T TUNationgl Library < T T BibROhS T - s B A z
,,lgl,qcm R e S
' ' CanadianThesesSennce Service des théses canadiennes . - E
- KA ON4 ’ . © -
NOTICE i A\[lS T

ity ot sndentopon the
g.laﬁty of ;he ongmai theSts submﬂed for microfilming.

mnmmmmmmﬂnwqu

rewu:bctm possible.

, ,:!ﬁ e massm coruad the urwefsrty which gramed

-Some have nﬁstmct pmt ewec:auy #1he
o@m@ were typed with a poortypewrneybbon or

-!theurwe!sdy sernus an urﬁenorphotooopy

La qﬁ‘fﬁﬁé de ceue mcro!orme dépend grandemem de -
qua!né‘de lathese soumise au microfilmage. Nous avons

tout fait pour assurer une quahté supéneure de reproduc
tion.

S'i manque des. pages vewuez commumquer avee: -
Funiversité qui aconferé le grade. o

“ta maﬁfé di mpress:on de cenannes pages peu! !a:sser a
- désirer, surout si les pages originales ont é1é dactylogra-
~ phiées a laide d'un ruban usé ou si l'université nous a !an ‘
-- parvenir une 2 de'quaiié inférieare. -

Les documents gui !om déja f'objet. d'un. droit dauleur ,
- (articles de revue, 1esis pubhés etc) ne_ sont pas
rmcrommés ‘

T ”tarepr@duz;tzon mé&me partielle, de cetfe microlorme esi

sourmise a la Loi canad:enne sur le dron dauieur SRC
18706, ¢. C-30.

r
_ —q -
. — )v.
] Ty
s oo s -Canada



S s e ’ o~ (
. ‘Ti?iiél&:::uu AND nrsrataurlon or sznv:a IN _
, n}ﬁi fut-rannsrrrou METAL otcsALcoczuzgguag-rxs.x. .
‘- ;T*“ - Q . o
, 3 -
by

Dayakanth { Kaluarachchi

~B.8c. (Hon. )7 Univeraity of *Srt Lanka, v.ldyodaya Cagug, 1117**‘*

[ ‘v‘m

B If.!c SI-on !‘zaser University, 1983
™~ : ~
. . ‘
” rnxals BUBHITTtD*iu;PARTIAL runrxnnnxut or g
THR anuux&:utsrs FOR ru: DECREER or ‘
- DOCTOR OF PHILOSOPHY .- }
’ in the Depa:tnent | '
of ~
: _'Physrics' .
- () nayatanthi Kaluatachchl 1967
N >~
Ll " SIMON raasna uurv:asrry

All rights reserved. Thlis work may not be
reproduced in whole or in part, by photocopy
Jor othex -am, vlthout petnlsslon of the author.

i

2



””thetft“tﬂd‘tO*itnd or-
-—copies of the filn.

Permisaion has been ‘granted
to the National Library of
Canada to ‘microfile this

-The author ’.(copyrighrt owner) o

has reserved other
neither the thesis
extensive extracts from it
‘may be printed or otherwise
reproduced without his/her
‘written permission. '

aett““*

‘d'auteur) se
——publticationrights, amd—  autres
nor — i~ 1la

- doivent
‘autrement reptoduita sans son

L'autorisation a &té accordée
‘4 la Bibliothdque nationate —
‘du- Canada de- -

microfilmer’

cette thdse et de préter ou

‘de vendre des eéxepplaires du“'

filn.'

L'auteur (titulaire du d%oit
réserve les

tion;
thése ni de 71longs
celle-ct ne
imprimés ou

extraits ‘de
étre

e

autorination écrite. :>
o ,

T )
ISBN 0-315-42585-7°

L

\

- \\»f "\;-




H
__APPROVAL \

=

. Name: ¢ DavakanhhikxalnarachchL;!—~—%

:.Examlning Conmittee.

by S A

Tltle of Thesis Inte:calation and distribution of\silver in
the transition netal dichélcogenide 1T- TiSz

7

Chalxperson: Dr.’D.H, Boal .~ o "'-f g . '

Dr. Robert F. Frindt’
Senior Supervisor

Dr. George Klr¥Zenow

YDr,'Albext B. Curzon

 Dr. Bretislav Heinrich

Dr. tred H. Jericho
Ext¥rnal Examiner = = _ .
Professor s ' : ’

- Department of Physics , :
Unlversity of Dalhousie, Hallfax. Nova Scotia.

7

bate Approved: July 27, 1987

"Degree.'J, Doctor of Philosophy S ,r,aﬁf .



4 - T S I
T ﬁiﬁ T ”**‘“““‘“FlmﬂItTXFWRﬂ?ﬂ*YﬁKWSFﬁf
. ‘\‘ ’ ; E . ». ‘_y ;:2
N : t hereby gran; to- Stmon Fraser Uncversi?y rha rgghf hq“Tand ok S
ry thesis, prOJect or extended essay (?he title of which is Showm'beiou) - v
to users of the Stmon Fraser Unsvers:ty Library, and to make partla} or - .

‘e

single copses only for such usars or in response fo 3 request from the

:=irbrary of any ofher un;vers:fy, x‘”b?her ~educaticnal Instltu?ion. on

its own.behaif or.. forigge of its users. } further"agree—fhaf parm1551on"'"” B
, tor mu:?lgte copytng of this work for scholarly purposes m§$ be granted

by me or the Dean of Graduate Studies. 1t is understood that copylng
L or publication of ’hts work for frnagxfal,q31n 5haljgnoligguaiigggﬂ
w:?hout -my wrz??en permission. S »
. \"\
. s T j
b

Ry

Title of,ThesTéyProjecf/Ex?ended,Essay

"Intercalation and Distribution of Silver in

~ the Transition Metal Dichalcogenide 1T-TiS .,

o

CAuthor:

. {signature) .
Dayakaathi KALUARACHCHI
S i 7
. (name)

lrtf% ﬂ@&l o .\L

(date} . .. i K



. . . Author: - Dayakanthi Kaluarachchi = :
B ~Title of Thesis: Intercalation and Distrihutiorr oﬁsrtver
. In the Transitlon Metal Dichalcogenide lT-Tisa»

Senior quervisor. Prof R. F. Frindt S - ;;

L ﬁti R £
-

. ¢ . 3 . - - . .
e - - o B -
— aEn ~ABSTRACT ' R v;&
) .44.» P

The intercalation and motion oi sidver (Ag) in L !

-partially intercalated ti;aniul disulphide*(fisz) c:ystaIS'

'1on sputterlng, a scanning electzon niczoscope wlth,an x zay

WfTTfIUOIGSCQDCQ attach-ent -an. opt!cal microacope -and - tadloactive~~~

were studied’ﬁiing a ‘scanning . Augex_électtoﬂ'nicroséope—with'

P

O it T

Y

tracers. The x- ray fluorescence zesults 1ndlcated a rapld -,

converslon of stage 1 Ag into staqe 2 Ag at roon’te-peratuze :, .

‘and .a statioqﬁry behavior of the stage 2 Ag after the staqe ’

convetsion was coaneted The radioactlve tracer resul 8
e

-

showed that stage 2 Ag was hobile duzinq the stagg I bo tagefl

2 convetsion and alsc'when a crystal was befng intercalated

-

The notion of stage 2 Ag 1n the . bulk of a crystal uas observed

o

>‘the crystal surface.

only uhﬂnAstaégml—uds~p:esent'}n the cryatglﬁ
Auger ana1y81s with ion sputterlng yiSIded the

3- dinenaional distzibutlon of Ag in a paztially 1ntetcalated

stage 2 crystal. Aq was obse:ved to be intercalated across .

the crystal suziace :egion while the bulk was intezcalated L
only for a short dlstance, indlcating that the Ag has a high

xate of notlon neaz the crystal suzface.ﬁ A stage 2 zeglon

with a hiqh Ag concenﬁza@ﬁon was observed to be unstable near

|

L

-1



‘ . A A '
T . : . :
+ * ° T "
-
,;,,,,7,7 E— S N — y
S ® _— . .
Dedicated to my dear parents.
R - ) v - :
~ K4
‘ £ ’ - N
:) - “*
/ / "
. . .
r - -
-
— ’ . o~
5 ) ’ ﬁ»:
]
z * ~g.
: - Y T T
o
= . N -




;encoutaqenent durinq tha course of this reseatch.

I wish to express -y'oihcaio gtatltude3€o”iyfoéui6i3 :

"supetvisot Profcasét R.r..r:indt for his valuable guldance and .

o

Hy special thanta are due to Per Joensen fo: his klnd

~concern- showﬂ in- nuhétoua uays throughout the p,riod of this e

zeseazch. His wtlltng assiatance, valuable advlco and moral

/

' suppozt given me vithout any zesezvat;on are deeply E S

. . o 3
p*teciatod.' o - T ) _ ?

ﬂy thanka are due to thﬁ ne-be:s of -y supervisory ;f

. connitteu, Ptofessoz G. !ltc:enov for hla encoutagc-ant and ~f

valuablo dlscusaiona on theoretical lspects, the dizactot of

 8uz£ace 8c1ence~babozatorr Dr.B. Helnrich for holpful

,diacusslonl\and’advicé7ﬂh Auger ana}ysli;'aud‘Ptofeasur A.E.

Curzon toz useiul dlscu&sions and auqqestlons, especlally tor 7

: BIH vork. I wish to expzess R gtatltude to onieasoz H H.

examiner.

d°ti¢h°;£°t sparing his valuable time to act as the,extetngl-f”ﬁ'

Tbanka are also due to Ken Uzquhazt for co-puter

}pzogza-.lnq, sylvla Hessel and Eeg.Jocnsen are thanked £or

#%

7#coz;gctlng gza-lrﬁin*thcgnlnusczipéa — T

-

The financ

gt
A

R;P. FPrindt through a zeseaxch gxanE from theéiatntaleSciences >

“xl

>

s



: : ' v1

777777

gratefully acknovledged.

