .  Some Ifhe scans  performed on a pure T1Sa 

crystal-using the same energy window used for the Ag peak in 

A ~ / T ~ & : L  gave a Ag/B ratio of about 0.160, and t h l s  value was 
* - 

- --  --eens-e trmrfrpunmrF~v~~*oF€fiAg S i n a  l , 
A- 

% - 

rrt the  course of data analysis another -ohservat ion vaa 
5 

m~de  supporting the lnstab3lity of high-concentration Ag 

r e g i o n s  near the surface of a partially intercalated crystal. 

fig, 6.3 ~ h o w s  a fine scan obtalped from a Ag/T18~ crystal 

a f t e r  sputtering t h e  sample u n t i l  stage 2 lreglon A )  appeared 

near the intercalated crys ta l  e d g e .  The regions Indicate& as 

was obta ined  at d = 1730 A .  {The h l a n o t s e  level present In 
- 

the line scan Is due to l o w  data acquisition time.) Then t h e  

sample was l e f t  w i t h ~ ~ t  further  analysis and the next iim -- --- 

-scan obtained a f t e r  about 16 hours at the sarre depth  is s h o w  



- ----- _ -  _ -  - - 

I n - l f g .  6.-4. It %s naticed that the high a m u n t o o f  Ag 
e 

-- 
u h S r W & k ~ ~ t ~ h ~ r ~ - # o n  ii i n  Fig. 6.3 had diffused into the 

crystal fro. the edge' The n e x t  l l n e '  scan obtained at a depth 
- -, 

d = 1970 i from the orlgfnal  surface also did not show a hEgh 

rq/s ratio near the  eryat?l edge as observed in Fig. 6 .  k- , 

HoWwr, the region A rcappcared in the line scan conducted at 
1 

d = 2450 A, presented fn Fig. 6 . 5 .  The line scans ibtaxned 
- - - - - - - -- -- - - - -  - -- 

afterwards fof3owleb the regular pattern as seen in Fig. 6.1. 

This type* o'f dIffuaion uas observed in some other samples 
** 

also. The diffusion of Ag ae shown in pig.  6.4 was observed 
- - - - - -- - - --- - - -- 

- -  - - - 
- - -  

-- - - - 
- -- 
- - - -  . -  =i 

to be insignificant within the data acquisition ti= for a 

line scan (I hour/line) . To vci3"fy this, a a a q l e  was 

sputterad until t h e  region A appsared and fine scans were 

repeated continuously at the same depth and position. No 

significant changes f n  the front positions were obpezved 

From the in formtion  in Fig. 6.1, the regions which 

Were intercalated with approximately the s a m e  concentration 

are irrdlcabd in Pig. 6 * 6 .  The stage 2 (region A) observed 

near the crystal edge below a depth d = 1130 A (af ter  L6 in 

F i g *  6 1 f ha4 inttrc&&& tn-the highest s i l v e r  m S - , T - R e - - -  

average - Ag/S rat io  in t h i s r e g l o n  m i  calculated t o  be 4.Q81, 
L 

The region just below the original crystal surface, indicated 

as region B in Pig,  6,6, sho#ed t h e  text hiqhest_)lg ---- -- 
- 

-- 

cwcsntration.  ?mat fnttrc&fztted region near t h e  crystal edge 



forezrtton of a higher concentration of stage 2 In regfon C d i d  
4 

n o t  occur  probably because o f  motion of Ag from t h e  r e g i o n ,  

Jrear the edge into t h e  I n t e r i o r  of the  crystal. Althcyugh the 

l i n e  s c a n s  L 3 ,  L4 and L5 were performed o n l y  up t o  a d l s t a n c t  
r 

3 

- 
- i of 9 0  )lo from the edge the crystal at t h i s  depth must have 

-< - 
- - -- - . -  - - 

f 
intercalated much fitzther.  In many cases t h e  average A g  

concenfratlon in region C was t h e  sbme as t h a t  found i n  r e g i o n  

i n t e r c a l a t e d  r e g i o n  from t h e  e d g e  ( r e g i o n  D, F i g .  6 . 6 )  ~eemed 

t o  have intercalated to an a@proximately t o  a c o n s t a n t  

concentration of Ag w i t h  an av&age Ag/S o f  about  0 . 0 4 2 .  

A f t e r  L8, the  width  of t h e  r e g i o n  D started to decrease with . 
i -./- 

- - -i~efea&rkq dep*,-ulsappnrred trimple teL y=i€hadepthL p--7 

reached - 8000 A (Fig, 6 . 1 ) .  After the r e g i o n  D had 

d isappeared  the   region.^ In  LIZ showed a lower r a t i o  of Aq/8  

at a vahe of 0 . 0 1 3 .  I t  seemed t h a t  r e g i o n  F had intercalated 
4 .. w i t h  Ag t o  a low c o n c e n t r a t i o n .  For t h i s  sample, t h e  line 

scans i n  r e g i o n  F were performed only up t o  a distance 'of 

about.'lOO pm from t h e  crystal e d g e .  Xost probably, t h e  

r e g i o n s  far from - t h e  - crystal pdge had n e g l i g i b l e  ammts nf - - -- 

Ag. Line  scans perform& on other A~i'Tf8n crystals a t  low 
- -  -- -A 

magniffcations to probe longer distances showed crystal 

rcqions without any significant Ag c o u n t s  a t  distances fa= . 

from t h e  c r y s . t a 1  edge- For exarple, the l i n e  scan g f v e h  in 



up to about 350 p~ from t h e  edge and the region beyond about - 
- "  - 250 pm was found t o  have no significant counts for Ag,above ' 

the  background level, 
i 

The data obtained from one sample indicated that t h e +  

Itg distrlbutiolr  gkvun i n  F i g .  6 . 6  is syntasetzicaf ground the 
.A - - - - - - - -- - r -  

- 

center of t h e  crystal. The crystal thickness was abaut 1 pm 

t h e  region D f o d a  curved envelope vh_lch tends to bend toward 
- 7 

. - the crystal edge near the aurface region (see fro-in L3 to 

L6.1. The reason for this behavior mwt be, as c&iained 

e a r l i e r ,  incieased diffusion of Ag into the interior of the 

- - -ta 1 , f ~ ~ e ~ i - e n - ~ t - s h ~ ~ - r 6 w  a e F & s i - 4 h i a t y p e  o f 

behavior vas once observed even for region A. In that case 

the crystal was intercalated to obtain a broad stage 2 Cregion - 

A) of about 100 pm i n  width, and hence it was possible to 

observe the formtion of region A as the depth increased. ' The 
-." P 

I 
region A initially had a narrow width ( # - 2 0  ).m3 and then t h e  

'vidth of the region increased grhdually &s the depth 

region D. These observations tlrpfy that an intercalated 

region with a high Ag concentration tends to be unstable near 

the surface region. - - - - - - - -- - - - - - 

+ - 
- 

- 
Roa the XRP and optlcal results in chapter 3, region A 



t 1 
t t  \ X I  - fig a 1 stoarsl of:0.2." I n  order t o '  

give a rough estimate for the Ag concentration in rbgfon- A 
I 

J using Auger peaks, the ~g and Ti peaks given in ~ i ~ s .  6..8a and 
* 0, 

b were considered. f&e height of the minor Auger peak for , 
- c 

Tit354 eV)  which overlapped with the main Ag peak (351 eV)  was 

obtained from Fig, 6.8b. : After subtracting'tht Ti(354 eV) 
L - - - -  - - -  - - -  - - - P A - -  6 -----  

- 

peak height from f-Aqf 351 eV) + Ti (354 eV) I peak height i:h -Fig.. 
L 

6.8a the ratio of AgLg(351 = v j / d 3 8 7  eV) was found to be 0.03. 

rhe atomic sensitivity factors for Aq and Ti *re included in 
-- ---- - -- 
-- - --- 