. Hy'thanks are due to all uz-bets of the Phyalcs,?y%r

L L -, , [ S

Departnent' facu}ty, reseazch, technical and sectetatlal

Fokeyoh

staff and fellow .students for their fziendly cooperation.
Finally, I wish to thank my aumna" Ranjith; for the

unfailing suppozt he gave me in,every way possible, lncludlng,i

typing, corzectinq and heiping me in the prepatation of the

- 7 f*/;;;uscr!pt.‘fj”




1 %D'DICATI“.....".I..;I:OVI‘.V..Q‘l.I...IIQ.III‘.&......"‘.&‘A IV*
t m'ms.'......‘.’.M.-'..‘.‘...’...........’.‘.;.. v
’;TABLI or couvturs...............;,;;.....................VII,f}lf'

”pROMo.-Lq...a..o.-.--.o;.-vcn..-.-o;----.--...-;;;-.a II‘:%*F'*-"'};@:
[ -

i 7: -
%, Wi T ¥ . " e

mm..---.«'-"--..-? ..... .l..’.0;.'.-;".:D.I...‘..V...r;.-.III

-

LIBT TML”'l.tlvct...tI...a...'.ol....:.._,u.p‘p"oIkt,n-lg,..:,_ x“, E

4

Lzs’ 0' 'xmls- s a0 00 -\ . -‘ "o n'o - o:.‘ ..... _-'o R o; - G"; . v'w:v. . -.i -xIY 7

CEAPTIR 1

‘Iiwiaoucrx ..t..........;...;;.QJ,..;.;.....;.....,a
';.I*Lbay.tad colpouadgL...........;.,,
| 111 Stzuctnze....‘;,.,..;.}...:..If..}f;...s;}.

, 71 1.2 lnte:calation of layered. coupounds.........
1.2 'Btaq!ng and -odela of staging........{..,....;.;. 2

1.3 Titan!u- dxsulphxde....:,..;;.;;..;;...- v

W e e

e mS
£ TR
,

1 4 Contrlbutlons of this thes!s.....,.....; ..... eee. 107

el

- . - -«

CNAPTSR 2

xnsrauu;urarxos..ﬂ.:.....;;.,..;,1.......;...;...;...;'18 |

2 1 scannlnq Anqet electton nlctoscopy............... 18

S 2.1.1 Instru-cntatlon..t......................... 19
. Iﬂ

2.1.2 Auger apecttun and line scans.............. 21
'2.1.3 Spattering and depth pzofiling............._2zj,

2. 2 Scanninq electton nicroscopy.....;......;.......; 24

cihét:a 3, ' - T

PR -

ILICT!OIITIHCILLTIOI OP BILV!R In TITAIIUH

nxsm“!o' llll.loot.to.:c:l.lllll.l-o..l&t.ccto'...i' 32




R o vin T
o f”"f”*”311”7Tnttgdﬁétfnayf:iji:;::;-...T:s;,....,..;.}..:;..:;32 :
3.2 xR stqdy ot sng_wsl o
, ‘7 intezcalated uith allvez..................l,:;.;.,33 - ~
| | 3 2.1 Sa-ple p:epa;ation and lntercalatlon.....;.vJQ
3. 2 2 SRH ;malyais. stage 1 and stage 2 -otlon . 35
Wf..,_ - 3.2ﬂ3 Discusa}on - xnr analysls. stage 1 and
| | 7 77 atage 2 notLgn..............;; 3§”
e 3 3 studyfofsllgtatlon of Ag 1n ‘stage ‘1 and stage 2 ) =
rusing xadioactlve Ag..:.f...;........Lu;i ..... cos 37
] . 3.3, 1 Sample prepazation and lntetCGIatlon.H_
T T Hntlon of ntage 2 Ag.......;,g;-;....,;;:.; Sh' - B
3.3.2 sample prep&zatton and inte:calatlon- |
-lstndy of stggq eanvetsian..J....;...;;..f...41>J’
_3.3.3‘Re§u1ts and dtséﬁ:?lon: ?t;ctf | |
o experi-cnts..........:.‘:............ ..... . 42 \;
;,3{‘ Study of the ulqration of Aggpgngndicnla; to
the layers of TiB:.................f....3,......; 4{
3.4.1 Sample ptepatation, inte:calation and o )
XRF -easuze-entk...........,;;;.;}.}....,,“745 ‘
3. 4 2 Results and dlscussion...f..;.;...j..ii:...v46 
| CHAPTER 4 I | -
HBASW oF sn.m DISTRIBUTIOﬂ in PLRTIALL! o
o /\mmcma'ub Ag/T18a - _AUGER ANAL\:B}S..,...;..'.,..,....‘.'.-,61
Vriwrﬁiﬂ?ﬁrii; /Inéroducéion.‘..,...}.........;.....{ ....... ceees 61
4.2 Sa-ple preparation and 1nte:ca1ation ..{.....,.'62’
- 4.2.1 sample p:epuation......... .......... .. 82
4.2.2 INLErCAlation. . .ruveuenrenenneneeiienenn.. 64

2 L Tl Tnl e o e e e *_——a';/—'* S e *’*:i** '**§:%:~—";”’*'%".’_:f’ =




- | ix S
2T - — 4. T3 Eanpre munth Rr sm analysls:........\.. 66
1‘3"iﬂ@!t‘ﬁﬁlfof!’Hﬁﬂ‘f‘ﬁttetlnq.,.Q,......,..?:Q..; Cé_:
o 4.3, 1 Auger analyBis.......c.oeceeeecneiocnsaioees 68
- 4.3.2 Sputterinq...;..,.;}.....g...;.;.,....;.;t. 70
4.4 Results - Line scans.;...;f,;..f,,..;.F..;..-,;Q._?ov
v - . R
DR‘!‘BR{HINAYION OF BPUTTERI!IG RA'!'E FOR Ag/TiSz e
 AND. TiSani.n.. _111 2
. 5.1 Introduction ’111
5.2 BSample pteparation.; ..... ;"""";f‘ff;f"‘:lii”{%z 7777777 o
5.3 Deptl;prof)llinq...:...‘...,...'.....,.v'......;..v.......114
: ;5.4 _Results and calculattoﬁ;..;;...{..L ..... e 11§
| 5.4.1 PUTE THSame e esueensnnennneeannsennneeanns ..115 -
| 5.4.2 Intercaiaté&_Tisa-;...;;,....:.....;..;,.:.iIG o
_CHAPTER 6 4 | ! o
, _ m, _ ( p . B
v - DATA Mﬂdﬂﬂf& ﬂD’DTSCUSSIW’ﬁT(TQT? Y R TSNS ¥} |
| 6.1 Develop-ent of a 3 dinenslonal plcture of the |
Ag distribution in a pa:tially intercalated
T18a crystal........i,.,.'....:,'v..5’......'5.......,;.129‘
6.2 Data analysis and dlscussloqggp;..;,“ ..... e .131
6.3 équ'éstions; for futgzefwozx'.;fa;.‘. ....... PR . .,...1143
CHAPTER 7 | | |
CONCLUSIONS....... trseverersrsssssaeans PP 4.1 S ——
”?E"E“,},, e, et rsageeeendaseaenais . 157
APPENDIX 2 ...... ..........?59.
REFERENCES......... REREESPRRLE i, e, 161 -
N



amn

, List o T m' =
g . . N < - Tt - . ‘ . ‘. 5
" o Spage -
— ‘, \
‘ 3;; esults o£ the tracer experiment: study of stage 2 .
o region during 1ntercalation, R AR EE T ...:Z.7;§z;m¥“”kk
1.2 Results of the tracer experiment. study;of stage 1
-?B staqe 2 conversion....;.,....5...,..:;...1..Q;.. 58 -
5.1 Sputtering rate Eor*pure Tisz crystals ...... RRRRLE 123 L
5;27 Sputtering rate for Ag/risz crystals, ............ ... 128
Al. (a) Para-eters specified”for~1£ne s cesearunie 158
{b) Peak energies specified for 14ne scans..;.f;,,. 158 -
, A2\;r;Paraneters spec}fied for depth’ proflljng.;u...;f;..'1&&.
: ! ¢
4
‘ . * . \ ) - _ i S
. he ‘v
, ) . B



M

xi.
List of Figures =
o Ca S - >
1.1 Stacking of X-H-x aandwichcczin ° vi
| ‘ bttansltﬂon metal d#chalcoéeqides.......f ..... P
1.5? Coozdinotion arooﬁd“tfansftion hét;i’ioESIIf.f}I.}ﬂﬁ
1.3 Classical lbdel of staging..;:.{:;o.; ........ PR
1.4 Daunas and Hérold's nodel of staglng.;:.;;:f .......
1.5  (ak_ The atotfc smcf:uze Of TiBa....... *
(b}ﬁfhe (1120) diagonal cross sectlon of the TIS:
' unlt S R SOOI
1.6 The (1120) ﬂtagonal»crocs-section othhg Qniticel;s
of ‘Ago.aTisz and Ago.zfisgl.....;...;:....7.;f.;;.'
2.1 Energy—level dia;f:- desc:{élng the _process 1 involved
. in Auger electton 3pectroscopy..;......; ......... ;.
2.2 (a) Schenatic p:esentatlon of electzon Bcatteting in
3'Auget electzon spectroscopy ..... e 28
(b) Analysis volune in Auger ‘electron spectroscopy
2.3 5chenat1c drawing of the coaxlal electron | |
guan colu-n and the cylind:ical airro: analyser .
in Siﬂ ........... P B ;
2.4 Energy level d%agraﬁ‘for an atom shoving the )
- . excitation and enlsslon pzocess'involggddi; i:};; .
;fluorescence .......... e, ...,...;.;....Q....
2.5 |

.12
,13?L
.i‘
15

1:16 /"W/

16

17

Typical XRF spectra fOI (a) Aq°.4Tl$z (b) AGo. aflSa

>

27

28

28



3.5

3.9

nnnnnnnnnnnnn

Optical photograph of a partially intercalated

Ti8a Crystal... . ...... e e e s PR

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

(a) Sketch of a partially intercalated TiSa

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

{b) XRF scan of the distribution of Ag content

in a partlally intercalated TiSa crystal.......... s

XRF scans_ showing s:aéé 1 to atage 2

; _
(od el ¢ 272 -3 <5 3 N ¥ 1 SO

Optical §hotognaph of an intercalatead TiSa

czystal 3how1nq czacks for-ed at edqes

ttacet experlnent.... .................