- % - -  
- - ---- - - - - - - - - 

- - - - - - -- -- - - -- - 
- - - - -- - 

t h i s  calculation. (survey spectr% obtained for pure AQ and Ti 

metals showed that t h e - ~ g  signal- is three times higher than 

t h e  T i  signal.) The Ag/Ti ratio obtained from Auger analysis 

is seven times lover ;than the  expected ratio, x = 0.2: This 

can be explained by considering the different sputter>ngaratea - _  ,, 
1 

sptzttcring for Ag have brod&ed a Ag deficient liyer 'on 
P- - 

AR/TiS= sample surface. In addition, a slight local diffusion ' 
e 

3 
of Ag n s  observed due to th& heating caused &y,the electron 

J 

C 
* * 

bean. This diffusion m y  also have zeduced the Ag signal. t3 

To compare - the aqunt of A q  intercalated- in b i f  farent - - -- 
- 

regions, the Ag counts  for each region were c~nsidered I 
-- - -- - -- -- 

relative to the Ag counts for the region A of the sams sample. 
I e- 

The Ag counts obtained f o r  the region A can - - be - -- considered as a 

a measrue' of stage 2 AQ chcentration. Consistent results were 



intercalated to a ILg content from about 0.6 to 0.7 times that 

of the rcg lon  A .  ~ h c '  Ag content in the regia C was found to 

be the same aq that of the region B in laost'~'r~stals ,  however, 

in a couple of samples i t  was close t o  the Ag c o n t e n t  in the 

region D. Relatlve Ag content i n  'the region D \;as found to be 
- 

- - - fi- - 9 -  - 
- 

froat about O . 4 A  to 0 . 5 &  and for the region B from 'about 0 .  ZA 

to 0 . 3 A  where A is the Ag content In the reg ion  A.  

- When analyzing Ag/TLS2 samples the distribution of Ag 
I - - - -- - - 

- - -  - - 

- 

was always observed to be similar to Fig. 6.6. However, it 
C 

was observed that the f l r s t  detection of the region C or the 

region A did not occur exactly a t ' t h q  same depth for all the 

samples analyzed. The first detection of the region C, as in 

L3 at 25 pa for the s a q l e  in Fig. 6.1, occurred at a depth 

depth ,interval was estimated considerinq the depth5 where line \ 
i 

scans were perforescd. A & ~ K  intercaiatidn the samples -%re . * 
left for at least about a day before the analysis to g i v e  

enough time to dry the glue Ctorr seal) used for sample 

mounting and to allow evaporation' of the other solvents. used 

in s a e l e  preparation. This ti- interval between the 

---intercalation - and the analysis ranged from about @.75 day-to -- ---  

- 3.5 days for all the samples. except f o r  one which was analyzed 
I -______------ - _  - - 

a 
10 days after intercalation. It was n o t i c e d  tirat the first, 

d e t e c t i o n  of the-region C occurred at a depth vhich was in the 
f 

fovsr range of 100 to 300 A ( i  .e . ,  a t  shallow depths)  for -the 



, 136 > 
- - -  - --- 

saqfes  uMeh vcrt analyzed *tween-abrrst @35-t(r l d a y b f f e r -  - 

3 days later, the region C s tar ted  at a &epth between about 

400 t o  700 A. Thks observation indicated that the stlver in 

the  region C was still moving after intercalation. The reglon 

C in the sample vhich was analyzed 10 days after intercalation 

was also detetted first at a<depth between 400 to 700 A as for 
- 

the samples left for  2 t o  3 days. Thls indicated that the Ag 

i n  the region C had been stabilized by 2 to 3 days a&er 

intercalhtion. The depth at whlch the region A started to 
- - 

appear uaa estimated to be between =bout 1000 to 2006 A for 

the samples analyzed. I n  thin case, i t  was difficult to 

observe aqy significant differences between the samples with 1 

various t i=  delays before analysis. One problem associated 
I 

with the detection of the starting point of the region A was 

khe d m *  x k w r  =ifq&kis- ~ i r r ~ w + r u q k t t  f*y*:+€-- 

to 35 pm) distinctly in a line scan performed at a 1,ow . - 
* ,  

nragnlf ication. 

The regions such  as B, C, D and E which precede reglon 
5 

A {stage 2 )  may have been intercalated with mixgd phase's. 
Y 

Very lou-concentration reglons 3uch as F may have forked with 

dilute stage 1 silver. It has been observed in a prevlous 

theoretical study 1 3 8 )  that stage 2 intercalation starts with 
- - 

- - 

mixed phases of stage 2, 3 and 4 and that eventually the 
- -  - 

3 * 
crystal intercalates to a vell-ordered DH stage 2 structure as 

the intercalation Ls continued (Pig. 6.L01, This study has 
P 

been carried out fur t h e  putassfWgraphfte  system. (Some 
1 4 



1 3 7  -- - 
- - - - 

-- -- -- --- --- 

clatai-Is are given on page 7,  t n a ~ i e T  1.)- The-intercalant was 

collection of alsratary  islands was considered as a DII island. 
- .  

F i g .  6.10 shows the formation of stage 2 from a p r i s t i n e  . 
zaicrotrystat of graphite. A row of rectangles represents the , . 

- 7 
time evclutlon of the lntercaiatfon process. In the very .- 

h & nning of tbc intercalatf on process (colsun a) the fslanda 
- >- .-_ - - -  

are vary s ~ l t  and highly unstable .  As intercalation proceeds 

the islands grow and tend to merge with each other and a stage 

2 structure begins to emerge at the crystal edge in contact r 
- -- 

i 

with the guest reservoir a l c o l u ~  cl. Y e t  t h e  interior of the 

crystal shows stage 3 and stage 4-like structures. Eventually 
.I) 

t h e  crystal orders into a Dausrais and HOrold stage 2 structure 

Icofwan d l .  Fig. 6.10 indicates that higher mixed s t a g e  - 

phases precede a well-orderect s taged structure during 

4ttkrectf&-fo~. & r e g k m r ~ & ~ ? r r  - F k g ~  6 ~ 3  rreayY-t,e-t%% -- -T--- 
'it- ' \ 

mixed staqe phases that appear to precede W l - f o r m e d  stage 2. J 

of motion near the crystal  surface. s he crystal  lattice can 
- 

easily expand near the basal surfaces, increasing the 

diffusion of intercalants through van der Wals  gags. A 

highly concentrated stage 2 region w s  not observed just b l o w  

t h e  crystal surface ifsor 0 to PO0 A1 probably due t o  the -- 

rapid diffusian of )rg near t h e  surface. Such a rapid 
- - - -  - - -  -- - - - - - -  -- 

diffusion of intercalant tn the f i ra t  van der Yaals gap has 

?sen obserGd in the -couputer slrulatlon shown -in F i g .  6.10. 

Aaother study mich supwrts rapid surface Intercalation has 
i 



extending a greater distance from the i n t e r c a l a t e d  edge than 

tbe other phase. The intercalated region which had moved 

farther from the ge 6-s  found to be localized near t h c  

crystal surface to a depth less than.1 pm, 
- - -A 

- 
In ZLgfTiSa, t t ' n y  be possible t h a t  a stage 2 region 

(as region A )  had formed in the region C . { P i g .  6 . 9 )  during 

intercalation and khen t h e  &g atoms redistributed by the time 
- t- 

-', 
- -  - 

- - 
of t h e  analysis. This depends on both the Ag intetcalation -- 
rate and the rate of aotiun of Ag in the region C i;n the T i S a  

I 
lattice. In the case of stage 1 and stage 2 formtion i n  

Tist, it is possible to create only a stage 2 region by 

selecting an intercalation rate lower than the stage 1 t o  2 
w -  c n n y d m  -&-- 3 ) - - - - - - - -- -- - .  - 

Another observation made, but not studled in detail 

during the experimxtts given I n  c h a p t e r  3 ,  1s that the stage 2 

front observed optfcally with reflected light during 

intercalation either faded or disappeared when t h e  

'intercalated cfystals rere reobserved opt lcally atter several 

days. The optical absoz&t-ion coefficient (a) for TiS. is 
.I 

a ) ,  yielding a value of about 130 A for the penetration d epth  
- - 

-- -- 

I /  . Phis implies that the optically observed region during 

intercalation is In the region C .  Hence, 'the disappearance of . 

t h e  optical stage 2 front indicates that t h e  Ag in the reqion 



- - - - -  - 

- - - - - -  L - - - - -  

C had been mvf ng even-after ~ n t e r ~ a h ~ i o n  wastermi nated. 