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

T
50
ep
52
52

53

(a) TiBa sample pzepared for the radioactlve ';

;;;;;;;;;;;;

{b) Setup used for intercalation i{n tracer-

experiments.............. B e

.............

The sequence of 1ntetéalation'of a crystal and

cutting the edges for tracer experiments...........

Schematic dlagram of a sample prepared

?IS: Jattice. ... .. . i

for the

- study of motion of Ag along the "c”- axis of the

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

{a) The island model proposed for a paztially

intercalated TiSa crystal with stage 1,

LY

55

stage 2 and‘



4.12
4.13
4.14

4.15

x111 .
G‘Dty regions. --51,,eLllg;g'L..,....LL%J:J;;;;,;4{;1,,snpgi::ji
(b) The:diﬂtribnti°n42£f£2§g£celggﬁgwafter'the stage
conversion is co-plntad...; ....... RARREARER '...;,f;, 60 '

Sche-ntic diaqza-ot the setup used for
elactzointercalatlon of TiS. crystals..;....;..;..} 79
{a) Ag/TiSx sample mounted on a SAH sample holder

{b) Bketch showing the direction of the electron

3

beam and the'sputtét'Ion”beai;;ry%++;}é}};12;2' ..... ’LT’Bo""W

. Typical Auger survey spectrum for a Ag/TiSa

-crystal.:.;........,.;...,;,........,...{,....\ ..... 81
dN(B)/4B spectrum of the Auger survey given in = _ o
“?iq- ‘.3.’...... ooooooo ‘vc--—-..rv. ----- P Y P v e 82

optical photoqrabh of the lnfércaisted Ag/TiS=x

crystal used for line scans presented in

section 4.4..... et L 83
rfAuES£ {{95 scaﬁ for Ag at 4 ;'50 L IR R PP 84 :7
Auger line scanVEOt.Aq‘at d =170 A....... cee e . 85

j;gg: line scan f@i Ag at d = 410 A......... i ...... . 86

SED photograph of the crystal at d .= 410 A......... 87

SED photograph of the crystal at d = 530 A......... 88

Auger line scan fot'Aé at d = 530 A.......... ii;... | 89

SED photograph of the crystal at d = 650 A......... .90

Auger line scan for Ag at d = 650 A....... e T

s:srpaotoqzapa of the crystal at a = ssaﬁt’

(a) at high naqniftcation,f(b) at low '
-ngniflcation....,.................; ............... 92 ‘

3ED photograph of the crystal at 4 = 1130 A........ 93



4.26

4.28
4.29
4.30

4.31

4.32

5.1

5.2

5.5

. Xiv

Auger line scan for ‘Ag atﬂd,é71130253f1fi:353i5;r;;—m
SED photogtaph of the crystalvat a4 = 1850 A.. ......
Anqet line scan fox Ag at d =‘i;gd ;. .......... .};.
SED pho;ogtaph of the»crxstaL at‘d = 2090 A; ........
SED photograph of the crystal at d = 2570 A.......
SED ‘photograph of the crystal at d = 3050 A........

Auger line scan for Ag at 4 = 3650 T TN

SED photograph of| the crystal at d

[}

w
-~ .
(]
-

4

105
106
107
108

109

_Augex line scan fér Ag at d = 3770 AL ceeerr e voe vt n s
SED'photéqraph of t e crystal at d - 4730 A........
ikagez linersegs for = 4730 &.; .............
SED photogtaph of the czystal‘at'd =v6890 A ...
Auger lineracan for Ag at a = 6830 A......... ...
Auger lire scan for Ag at-d '= 8330 A .
7Augé¥"31ne Qcan for Ag at d = 9290 A.............. .
Auqer.iine scan for Ag at 4 = 10,730 A....;...;....
7(a)mkﬂtyp1é;i Augez line_écaﬁwgor aulfur ...........
(b) A typlcal Auger line scan for tltanlun.,..,....

‘ TiSa czystal aounted for thickness -easureuent

SEM photoqraph of the c:osa—aectlon of a TiSa
crystal at an edge before sputtering...............
AES depth profile for 8,Ti and O on the pure Ti8a

! on

shown in Fig. 5.2....... '.‘;...., ...... N .

SEM photograph of the c:oss-eectiph of the TiSa

crystal at an edge after the depth profiles given

5.

in Pig. 5.3.......... e

Depth profiles for 5, TI and O obtained from

110
110

119

120

121



Xy

5.6 °?¢19§;79§2§93¥32¥9Q§£9!iﬂggihe pure TiS8a crystal ': :
used in the depth profiles presented in Fig, 5.5 ‘

(a) before any sputtering, (b) aftef'sputtezing

through the crystal............ P .. 125
» . . .
5.7 optical photograph of an 1n;;JLalatedATXSz
crystal used in depth profillnq ..... ,...;...;.}..,. 126

5.8 Diagrams showing the positions of the points used .

in depth pzofiling for samples #1 and Y3

ER PADLE 5.2 . uines et L1217 )
:6.2 Bf&qfai;;évfisiﬁtfﬁq the 3-dimensional -
- disttibution of Ag in a pattially intetcalated
VAq/TlSz systen...; ......... e e i e e sem et . 1;4~.
6.2 Bnlazged view of the region from orto‘zooo A
| of nq.'s.i..'...,..'...’.ﬁ.’: ..... s v eia... 145
6.3 Anger lineigcan obtained on a Ag/TiSz crystal 7777777777777777 o
at d = 1730 A showing both regions A and D...... v.. 146
6.4 ~Auger llng';can pérfoz-zd on the same sample
as in Fig. 6.3 after about 16 hours..“ ..... e 147
6.5 Auget line scan conducted on the same salple
as in Figs. 6.3 and 6.4 at d = 2450 Auonnnnniii... 148
5.6' Figure showing regions with approximately the same
Ag concentration, con fructed from Flg. 6,1. ce. 149
§.7 Auger line scan perfor-cd at 3 1;;ﬁi;§nlficat1on EWM 7i7w\:ﬁvi
analyzlnq “over a 1onqerfdi§E;HEé;:::jt:tjjjjifjj;bffoSQ
6.8  (a) Auger survey spectrum for a*Ag/risz sa-ple <151

{b) Auger sutvey spect:un for a gpte TiSa sa-ple...i 151



xvi ~

6.9 — Flgure shovinq the Ag content in different . -

reglona relative to the :eq;on A.....

S.lob Three dimensional Honte—Carlo»conputer,gilulation
of intercalation of a pristine host to stage 2...
6.11 Schénatic cross-sectional view of thggshape -
of the intercalation front which separatéé
the empty and the intercalated regions 1n

cccccccccc

~—a partlaily intercalated Aq/Ttsa czystal

.. 153



e S

L P ‘%\ . ) . {4

. charTER 1

S\ S " INTRODUCTION

1.1 Layered cémpgunds

1.1.1 Structure
Much experimeqtal and thebretiCal 1 erést has been
centered on layered compounds iike graphite/and transition
metal'GQChalgcgeﬁidés, secause of thkiriunusual‘énisotropic 2
optlcal,’eleqtricél,‘meéhanical ahd transpo:t propeffies,(l*4);
In addition, -the transition metal dichalcogenides have
received considerable attent{/p in recent years due to thelr

applicablility as cathodes i?/high energy density batteries (5).

Transition metal dicﬂalcoqenides consist of strongly

bonded X-M-X sandwichesAwhich a;erstacked upon .each- other: and
'-Held with weak bonds. These inéerplanar bonds arelcbnsidgted

to be dffvan’der Waals typé_be;ause of their weak»nqture.
Fiq. 1.1 Shoﬁs the general form bf,thése lafer»structures.
Tﬁe anlsotroplc.propérties ofplayer compounds-arise.from this
hfghly anisotroplc layered struétuze For exampie, the weak
bonds betweearlayezs pezmit thtse crystals to be cleaved
parallel to the basal plane eas4}yr ?he‘fa%e~ﬁf46%ffﬂs%GWﬂrf
intercalants along_.the Van der Waals gaps ls several orders of
magnlitude highzﬁyxhaa,that pezpéndicular to the basal plsnev

(6, 7).
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The layered.transition metal dichalcdgenfdes (MXa) are -

—-— -

.tormed by comblﬁiﬁé'theuf:ahsir1;ﬁ”mé;éi§ffﬁ) 6( gfoup Iv, Vv
cr kabf the périodic tabié with the chalcbgens'(xg, s, Sé_éﬁd“
- Te-(3). The MX= sandwich1consists bf\two hexagoﬁally;close~”’ |
§;cked chalcogen layers.and a,itansition metal kayér wheré the~'
vtransitionQQetal ion is fﬁund either in a site of octaheéralf
symmetry or of prismatic ﬁym@etry'{Fig; 112),',Tﬁéiéfygtal",“Wﬁ,pﬁu;;
unit cell consists of elther éne MX= layer or.beieralvlayers

dependingvon,the particulaf compound. Structurally and
p A

chemically, these layer materials form a well defined‘gamily  S
of compopnds. HoWever, electtical}y'they cavez a wide
spectrum of propeztles; from an insulator, aﬁsémiconductqr and"b-

semi-metal to a true metal. A full review of these compounds
is found in references 1 - 4. wE w
, v s

1.1.2 Intercalation of layered compounds. .

Intercalaﬁion (§ the inserﬁi&n-df guesf species_’
| betwegn the layers of a host stzuctdre without qreatiy
alteriﬁé the structuré of the latter. On rem@val of the guestv
atoms, the host retirns to lts original ¢:ystal structure._ It
“is possible to control the chemical, electrical and physical
properties of thé host matezlal_by vazyiné the mole fraétion
{x) of the iétezealated guest specles (1).

o<

1.2 Staging and modeis of staging.

Intercalation generally occurs in stages (l}). Many -+

studies have been done on intercalated graphite and'thet

* . — -
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lntercdlated ttaneition metal dichalcogenldes, paztlcularly;
.

pertaining to the occutrence of staging and stage
ttansformation (1—4), staging refers to the phenomenon where

the intercalated specles occuples the spaces or gallerles

s N

between the host layerslin an_btdered_sequence& In!a‘stage-n
coﬁpound, n host layers?afe'foUnd-between'two'conseeutive

_guest layers. ,Accgrdingly;,a hiqhetmorder"stageﬁcompoundf1smffwww~+
'formed'with a loﬁer mﬂle’fractlon(x) of tﬁe guest species. | |
Stages can ttansform from one stage to another, and this
phenomenan,is knnyn,as stage Lzansfnzmation or e@nve:sioa.