The x-ray  fluorescence results given 
F 

fo r  tbs &ion of the stage 2 front i n  T i &  

- 

tn section 3.2.2 

crystals of 
I 

behavior  oi the 
I 

thickness a b u t  2 PI inUicated  a stationa~y 

stags 2 front at robs temperatare. kepektca XRF line scans - - . 
- - -- - 

pe~burBhd OF stage  2 ItgtTtSr c r y s t a l s  indicated the same stage 

2 f r o n t  p o s i t i o n .  Wen though a stable stage 2 region was 

found f n  the bulk of a thick drystal, the stage 2 was observed 
- 

-- 
- - -  

t o  -be ~ ~ t a b l e  i n  t h i n  crystals of Ehicknes-s less than around a - -- 
7 0 0  A (59): In this case, a stage 2 Ag r e g i o n  was observed 

crptically during inte~calatiun and tfte Ag in the stage 2 

rsglon ra.aIncd loblle _even after t h e  i n t e r c a l a t i o n  was 

terminated. - 

been observed to h strongly t h i c k n e s s  dependent (41) and the  

rate varies approxtmttly as x-'/= , where x is the cryatal 

thickness. This is c o n s i s t e n t  v i t h  t h e  o b s e r v a t i o n s  aadc here ' 

th.6 a t h l c k  crystal i n t e r c a l a t e s  f a s t e r  i . , longer 
2 - 

dls tsncas  from the intercalated ebqC} a t  the basal surfaces 
' 4 

than deeper I n  the crystal, as reported  i n  t h e  Anger awlysia 
- 

In sect ion  4 . 4 .  The opt ica l ly  observed stage 2 intercalatFon -- 

rat s  i n  Ag/iiS1 - - samples given here was about  2 g r / r i n .  
+ - -- - - - - -- - - -- - - -- - 

Considering the probing d i s t a n c e s  i n  line scans i n  the surface 

ra9ioq B (depth  < 100 A ) ,  t h e  rate of intercalation i n  the 

rsqlan B m a  fou& t o  be more than 10 times higher than t h e  



ref .dl. 

In the  course of the  study of t h e  motion of sfage 2 

in the Ti8, lattice i t  r a s  noticed that the stags 2 Ag has a 
-- 

high rate  of motion i n  the f o l l o w i n g  t h r e e  c ircumatsnccs:  (1) 
, 

near the crystal qurface r e g i o n  in Auger analys la ,  ( 2 1  fn t h e  
\ 

bulk of a crystal when the crystal is being int.rka3at.d 
4 

fsection 3.3.1) and 1 3 )  i n  the bulk of a, crystal  dur ing  t h e  
. r 

, s t a g e  1 t o  stage 2 conversion- (section 3 . 3 . 2 ) .  hs meritloneb 
- -  - 

- - 

i n  s e c t i o n  3 . 3 . 3  the d r i v i n g  force idr t h e  stage 2 motion in 

f 2 )  and ( 3 )  can be the i n t e r l a y e r  electrostatic repulsion 
- 

between t h e  Ag at- In t h e  stage 1 r e g i o n .   he separation 

betreen stage 2 ~g atoms 1s twice t h a t  of t h e  stage 1 Ag atom 
- 

i n  t h e  ncn direction while khe in-plane Ag atoms in both 

stages r e s i k a k - e f f t t a - l ~ i o n s .  - 4  f n--e +-SF, - f+f  s-------- 

e l i e v e d  t h a t  t h e r e  is a narrow region of s t a g e , l  at t h e  edge ' 

of an i n t e r c a l a t i n g  crystal.) I n  s p i t e  o.f t h e  elastic s t r a i n s  .. 
- 

induced by t h e  d i s t o r t i o n  of t h e  h o s t  l a t t i c e  dur ing  t h e  
1 .  

f o r d t i o n  of a stage 2 r e g i o n  ( ~ 1 ~ .  3 1  t h e  observation o f  

rapid stage conversion indicates that t h e  decrease i n  Coulomb 

energy is g r e a t e r  than the e l a s t i c  energy  expended i n  forming - 

'The stage 2 Aq d i d  not s h o v  any s i g n i f f c a n t  
- - -  - - -  

the b u l k  of a crystal in  t h e  absence of stage 1 Ag. 
- 

electrostatic repulsive forces in the direction 

the stage 2 ators are probably not strong enough 

The 

betuean 

t o  drive 



-- - -  

+he Ag atoms th-rottgh the-bulk latt-ice; I t  1s clear from 
- Ptg. -3.-f& % ?n -ar&~T -vean,XslXnd f tor a stage front: 

into t h e  empty crystal region it is necessary to create nsw 
-- 

bends in the h o s t  layers. The number of bends t o  be.created 

increases with the depth  from the cryata'l surface. In other 

words the elastic energy that has to be overcome during t h e  

- motion through the van der Waals layers is less near the 
- - - - - -- 

c r y s t a l  surface. As obkrved i n  t h e  Auger a n a l y s i s  it seems 

that the elccttostatlc repulsive forces between the stage. 2 4g 

is sufficient to muwe stage 2 Ag in the surface region of Ti& 

1 crystais. 

Two modes of intercalatio~ have been propased for 
\ 
\ 

graphite systems in a previous study f 6 0 ) .  The first type ia 
f 

characterized by the +men e of an intercalate concentration 

gradient fn the intercalated region which 'implies that $ick8s 

-&-+a mrt appl P cable . I r t k c r l r s Y  type, %lie 

is observed as  a sharp i n  a l a t i o n  front advancing in to  the -9 
c r y s t a l .  Thia suggests that diffusion is mch faster than  the  

, accompanying stress relaxation and t h a t  t h e  intercalatiop 

process is interface-controlled. The second type of 
r - 

concsntratlon profiles have been characterized by a gradual 

decrease of the intercalate concentration from the 

Intercalated edge t o  the -interior. In this case the profile - - -  - 

docs not exhibit a sharp front and a p p a r s  to resemble one 
- - - -- - - - - - - - - - - - - . 

t 

based o n  Fick8s Ibv di f f tmion.  The i n t c r c a l a t i o c l o d e  

associated w i t h  Ag/Ti& s,arplcs where sharp f r o n t s  are a - 

t 

observed at  boundaries between. intercalated regions ree? to 



3 - - - 

- - - - - - - -- -- - - - - 
A - 

be t n t e r f a c e L ~ u n t r o i  he. 

intercalat ion front vhich separates the 'empty and intercalated 
- 

regions in a partially intercalated Ti81  crystal has a sbapa 

sfailar t o  Pig. 6.21. The surface tagion wkthin a depth of 
- 

about LOO A from the original crystal aurface intrrcrlrtas 

continuously with a m r e  or less constant intercalant - .  
- - - -  - -  

concentration,--!Pbe steepness of t h e  intarcalatfon front which * 

separates t h e  empty and the intercalated regions of a crystal 

1s. redaced by re~Lons such as D, B and F. I t  stoma t h a t  
- - - - - - - - 

i 
- 

nixed-stage phases  such  as D and precede a -11-ordered 

stage. %ince  stage ordering is expected to improve with a 
t 

longer intercalation ti- or a higher molar fraction bf  
a * 

intercalants ( 38  ). the fraction of stage 2 tn the rtxbd-stsqe 

phases  such  as D arrd E would probably increase with longez 

edge &creases with increasing depth from the basal surface. 

The broad i n t e r c a h t l o n  f r o n t s  observed  i n  XRP scans 

( P i g .  3 . 6 )  seem t o  be due to this behavior.  The Island W e 1  

gresxmtec? i n  Fig. 3.11 assured a well-ordered stage 2 

structure 3ithout any mixed-stage phasea". Since the cryntals 
.2- - 

used in the XRF analysis' had been intercalated for relrtl-l_y -- 

1 

valid perhaps except i n  t h e  region very near the basal 

sarfaces (-100 A ) .  In addition, stage disdrder m y  be 

observed, to s o w  extent, a t  t h e  stage 2-e-ty c r y s t a l  

_ .  
-1 

* 

- - -  - -- 

a 



The deintercafation of Ag/TIS= occur stages ( 6 ) .  