In the classical model for the arrangement of guest
atoms in the host lattice, the van der Waals gaps are
completely full or empty as shown in Fig. 1.3, This ﬁodel has
dlfficulty in explaining certain reaction mechanisms such as -

 stage convetsion The gz{:at{on of higher stages by

- zearrangement of guest atoms 1n the Van der Vaals gaps is
impossible unless the guest atoms penetrate through MXa=
sandwlches. This'mechanism‘is rather unlikely since the
‘dlffgslon o£ guest etoms in the "c" diiection is negliqible.

To pfovide agponvenient 1nterp:etati§a for stage
'Conver510n and Qafious other reaction'mechanlsmsgu.'Daumqs}andr»
A. Hérold proposed a model (8? uhich is often refer:ed to as
the domain model, tsland uodel or Daumas and. Hérold (DH)
model. ,}Rf%§£~9ﬁ?ﬂﬁ&t%'tht‘QifierfES'Uffthé’hﬁEtfate only
partlially fllied and the intercalante are found as collectioné
oﬁ ateas'esr'Isiaﬁés! in every van der Waals gap. A well--

staged, intercalated compound consists of microscopic domains
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such that wlthin each domain the compound is stage ozdered in

the "c“ dlrection (Fig 1. 4). Each domaln resembles a stack \

of finite, two d:mensional islands of intercalants, packed in
between the layers of the host. 1In adjacent ‘domains the
1ntercalant ‘islands reside between different'palrs oi host
"layers. Hence tﬁe stage‘&on#ersion ean easily. oceut by moving'

the 1slands of atoms from one domaln to the other without uww;f}wv
large movements-oj 1ntercalants., Thusvthe DH,model avolids the
problem assoctated with the cléssical model'of staging in

which it isfﬂecessarylto empty entire Van dei,gaalé gaps' of - . -

¥

the intercalated host lattlice.in order to effect a stage

»

transition.

The DH model gives a reasonable . explanation forf

‘various experimental results such as staqe conversion,

zevetsibifity of stage formation, etc. A pressure,induted

stagzng transifion has been studied in potassium intercalagfd
graphite compounds (9) and the results have-shoun that the
s@;ge 2 to‘sfaqe 3 trénsitioh {s reversible. AThis lmplies\
thet during the transition fhe potassium intercalant isznot
v,sqaeezed out of the sample.but ié‘redistributed within the
‘graphite host layers as required by the DH domain model. ;f:
Other studiesfon stage transitions in potassium/graphite
1ntercalation systems have revealed the need of a domain
s%zuetafe %ﬁ—azdef to exp%a&ﬂ'the teSﬂ%ts t10-12y. Imone - T
study on the FeCl:/graphite system (13), high resolution |
electzon niczeseege images have shown interpeﬂettation of

islands in different ztages, supporting the DH model.

2
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Perhaps the nost convinclng evldence in Support of the

DH model iotﬁhe obsexvation of islands in diffezent layered
Vcoapounds ualnq electxon mlcroscopic methods f wide range of
island sizes up to 10,000 A has been reported (14) A study :;f
by Levi-setti et al. (15) using secondazy ion ‘mass

spectroscopy (SIHS) revealed domains of SbCles in the

aSb(:l-/graphlte 1ntezcalation—systemr~7Theiz‘3fns‘maps of*Cl'* R

- on freshly cleaved stage 4 and stage 2. SbCIu/graphlte showed

domalins of typlcal-dinenslons of about 2000 A, Electron_
gi;;oacop¥éhaa,£e¥ealed th&ﬁ*%ﬁ'tﬁe—Ccelﬁfo&Ph{te |
intercalation conpound each COCla plane 13 composed of many
island-like clusters of about 100 A 1n size (16). The
intezcalat;on of alkali metals in q;aphite has been studied
for highe: etages, and brlghi fleld trensmissioh elecﬁron

‘microgrephs obtained»for Rb/graphite samples showed Rb rich

'Mreqions (or islands) of about 1000 A ln dlametez ((17). In an
:x—razlinveetiqatlon, an island size’ on-the order of 1001A has
oeen obtaloed for etaQe—Z HlClz/geaphiteq(ls);i In addition to
the above studies, different'lslandrsizes,for»several other:
gtaphite intercalation Sysﬁens'have been repozted (19-22). An.
island size of around 130 A for sfage-z Aq in Tisz has been
obtalined by measuring the profiles of the distrlbutlon of Ag

intercziants using scann!ng eIectzon microscopy and x- ray

f%ﬁﬁtﬁtt&ﬁtt’xvctttx’f?TT.

Theoretical models (24-29) of the ozdered structures
of the intercalation coapounds ﬁave been developed ln the past

few years followlng the initlal work by Safran (24}. These
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models assume that the lntercalants dlstribute contlnuously

-over a nacroscopic distance in the Van der Waals gaps. ,Safran'
suggested that staging occurs due to the- electrostatic

repulsion between different intercalant layers - Assuming such.

“an 1nter1ayez repulslon and an in- plane attractlon between
*fﬁtercalant atons, he showed that the intercalant layers can

form petlodic stzucturesw(24 25} ‘In safran's- mnde1~'the i
: ~ :
coheslon energy between the adjacent host Layers which has to
be overcome duting iatezcalat!on was ignqred. ‘A model that.
explalﬂsr5tagiag:basedfeﬁ elastié_eﬁezgf and interlayer
repuisidn was.idtroduged by Dah et al.‘(261. fIh their'model, |
 the van der Vaale bonds betweeﬁjthe MXa> sandwiches and the
elaetic effécts.resulting froﬁ‘the intercalated guest atoms

were modeled by springs between Hxérlayersjtﬁln an attempt to

jgenerallze‘Safran's model, Hillman et al (27 29) pointed out

”thatrthe cohesive enetgy which is needed to separate host
laye:s plays aneimportant part in the staging phenomenqn and
it is thus necessaryrto cbdsider toth cohesiye and,st;ongly
scree;ed eleétrostatic repulslve_energy in order to exﬁlain
the{occurrence ef pure‘etaged‘éompouhds. |
A basic aseunption of the above thed}etical models
(24-29) of staging is that\the gaileries between the host
Iayers are 1ntercalated continuou5ly over a'large distadée."
jntezcalants as microscopic islands of atoms as described in

the DH ﬁodel. The DH model has been used in attenpts to

explain staging in recent theoretical work (30-34). A -
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‘, theoretical madel of staging based on the Rﬂ island model ‘'was .

ﬂpresented by G. Ktrczenow (33, 34), in whlcﬂ?stage order, 7

stage dlaotder and phase ttansitions wete congadeted B
Followlng_ﬂlllnan and Klrczenow (27), elastiq 1ntetactlens and-
efrongly screenedveleEttEstatic'iephlsion were takenii;ko

~account but the Inter domain interagtlons were neglected Qhe; :.\"
demai 3 were considered to be tntercalated to a flnlte wfdfh. """""
~ The 'adel-predicted thatﬂthe staging phase t:ansltlons in | ,<’\»
which the stage index changeg p;oeeed‘via stagerdiSOrdeted' o
states aﬁdfthat‘the“stage'dfsntﬂEi decreases‘wiﬁhIargeaqmain
sizes; A kinetic_model of stege transfermatieﬁsvpfesenﬁed_bf,
Haﬂrylek"and Sﬁbbaswamy (3S)Ialsq,pieélets'that lnte:calation

and stage ttaﬁsitioh ptoceed thtough the'formaflon,and

‘ mlgration of islands of intermediate stages.

Wdynanics of staging in intercalation ‘was presented by -
‘nxlrczenow (36-38).' wWith this model, realistic microecopie
real-space plictures of the sfagihg process have been develqped
which aie_veiy useful 1nqunders§end1ng the Queséiohs
associeted with intetcalatibn‘such as the vaiidity of the DH

~model, stage transformation and stage disordet In this work

the intercalant was consldered to be made up of small

‘tnfezact via repﬁIsIve electzostatlc forces and local elastic
effects. Intercalation was shown to proceed via qlustering of
the elementary islands into large islands and theirqnigtatlon

through the crystal until a well defined DH domain structure

o



- e - Tl

8 T frf;;;;l;iifjlf"”' ,,;;g;i'f R —

[y

ls forned ~ The modeI parameters were selected to obtalncthe

desired st;getnghe results have shown that the staqe 4%‘ ' e

transitions occur via stage- disordered states as mentioned

earller (33 34, 35}).

l 3 Tltanium disu phide

- Of all the transition metal dichaftogenides, Tisz has

'received the most attention ln studies on 1nterca1ation
/\’ -
Qbatteriés The ability of TigSa to be 1ntercalated wlth alkall'

metals, ‘high dtffuston rates of aIkali metals In the lattlce
and relatively low speclflc gravity have made thls compound a
potential candidate. as a cathode materlal in hlgh energy
density 1nterca1atlon batteries.