vhsn s stags-1 crystal dei~tercalates, t h e  
-- - 

starts convar ttng i n t o  -stage 2 -3 ~ o a  stage 1.  he dap1&d 
, 

region proceeds farther intd the crystal from the edge as 

deintercalrltion continues. An X R F  scan obtatned frcm a 
- -- -- 

-- -- 

partially d e l n t e r ~ ~ a t e d  crystal shoved a broad 

deintkrcal&tlon front at -the boundary butween Chc stage 2 and 

stage 1 regions. I t  *uld be of interest to s t W y  a partially. . 

dainturcalatcd crystal  using Augur malysfzs to observe tbe 
% 

variation of the distrtbutfon of intercafants in tbe host 

, structure-, 



F i g .  A diagram representing the 3 -d iuna  tonal . 
distribution of Ag in a partially intercalated 

Ag/?iSa system, 

The front gosttions are m r k e d  with arrow and burs 

as they were odserved in lins scans ank on SLD 

given here are the r a t i o s  of ( A g  counts)/fS counts) 

for regions yith arrows. 



Li? a m f  t a. 7 1 

Fig, 8.1 



Pig. 6.2 An enlarged view of the 

of F i g .  6.1.. 

-tegion- from 0 to 2000 A 



0 
in- 



eig. 6.3 Auger l i n e  scan-qbtained on crystal  

at d = 1730 A showing both and D. regions A 





Pig. l i n e  scan perfornrd on t h e  s a w  aampfe 

Fig. 6 . 3  after  about 16 hours. + 

t h e  region A b d  diffused into t h e  c r y s t a l .  P 

/ . 
# 





P i g .  6 . 5  Auger lfne scan conducted 

a3 in Figs. 

The regions 

'on 'the same saaple- 

6.3 and 6 . 4  at d = 2 4 5 0 ' A .  - 
A and D reapkared  a i t e r  sputtering. 





Pig. 6.6 A figure ahowlng reglons w i t h  approximately t h e  

saae Ag concentration, constructed from Fig. 6.1, 

The region A is stage' 2 .  
i 

- , . 

I I 

- - - - - - - 
a 





Fkg,  6 - 7  An Auger l i n e  scan perfoxrred at a low -gnification 

analyzing' over a long distance. 

+ The amount of Ag in the region beyond -300 V a  is 





P i g  c Auger sutvey spectrum for 

(regton A ) .  

Ag and P'i peaks a r e  shown. 

Auger survey spectrum for a 
* - 

T i  peaks are shown. 

pure Ti 8= aampls. 

[Peak energy values given here are from standard 

spectra. In Ptgs."6.8a ind b t h e  p e a k  enargies 
- --- - A - - --- - -- - - - - - - - - - -- - -- -- - - - 
far Ag and Ti are shifted by 5 e i  and 6 eV, , & 

.respectively.) -2 
' i  







P i g .  A f i gyre shoving intercalated Ag content 

i n  different regions i n  Ag/TfSp relative the 





Pig. 6.10 
a 

Three dlransional  Monte-mrlo coaputer Pimulatian 

Bath column represents  a stack of van der Wafs  gaps 

right. The iqtercalate is shown as black areas 
0 

1~ van der V a a l s  gaps 1 to 10 of the crystal. The 

gab 1 is n e x t  t o  a basal surface an$ the gap 10 is 
* 

near the crysta l  center. The intercalitte enters into 

(Courtesy of Dr.G, Kirczenowl 





Fig. 6,11 Schematic cross-sectional view of the shape of 

the  intercalation front vhich '8eparates the eapty  
, 

and the intercalated regions i n  a part ia l ly  
# 

intercalated Ag/TiGn crysta l .  The vertical 

scale (c-direction) is greatly exaggerated. 
- - - - - - - - - - - - - - - -- - - - -  - - - - - -- - -- 



crystal * 

edge 

I 

Stage.  2 front ' 

I 



fhe  motion of intercalated Ag in Ti& was studied . 