\-r
Tls: is not a‘natura11y>occurr1ng compound. Slngle

crystals of Tlsz can be prepared by standard lodine vapor

transport technlques (39 40) yielding plate like crystals

typically 10 to 100 Hm thick and 1 to 5 mm wide. TiSz =
crystals,are golden ln color and have a metallic 1o5ter. Tls;
is composed of.loosely conpled-S—Tizs aton'sheet sandﬁrches as‘
shown in F1g. 1.1 where M ; T1 and X =rs; fitanium dlsulphlde
. 1s commonly designated as—1T- Tls: where iT 1nd1cates that |
there is a one layer stacking sequenca and that ‘the prlmltlve

= | R O S

unit cell is trlgonal.‘ TiSz has 'the cadmium jodide structure

(Pig. 1. 5) and is found to have semimetallic properties

Silver (Ag) atoms can be readlly intercalated -
electrochemically into TiSz (41). In the system Agu.TiSa

(where'"x" is the mole fraction of Ag) two phases have been
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obsetved namely stage 1 and stage 2 whete ‘the mole fractions ,

are given as Ago.<aTiSa and xgo ,aTIs, respectively (42). In
'istage 1, Ag is’ intercalated in evezy van der Haals gap 1in the'
'"c" ditection while in stage 2 Ag |s found in every second :

gap. Besides well deiined stages 1 and 2, mixed stage phasesa
,’and a dilute stage 1 phase have been observed in Ag/TiSZ (42 -
'43) . Dilute‘stagerlfrefers:to a,randoprdist:ihotionioﬁ_7m:7k
rintercaiated‘ouestbatoms in van'det Vaals layezs. in'dilute
stage 1 phase the intercalated atoms are distributed far apart
_ resulting a low mole fractiQn of guest atoms The mole ;iﬂiv
_-ftaction of silver in dilote;stage 1 phase.in Ag-Tisz has been _
‘obsetved to be X < 1/12' (42): In the van dez Waals gaps of

the Tisz 1attice there are two tetrahedral sites and one
octahedral site per T atom. In_the Ag.TiS=2 system, Ag

i

ocCupies octahedral sites (42). The unit cells and the

lattice.cnnstaﬁtsfor’ﬁéé-ﬁoTiSz"anaRgo-;zTIS= are given in
Fig. 1.6. - | | e |
. Ftdm the point of'view of the use of the transition

~metal dichalcogenides in intercalation batteries; aliali

'metals such as. lithium and sodium are the most interesting

a guest species “for intercalation ¢ due ‘to the high cell potentiaif:'f'ﬁf
and the high mobility of‘alhali’metals throogh the host

lattice. - Prom an experimental poxnt of view, the high .
zeactivity and thé need for water- free electrolxtesimah_ﬂit,ﬁﬂiﬁi;m,f
very inconvenient-to use .the alkali metals in many ’ )

experinehts. To avoid the problems associated with alkali

metals, pseudo-algali metal sllver is belng yidely used in



- more thﬂfﬁuqh% y; the 3-dimenstonal distribution of Ay ip

and émpty‘phases. The surface distribution of of Ag across the

- ' 10

experlnents (44, 45, 46YJ Ag can bQ conveniently used as an

_zntezcalation such as gtgge con?ersion, dlst:lbution of
1ncexcjlant in the host lattice etc., which may not depend on

the typg,bf questkspecies used for intetcﬁlation.

-
3

(
1.4 CogtrL_ggions 9£ this thgslg_

The work pzesented in this thesis ts a continuation of
ze;earch'ca:ried out by the author to soive spme basic
quections associétgd with tﬁe intercalation mechanism. In
this previous work the intezcclation and motlon of.stagev1 andb
stage 2 sllver in parﬁially lntercalafed TiSa crystals were
studiédvéxten81ve;y using the x—réy ilubrescence technique in
combination wich radioactlive trac;tc. |

In an attempt to understand intercalation and stag}nqéa

: Aq.TiSz crystals was studlied using the scanning Auger

microprobe (SAM) technique and optical measuzements * The

crystals wéze intercalated from an edge_vlth Aq for .a short

period until the inltial optical measurements showed staq

Ag.Tis; crystal was obtained by AES (Auger electron

spectroscopy) iine-scans. After reloving‘sone layefs of the
czystal by sputtezinq, repeated line scans were taken to lrim , Wc;,
obtain the distribution of silver at different deptha

Initial optical aeasurenents, ABS line scans .and secondazy

electron images were used in determining the positions of the
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iﬁtezcalatlon‘fronts‘ FPinally, the variatlon of t e wld hs of

the intetcalated teqions vith depth fron the crystal surface

was plotted to obtain a 3-D picture of the Ag distribution in’

a partially intercalated Ag.TiSa crystal o -

—

-In this. thesls, chapter 2 presents an 1ntzoductlon to
scénnlnq Auger electron nlcrogcopy, depth profiling/and
" scanning electron microscopy. The ,Qox,k -gag,z{,;e,d, out on Ag/TiSa
-uSIng?x-zay quorescénCe -ehsurenents and’tracer‘experinenfs
is. p:esented in zhaptez 3. Chaptez 4 gives :h\‘measutenents
of the Ag dlstr!butlon in the partlally lntercalated Ag.TiSa
system obtained from Auger analysis.. The detg:nination of the -
sputtering rate forrpure TiS=a and Ag.élsz is dlscusséd in
chépter 5. The Auger data analysis and thevdevelopmentAof a
3-b picture of the. Ag d!stributibn in Aq.Tng are presented in

chapter 6. The éonclusions drawn from the results of this

research are presented in Chapter 7. - .
. ) T R Q . .
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. Pig. 1.2 Coordination around transition neta’l lons. i
| {a) Octahedral structure
¢ (b) Trigonal prismatic structure
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Fig. 1.3 Classical model of staging.
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Fig. 1.5 (a) The atomic structure of TiSa. b
 (b) The (1150) diagonal cross-section of thejTiSQ ‘
unit cell (ref. 42) ’
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'Fig. 1.6

1

B

The (1120) diagonal cross section of the unit cells
(tef. 42) |
(a) Ago.;zTi.Sz

- 0. 42 of the octahedral sites are occupled wlth

-

Ag atoas

‘Tbi,Ago.safisz

6.20 of thg octahedral sites aze_gccup;ed with

»

“Ag atoms.
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R .~ INSTRUMENTATION.

2.1 Scarning Auqer electron microscopy

-2

qulné therlés£ decadé, the téchniqﬁe"df Auger
electrén spectroscopy (AES) has émezged as one of the mosﬁv
widely'used analytical technigues for obfaining chemic;l
cbmpositloﬁ df solid surfacés (47, 483. In AES, a core level
of a sdrface atoﬁ in thérsanple’is;ionized by an electron beam
followed by reiaxatibn of the atom by f1lling the hole in the
corerleVel with' an electron from an duterylevel.x-The gn;rqy |

difference between these>two:1eVels can be glven to another

~ whereupon a second electron {Auger electron) is ejected (Fig.

2.1). Since the energlies of the emitted Aﬁger electrons are

_ characteristic of the parent atoms, the analyslis of Auger

electron energies leads to elcmental'identifiéation. when
Auger transitions -occur within a few atomic layers below the
sample surface, the Auger electrons can eséapé'fzog the

sur face wlthout loss of energy énd glve rise to peaks in the

'secondary slectron energy distribution. : e

The quality of a probing té?ﬁplque is characterized by
depth resolution, lateral resolution, and sensitivity of the

analysis method. The surface sensitivity of the AES technique

i
e
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is due to the shag\\nean free path of the low enetgy Auger

electrone. The escaEE{;epfh of the Auger electrons is in the
range of S to 25 & for Auger electrons in the energy range of
30 to 2500 eV (49, section 310).7‘The escape depth is

independent of the incident beam energg. As shown invFiq.

2.2(a) and (b) the volu-e'excited by the incident electron
beam 1s much larger than tﬁi analyzed volume . The lateral

resolution is determined by the spot diameter of the probing
- beam. | | |

‘The Auger technique can be used to detectrgll elements
excebt hydrogen and helium. Quantitative analysls using Auger
electron spectroacopy can be performed through a comparison of .
the Auqer signal fron the sample and the Auger signal fzom a
pure elenental standard. The limit of detectabillty for the

elenents are on the order of 0.1% atonlc concentratlon. The

sensttivtty of‘the‘lugez technlque is deteznined by several
factors such as transltlon probability of the Auger transition
invo;veg, theAincident beam current and energy, and the
collgétion efficiency of the Auger eié;tron/analyzer.‘ For a
qivén p;inary;plectron.bean vdltage,_different elements cén

" have different relative sensitl@ity factors (Sd, p.-13).

-

2.1.1 Instgumentation ; i S —

The experiments presented in chapter 4 were carried o

out using a Perkin-Elmer Physlcal'slectronics Model 595 A R

5cann1ng Auger electron microprobe (SAM)-. The scanning‘Angez

electron spectroscopy system ‘consists of an ultrahiqh vacuum
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system, a zastering electton gun for specimen excitation, and

an energy analyzer for detection of Auger electron peaks (Fig.
: 2.3). Auger electron.spectzoneters are operated under
ultrahigh vacuum of about 10-*° torr toxiedute the
COnEagination offthepsample surface from the residual gas in
‘thé sample’ chamber. Since the probingidepth of AES is only a
few atomic layers, the technigue-is veryﬂsensitive tosurface\
contaminafion. In SAM-595 aill electron gun functions are
controlled via a nicropzocessor e

The probing electron beam - is produced through
the;mionic emission,by heating a 19nthanum’hexaboride (LaBa)
"filament. The electron beam is accelerateditowaid the sample
using.a high voltage (from 3 to 30 kV), and shaping and
tocusing the electron beam is pezfozmed by electzomagnetic

= ===

- condenser and objective lenses. - Since therbeam diambterv

3

current in order to achieve a snall_beam sizb. The SAH—595

provides a minimum beam diameter of about 500 &. Wnile a

small beam size is deslirable in ;todying small surtace

features afhigh bea;.cufzent ensures rapid Auger analysis. 1In

the 81!-595 a finely focussed electron beam wifh conventional
deflection and rastering capability is utilized to obtaln a

two dinensional compositional analysis of the sanple surface. -
Imaging of a surface is obtained using eith,; seco nggxx ’47;4;
electrons emitted fron the sample or by neasuring the.cuzzeht
aosorbedfby the sample as the eleotion beam sweeps over.

various topographical features.



In order to analee the’energies of the Auger .

electrons enltted fro- the sample, an energy dispersf‘e
"cylindrical,nltroz analyze: (CHA) 15 usgq in the.SAH—595. The

high signal-to-noise ratio of the CMA increases the
sensftivity_of“fhe;insttunenf. ~In the CHMA two cylinders are
positloned‘cbé;:;ily/and the outer cyiinder is kep£~aﬁ~5\ P—
negative potential relative to the inner cylinder.. The. Auger e

‘electrons emitted from the sa-ple are passed through an

— -

aperture in the inner cyIIndet and those electrons of av

particula,r energy are deflected by the electric field tnzoﬁgh B
‘another épertute to a focus on the éxis where a channeltron o |
electron nultiplier is lbcated. The'enerqy resolution of the

CMA can be varied continuously over the range from 0.3% to

2.0% using a mechanical aperture.

2.1.2. Auger spectrum ar line sca s
The Auger electrons appear as small peaks in the total

_Sec?ndazy electron enqzéy alstribution, ﬁ(E).‘ Since these

Auger peaks are spperlnposeg_on a iéther lafge continuous |

background, small péaks az; more easll} defected by- .

différentiatlng the Auger electron energy disfrlbuti@n, N(E)»

vlth respect to E. Thus, the conventional Auger spectrum is

given as dn(E)/dE.. ' o ‘ R L
Ihcxa are several options for aﬂalyz%ng a sanphf using

the §AH-595 such as single or mujtiple point analysis, Anggz~

line scans, dgpth proflling ang elelental nappinq As the

first step of the analysls, an elenental survey (Auqez
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spectrun) on the sample sutface 1s usually obtained to

Ldentlgy the elenents g;esent. .The survey_spectrun is aiao

useful to decide whether the surface is contagin&tea. Tﬁe;

. relative intensities qf the Auger peaks are highly deéraded' .

for contaminated Suzfaces; In ordér to obtain an Aﬁéer'a?zvéy
spectruu one can choose the single point analysis mode,
uultiple polnt analysis mode or an area- avezaqed spectxun, WLﬁuwi,ff
the slngle or multlple point analysis mode a stationazy o
electron beam is used to probe speciflc points. To obtain an
azea—aﬁeraged Auger;sbectrun-the,beam is raste%edacrOs; a
sélected‘érgavqn the suifacé.

Aﬁ Auger .line scan gives a quantltativé ind;cét&on of
the elemental digtxibhtion'by giving the relative

concentration of a speclific element along a line across the

specimen. One Ean 3can seueral linesvsimultaneously in order

to obtain the two dimensional distzibution on the suiface

2.1.3 Sgutterlnq and q_ﬁih g;ogilxng

In conjunction with inert gas ion sputtering, the SAM

provtdes conpos}tlonal}varlation as a function of sa-ple depth
(47 Ch. 5, 48, 51). High purlty argon (or xenon) gas s used
iﬁ the sputtering system attached fovtheiSAﬁ—595. Argon atoms
a?e i?trod&eed'thréuqh a prgciselyﬁcontrolled_leak va1v£ and
are then lonized by energetlc electrons. Positively charged -~ —
ardon ions are then accelerated through a tube fovard the

taiqet (sample). The sputtering ion gun attached to the

SAM-595 provides the smallest ion beam size of about 200 um.
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The eputtering rate is eaaily controlled by changing either
the ion beam current or the raster area.- In addition, the‘
sputtering rate depends on -any other paraneters such as

(4

density of target, energy, ato-ic mass and»angle of:theA

incident'ion beam, and surface composition of the sampie d ..

-

- (47 Ch. S).

- ;f Auger analysis of a sample can be done either with

continuous'qr discontinuous sputtering. When in the

. continuous sputtering mode, the analysis is'done

simultaneously, while in the discontinuous sptrtte'ring mode the
analysis is done after»sputtering. In the single or multiple
point analysis modes, one can obtain ‘the elenental
distribption (depth profile) along an axis perpendicular'to
the sample QUrface, When operated in the line ecan node with

-«
alternating sputtering, the elemental distribution across the

B, W

layers underneath ~and parallel to the sample surface can be _
obtained. Sputter ion etching is also uv:ieful in cleaning w
contaminated sample surfaces prior to Auger analysis Gentfe
sputteging is desirable for this purpose since otherwise the |
suriace infornation may be lost due to erosion

There are several factors which limit the depth
reeolution as a reanlt of spattering (47 chapter 4, 52, 53)

Ion bonbardlent induces changes in the surface topography and"

{nevitably leads to mixing of atomic Iayers' This induced oo

‘surface roughness can result in broadening of the depth

-~ LS

profiles and hence decrease the depth resolution to several

atomic layers. In.addition, it has been observed that the
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oriqlnal surface roughness of the sample will also reduce the

depth resolution.

) ‘ A non- unifor- ion beam current density over the A
sputtered area can cause the sample to be efbdqd to different
depths £orn1ng a crater. As a consequence AES Willlin»qeneral
dececr sigcals from different depths on the crdrer-wall, 'i'
‘decreasing the deprh resolution. This problen can be‘avoided;
| by’raetering a well £ocussed ion beam over a large area.' Ih
» crder to aroid the crater wall effects, it is desirable to
choose an area on the flat bottom of the crater £or Auger -

analysis. —_ -

1.

n2.2. §cann1nq'e1ectron microscopy

" The basic featﬁres of a scanning electron microsccpe,

(SEM) are an electron gun, an electronagnetic lens axatem, an
| electron detector ahd a high vecuun systep (54, 55). With anb
x-ray fluorescence (XRE).;ttachceht,(i.e. an x-ray detector),
the|sﬁﬂ can ‘be used to analyze the'bulk of a soiid”saﬁple} |
generally within a depth cf 1 to 3 Hm. The SEM is operated.
ender alvecaun of about 10—* torr. An eiectron beam is
produced é:b- a LaBe cathode by’thernicnicﬁenisslon._ e
electroﬁs are accelerared tcward the sanble by a potent1al c£,
5 to 40 kﬁ, The condenser and the objective lens system are
used to focus the electron beam to a flnaIISpbf size on the
canple In a manner siniler to ABS, the area o£ the aa-ple to
be exauined Is ‘Irradiated with a finely focussed electron

beal, which is swept in a raster across the surface of the
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m,egee}nen{

Hhen,n,nanple,ia bonbezdedrvith—suifie%ent}y—energeticf
e;ecttona, characterlatic x- :ays, secondary'electzons, Auqer
electrons. and backscattered electrons of varlous energles are
enltted. Inctdent electzone ofzsufficlently high energy caq-
tepove an inner sheil electroh of an atom leaving the atoQ{;ﬁ_
an excltedvstate; X-ray fluotescence (XRF) spectra are -
7ptoduced as- a tesult of deexcitation of the aton by filling arf
vacancy 1n a core level uith an electron from an-outer shell.
The energy of the emitted x-rays, whlch corzesponds to the
energy dlffetence between the inner and outet shell ‘of the
aton, ptovldes charactezlstic 1nfornatlon of the parent dtom
(Flg. 2.4). With an XRF attachment, the SEM can provide |

" information suc; as elenental ldentification and relattve
concenirction of elements at a glven point or ‘along a llne

,}acxgaa,ahaanglek ethe_ene;gyeoi -the- chazaetefistie—fiuorescent~4~"~
Xx-rays ldentifies the x-ray enitting elenent vhile the x-tay ,f

' intensity is propoxtional to,theruelght oncenttatlon»of the
ele-eﬁt within the anelyzed volune.'»TJ;idepth of the ahelYSist

'voluie depends -alnly bh the pilnazy'ekectzon beén enerQy and
the ele-ent matrix of the speclnen. ' | |

In the experinents pteaented ln chaptet 3 an ETEC .

Model Autoscan Scannlnq :lectzon-ﬁicroecope with an enezgy N o

disperslve x—ray detector (SI/LI detector) was used to obtain

the relatlve anount of intercalated Ag in TiSa czystals.‘
Typical XRP spectra for Ago;4rlsa (stage ll,vﬁgo-aTISa (etdge

N
2) and pure TiSs are shown ln Fig. 2.5. The spectra were
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0 .2.308 keV, theiq{a- Hne‘at 2.mmmf line at ‘. 510

keV. The intensities tor the Ag L. and Ti Ke peaks vere'

neasured using an energy window of wldth 0.30 keV

"::As in AB&, sa-ple inaqing ln the SIH is obtained ualnq a

low enezgy»secondary electrons. _‘The secondaty electzon images

are useful 1n positlonlng the aanple for analyals and |

observinghit,onla niczoscopic scale.v In the expezllents

described injchar’ v 5, the secbndéry electron images were

used to neasute the thicknesses of thin Tisa ctystéls wlth the

aid of an ISI Hodel DS 130 (Internatlonal 8c1ent1fic

Instrunents, Inc. ) electton nicroscope.