using an optical ~icroscope, a scenning eiectron mi_c_rosco&_, 
- 

radioactive tracers and a scanning Auger electron a icrosc~pe .  
Y 

30th. ~ ~ t i c a i  &EX•÷ XPP stlldies done on . partially intercalated 
Aq/TiSt crystal showed three regions, identf f fed as stage - 1 2  - 

stage 2 and an empty crystal region. The XBP study showed 

, t h a t  Ag i n  the 'stage 1 r e g i o n  converted into stage- 2 Ag 

rapidly  at riom temperature. In addition, no motion of the 

stage 2 f r o n t  was observed a t  room temperature a f t e r  t h e  stage 

1 to stag* 2 conmrsf&n was corgfeted. 
- - - - - - - -- - - - - -- -- - - - - - -- - - -- - - - -- - - - - - -- 

The radioactive trace~ results indicated t h a t  Ag in 

t b e  stage 2 region can mve through the bulk of a P i s t  crystal 

during the staqs 1 to 2 conversion and also when a crystal is 

being intercalated. The electrostatic repulsion betueen the 
, 

stage f Ag a t o w  I n  the 'cf btradtion seem to &e responsible 
4 

for t h e  staqs 2 Aq w t i o n  i n  t h e  bplk of the ~ i s t  lattice. 

The Augur r e s u l t s  aha-d that Ag has a high rats of 

t* efy~k*? sf t~~aee.  an%f+fs cam t d  cmt m - - ' -  

I v i ~ r t r n r - ~ - ~ ~ - ~ I S  
r 

P 

h d  intarcrlated across tie crystal surfaces vhile the balk of 

Um czgatahs ~ e a l f r u p t u a d o r k b ~ ,  A - 

ntaga 2 region wttb  a high Ibq concentration was obstrved to be 



unstab le  

observed 

near the crystal surface. 
-- - - 

t o  precede a mlf -ordered stage 2 phase. 



for AM- l b e  scans 
Y 

f n Auger line- scans, the electron. beer t s  stepped point 
,- 

by point along a s s l e c t e d  line and the b i f  ference bktween the L- -- 

Auger p e a k  height  and the background level is seasured ,  
. ' 

Table A 1 . 1 ~  presents  the parameters specified for data 

The louer limit and the range define the energy wvindovn for 

which data is to be acquired. -The last four parameters yield 

the data 

used for 

acquisition ti-. Longer data  acquisition tiae uck 
, 

Ag by selecting a higher number of sweeps since the 

Ag ;tgnal is ueaker than those of Ti and 8 .  

Table Al.lb. The bast energies define the background level. 

- Once the peak amplitudes for the elements were selected, * 

total data 'acquisition time per ,line were def irted t o  continue q 
1 

4) 

the llne scan. The a-r of points in eacb  linc was selected 

sslsctsd as 60 minutes .  

. 



The parameters specified for data acquisltioh 

in obtaining Auger peaks in a line scan.  

The peak and the 

Auger peaks f n  a 

base energies  spccif ted f o r  

line s c a n .  



Table 

*, 

PEAK SHXROY ( c V 1  

2HD BASB wXR&Y f e V f  



Parautcrn ewci f led  for Btvth  vrofilinq 1 

depth profiling. The energy *windoww for each element is - i. 

given by t h e  lower I tmi t  and t h e  xangs while the data i 
I 

Table ~2.la. The p a r a v t e r s  specif led for aputterlng and the 

settings for the* sputter ion gun are show6 in Fable A2.lb, 

Analysis was carriid out vith alternative sputtering; each 

cycle~facluded an Auger analysis of the aaspfe a t  speciffad 

>, 

points followed by sputtering. this cycle wan carried out 

thickness. The sputtering time per cycle is given by s p u t t e r  

ti= /number of cycles, nC 

I n  khfs  particular example given- i n  Tables A2. la  and 

b, two points were aafuctsd  for depth profiling, t h e  elements 

Ti, S and O were selected for Auger analysis and t h e  sample 

was sputtered for tro minutas in every cycle, Tha vaitms 

given dcrr that f a s t  SIX paramttts in Tabre A2.tb were w s m t  fox------- 



~ a r a k t e r s  specified for depth prof fling. 



Table 
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