.3

‘kth. 2.1 Energy level diagram deadtibingvfhe process
" involved in Anqéﬁ electron spectroscopy.

Th1§ f}gute zgpresgnts the KMN transition. '

——
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flg; 2.2 (a) Schematlc pzesentation of electfon scotterlng,,
| | “in Anger electron spectroscopy (ref. 47).
(b) Analysls voluue 1n Auger electron spectroscopy.
b = diagetez of“theoincident,electron‘beanr'

ad = deoth from which hoger electrons can escape

without significant energy loss -
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2.3 Séhenatlé drawing of the ¢oax1a1'electzon_gun .
column and the cylindrical m%g;pr analyzer in
, ' N
SAM (49).
-
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LaBg cathode
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?lg. 2.4 !nerdy level diaéra- for an atom showing the
excitation and é-iéggon process involved in x-ray

fluorescence (54).
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Flg. 2.5 Typlcal x-tay‘fluorescénce spect;a for
{a) AGG. aTi8a
{b) Ago.aTi3Sx and -

(c) TiSx.

{Courtesy of P. Joensen)
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The electzolntezcalation of 718. wlth sllvez is

usually carrled out using an electrochelical lntezcalatlon

cell Lllllat to the one shoun in qu. 3. 1. A single czystal

of Tisa is 1-arsed in the electrolyte which is a solutlon of
silver nitrate (Aglo.) inawater'or_glycetol AgNO, is chosen
‘since it is one of.the few soluble slivez‘co-pounds avallable,

, A plece of pure sllvar metal acts as the anéde while the TiSa

-ystai'servas‘asmtﬁé*citnode Upon electrically cohnecting o
the tvo electzodes, the Ag’ ions intatcaiate into th 182 :
lattlce and electzons paas through the extetnal citcuit. The b

‘reactions occurring at the two glec;zodes are:

B ' &R‘ A —> Ag* 4+ e~ . at anode

TiS8a + XAG® +xe~ —> AG.TiSa at cathode

,,,LAE,,'L’;!E&;,,,—:-l,f,MS'j;,b,,,‘,,,,,,,, neLuactLo& 77777 S -

where x = mole fraction of Ag.

The rate of intezcalation can be conttollgdﬂhgmﬂffh;kmfmiiff

inpoaing an cxtetnal voltage across the cell. The initial



v

33

LIS

Voo

]ff iﬁﬂ*ﬁ?‘with‘t!spéc: torthe Ag anode (56).

. open circnit potential of the Aq/ris- cell is approxl-ntcly

| ero stages have been obaerved when A@ 18 v
electxolntetcalated 1nto Tisa crystals uainq 0 1M AgNO. ln
_ glycerol or uater (6, 41, 42).' In a paztially tntezcalated
- Ag/Ti8a crystal one can see three reglons, nAlnly, stage l,j

' stage 2 and eapty crystal. Btages 1 and'2*havu been obaorved

optically and'detected by‘x tay dlfftaction and x- ray
fluotescence (XRF). When a czyatal is optlcally observed

» durlng 1nterca1atlon, inltlally a staqe 2 front appears

followed by a stage g front. _?hgae fronts’ advance lntq'the
crystal fron the crystal edges’aa the interéalatlon contihues.
‘The . -ole fractions of Ag in stage 1 and stage 2 teglons are -
[~ 3

Eound’to be 0.4 and 0.2 zgspectzvnxy (41, 42). The ENF values

of the Ag-rtsz/o 1M Ag‘(qucerol)/hq cell in stage 1 and ‘stage

‘”’*2“hiVé‘b€€ﬂ‘IE§§ﬁted to be approxlnately 40 and 80 nV (56)

After ptelininary obaezvation of staging in the -"
Ag/TiSa syste- vith XRF, several experinnnts were carried out
to study the motion of intercalated Ag in the tlsz 1attice$
ﬁaihq x-ray fluorescence qnd radioactlvé tracer tachniques;

3.2'x—z DT e5¢ e Y © ,
In this work, partially intercalated Ag/TiSs crystals

with both stage 1 and stage 2 were studied using optical and
XRP -easure-ents. The aim was to ing;g;Lg;tg_anxgnnhnnqn:ntﬁf,fgh,

motion of Ag Ihtercalant’ip stage 1 and/or stage 2 rgglons




QtterztherlnterCalatlon u&s»i&rntnéted;"j,‘

3.2.1 &l!El2_2l!ﬂ!Iﬁtlﬁn_ﬁnﬂ_lﬂtslﬁiliﬁlﬂﬂ

The thickness of the TiSx crystals uaad ln this

s nxperi-ent were. 1n the range of 1 to 2 n-. v ‘~gt0'n'?132

crystals are usually -uch thicker (10 to 100 un) than this

thickness range and the;procedure for prggnring_thinrtisaf'>'

o sa-ples trom aa-qroun crystals vlll be descrlbed in sectlon

P 2 1. A thin 118- crystal was -ounted on a piece of

graphlte block £ixed onto’ a SBH sa-ple holder.; The graphite :
block ‘was used to 1solate the SIH sa-ple holder £ro- the/ |
electrolyte. Thn crystal was eluctrically connected to the SEM -
sa-ple holder wlth graphite DAG (Fig. 3. 2) - The crystal was

- alloued to intercalate only from one edge to avoid -arg\hq of

intorcalatton £ronts advancing into the crystal from difégrent

/adges. Except the edge intended to be intezcalated, all the ;ﬁ;Wfﬂﬁ,

other edges were first covered vlth Rrv sllicone rubber and

then vith graphite DAG. The purpose oi uslng graphite DAB was

"-V,to cover the electrically nonconductinq R?V’since nonconductlng :

materials tend to charge up when exposed to the electron beal

of the Slnr ' The TiSa crystal Has_lntgrcalated_wlth Ag usinq a

- shorted cell (Fig.-3.3.)}.- A 0.1 M solution of AgMOs In

.

i » - - . - - ¥ I
g1xcarn14nna4used4as4the/eiee%ro%yteff—{ntercaiattonrwas

s

IAclrrlod out ohcervinq the crystal through an optlcal

microacope. !htafthcfcrysta%~uua~sﬁff{c%entiy*tntercziateu ro
exhibit stage~;, stage 2 and an empty regibn, lntercalation‘

,. o ,,,,‘,,,,;,,‘\L&,,,) o ,';
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uasitezninated and optlcal photogxaphs uere takcn to t-asute

the vidths of 1ntetca1ated reqlons (rig 3 4). c:y'tall

';;Ebzcalated thzough,defects such»as pinholes or at.p, Hure,f7 '

_disqarded,,ﬁln this expettnnnt crystals. were usually

- lntexcalated £dz 4 to 6 hours. After intercalatlon, the Y

" sa-ples were thorouthy rinsed wlth acetone to za-ove the

*;glectzolyte and’then taken to the;ﬁsn foxgnnnlynia

The telative a-ount of 1ntezcalated,la gg;g;tgn;;Lgu::::—ff

of distance ln from the crystal edqe uas detezllnad by X&F

_8cans alonqﬂg line perpendiculaz to the edge of the cryatal

"(Flgs. 3 Sa‘ahd b) The scans Here polnt neasute-ents taken

about 5 to 20 un\apart. The‘bxinary electton‘boan uscd was

20 kv with a scanned axea of about 2 Hm across. One XRF scan

took typically about 2 to 3 houtu, depending on the distance'

.tntezcalated fto- the crystal edge.i

The first XRF scan of the intaxcalated cryatal UIS

made vlthin 30 to 45 -lnutes aftet the lntetcalatlon stopped

' Repeatea XR? scans were cartiea out. in 2 to 3 hnu:a time

B duration and it was observed that the staqe ) zeqion depleted

'witn time while ‘the stage 2 fzont advanced furthez into the

 e=ysta1— ————— kneteasianthe~vidth af‘the'stxqu 2*reqt6n'trtg. , ;

3.6).

. the crystal.f No -ot!on oﬁ the staqe 2 Aq fzont uas obsetved
_after the,disappea:aace n&éthz~eat%re~at&q&Akﬂﬁmfhnrﬁfﬂnur B

c:ystals with only stagp 2 and an empty reqlonAwerc thcn Ie£t<>
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| rzart zoo'-ftopeutute for perlods up tot 3 nonths. E aepeated xal?

scans p-:to:-a dnzlnq thi- peziod»thoued that the stage 2 711;”

:front wvas statlouaty._ o

sincc the staqe 2 f:ont was obsetved to be stntlonary

‘at roon te-petltuze, the sa.plea wlfﬁ‘staqa 2 and an e-pty
arcqion were heated at differentrte-peratuzea. The te-petatute

yuluaﬂ ghanggd_by 10°C’ 1nczenontsgandfthefsa.gle—uas—scaaned*#—Af—~’*f

':afte: aach heating step to observe any change ln the staqe<2 .
’ dist:ibntxon., A slqniflcant lotlon of Ag in stage 2 was

i;nhngxxedgonlyAa;:;g-ggxainzeszabe¥e;i592ej/;aeat%ag:tﬁs:samphfizif

at 300°c for 2 hours causcd tha stage 2 Ag to diatribute :

»evenlyfthzoughont the ris. cryntal.‘ 1t see-ed that the stage 2
. was converted to a mixed phase of staqe 2 and dllute stage 1

| at this tenperatnre.

Althonqh high mobility was obsezved for stage 1 Ag at

- room tenpezatnte tha A renained stationaty wvhen sn-e Aq/Tlsz'

;’cry:taln with both ataQes were eooled d%yn to liquid Ha vf;,i'ﬂf

tolpetatute (717 X). Some sa-ples wltb both staqe 1 and staqe

, 2 were laft in liquld l- foz about a day and the fzontn whlch-

- were obse:vud optically beEote and aftez cooling tevealed tba

same fzont poalfﬁona.'

,:t %!"Vid0Ht”ftﬁ.‘?f§§4/3‘554*ﬁak375 that staqe 1 Ag

'in O'partially lntercalated Tlsa crystal zapidly convetts lnto ‘

,;st89.~3—&qfit*tﬂOl*ttIpetttntU
'zesnlts praaented abovo that the -ntion of Aq in 71827380 be

‘It*té’also cleaz Eto- the




" the crystal. _ These qpsozv

K ohagzygd at

, conversion is pzobably dzivon by stxong zopnlalve Coulo-b r——«la»;

£otces betueen charged Aq"lona in the van det Uaalo gapo in‘
the stage 1 tegion. Slnce the intotlaynz Ag atons ln otago 2. .
are’ twlce as sepatated as those ln stage 1, a higher Coulonb |

zepulslon can be expected betueen the 1ntezlaye: Ag atons in"Qtd

ﬁsfagg‘ifi The :ate of stage 1 to staqe 2 convorslon,uaa found

: to be'7'nn/ht. The fact ‘that the stage 1 front remains -

statlonazy at 77 K lndicates that sone thernal actlvatlon of

:zepulsive driv!ng forces. Using this Eact, the thermal enetqy |

. conve:slon ls dktinated to bc'about 25 mmV. Tho obsetvatlon

associated wlth staqe 2 1aland foz-atlon duzlng the stage>-

that the notlon of atage 2 Ag occurs only at elevated

vtelpcratures also lgglies that gg!g4;hoxla14onoxgygisgzoquixod/gg,f

to~overcone the enezgy battiet associated w!th stage 2 Aq -

A-otion This'ther-ai enequ'is‘estlneted to be about lD

meV consideting the fact that the motion of Aq vas observed to "

start azound 150°C

telperoture has bzought up-so-e queationa (a) Uhoto do Aq
atoms reside after they entet a pa:tlally Lntercalatcd,Ctyttol

~ with only staqe.Z? Is atage 2 Ag mobile dnzinq intozcalation?,
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7(0! Hov‘abos thé Ag in the stagc 1 teqlon tedlstzlbute to

;1 to staqe 2 convnrslon? Is

dtago 2 aq -obtle duzlnq thc stage conversion or. does staqe 2
Ag tc-aln stationaty uhilc ataqc 1 Ag is being redistributea?

Moo,

ro f£ind the ansuats to these questions, some

expotlnants uere cartled out using :adioactive silver (Ag“°)

In ozder to study ‘the stage converslon, Aq“° was used to

rwlahnl the«Aq in the,stage 1 zeqton— For studying the- stage 2
lntezcalation, Ag“° was used to -onitor the new guest ato-s:f

‘,entezing a partlally‘intercalated stage 2 crystal. The

location of the activﬁ Ag uas nonitozed by detectlng the

tadioactlvlty in dliferent regionu of the lntercalated czystal.

Since the,a-bﬁnt of silver intercalated and heﬁce the

adloaet%v%byf%nereases—vfth“thtckntssutt“t’*édVantageous to

- aevetely an¢ gave reanonabla countlngﬁstatls;icn. :

use the thickest c:ystals available ln counting expe:inents.- .

Howevet, the 1ndqud elastic stralna duzlng 1ntetcalation

icauae thlck cryatals to crack fron thefintetcalated edge, and
 the c:acks will then pzopaqate lnto the intertor of the -
"ctystal‘(rig. 3.7). It vas found by trlal and error that the

3

czystals ln the thlckness :anqe of 3 to 6 uUm dld not ctack B

~ The same procedure that will be descnbea in s gt..on

4. 2 1 was used to prcpate the ris. crystals of the above 12
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7'stIver can intercalete through defects glving undeelrable

k

| ‘ 'r;v01c tnls posslblllty, a thln leyer of
"RTV slllcon rubber uas spread on the botton,eurface of the
d xifcrystals and all the vlslble defects of the top surface uere‘ |
| :carefully coveted vith tlny dote of RTV. rhe cryetels were ‘fd:’é
first. -ounted on plecee of cover glass vhlch uere then leed

onto SEH se-ple holdere. (A SEH aanple holder vue used only

Eor convenlence )- For sefety'reasone, lt le deelreble to use
' the e-allest a-ount of the radloectlve electrolyte.' A small

‘;"fr | lntercalatlon cell vas nade ‘as shown ln Flg. 3. Ba. A tiny

1hioiece of silver was attached to the crystal to serve as . the
anode. “An. electrolyte contalner was made uelng a rubber |
o;rlhq.' The crystal ‘was lntercalated from all edges to
increase the number of 1nterca1ated sllver atoms and hence the J

>

actlvlty of the crystal.

“w04electrolytee‘were‘ﬁeed,'one wlth radloactlve Ag**° d;

and the other wlth nonactlve A9‘°' l The ectlve*electrolyte was.

‘a. eolutlon ©f 0.001 M Ag**® in 0.05 H HNOm In water.' (This was
Aprepared from a solhtlon of e.l "tAQ“° in 0.5 M_HNOa in
water,'ourchaeed,tron Hew‘xnglanddﬂucleer df ceneda»)'rhe o
nonactive electrolyte was prepared with: the ldentlcal nolerlty

' and solvent as that of the active one. 81nce the a-ount of

the electrolyte ueed ln a cell was very enallllabnntrss,ul\-

the cell uae covered with a nlcroec;peﬁcover glaee to p;e!entrrgjfrv

' evaporatlon of the solvent (FPig. 3.8b).

In order to study etaqe 2 ellver -otlonL a crxgtal was

flret lntercalated Uith nonactlve Aq‘°' untll the stage 2 .
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front noved a distance X, and/then the. crystal was turther

tntetcaixted'wtth active lgf*°‘fo a total stage 2 width- of B4

) d{?ig, 3.9a). The crystal was photogzaphed after each
intercalation to measure x.and y. The typical values\oi x and
yvate'aboutlﬁo to 100 um and 90d§o 140 um zespectlvely.v The

width z of the ataée 2 region intercalated vifh the active

Agti© was calculated fron x and y, where z =Yy - X. Afte‘,ww,;ﬁ,,m

1ntezcalation, the cryatal was removed from the sample holdet

- v‘///
and thozouthy rinsedrwich acetone to wash off the excessn

écti?e:eiéctrolyte. Handling of the ciystal was done under an

obtieal mlcroscope uslnq fine tools.

| - The ptocedure used to monitor the locati of active
. silver in a crystal was as follows fThe total CC:Ltal |
activitylwas first measured andvthen narrow sections of the

crystal edges. were cut with'a razor blade as 3hpwn'in Fig. 3.9c.

TheCtystalslHEIe'aIwHYS’intez;§§ateasucﬁthaf the final stage
2 width, y > 2z. Hence, it was possible to’cut'theeedges of

~ the crystal so that the widths of the cut sections and the

remaining stage 2 region in the middle part uere-gxeater'than z.

The-idea was to check whether %he Ag**© atoms which have
entered later lnto the stage 2 region, (a) renained near -the

edge, or (b) noved to the Interlor of the crystal passing the

preintezcalated nonactive Ag*°® atoms, or (c) nixedetoqetherfaVer

with ;he pzekatercalated Ag*°® atoms. Using an;gptical
microscope it was possible to cut strips from the crystal
edgee vlth‘an accuracy of about £ 10 u- ‘After cuttlng, the

~activitlies of all‘cut sections and the remaining middle part
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crystal were neasured separately. q“° enlts a vlde h

spectrun*of¢gat-a*radtattan, 95t of ﬁﬂIch is 65? keV ~gamma

\

tays."* asure the ctystal,actlvlty the gamma spoctzup-waa

detecfed with a Nal well-type scintillation apectroicter.

3.3.2 §Q!ﬂlg preparatio B“AE__L__2LS_lé_iﬂﬂ__ﬂiﬂﬂx_gi_ﬁﬁiﬂ__l

to stage conversion S o
| The 5anple prepatation for the study of staqe‘

conver;gon was essentially the same as that described in.
2:ftion'3.3.l. Thé nohaétive'electiplyte uéed was a solufiqn

{ 0.01 M Aguo. in 0.05 ﬁ-uuo, acid. The active electrolyte -
was a mixture of Ag“° and Ag‘°' with a concenttatlon of 0.01

M in 0. 05 M HNOx. Some nonactive Agio= solutlon was mlxed

with the actlve solutlion to reduce3the hléh‘activlty for

safety reasons. | E

A crystai‘vHS’fost*IﬁtEYEélataa witﬁ”ﬁﬁﬁibfive Ag‘°‘4ﬁ77

until a region of stage 2 of width. q (byplcally, q = 100 to
130 Hm) was obtainegd. Then the crystal uas further

1ntercalated with active Ag*t'® untll a staqeyl region of width

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

edgeq.‘ fo ensure that Ag'*© atoms Intercalate oniy.as staQé 1
Ag‘5°, the switching of the Qlectzolyte wasldone'jusf after
éobserﬁing a narrow reglon of stage,llﬂg‘Q' at.thalciyatalh ‘;v'T,ff
eagés. After intercalation the crystal was :g!gygélg;g,_géﬁ,m L
sa‘ple holder, washed with acetore and left‘for about a déy in

order to give sufficient time to convert stage 1 Ag**® into

stage 2 Ag**©,  Since the width of the stage 2 Ag*'? becomes
X
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2p after the staqe convefsion, “the crystals ‘were alvé """"""
, iﬂt&fea%itCG*5ﬂ£h’fhlf“ﬁ’)‘29. Inm btdar‘tﬁ*de ermine
locntxon of Aq“° attez the atage convezsion, thtee
posaibilitie: were conaidered' (a) Ag“° atoms from stage 1
remain near the czyatal edges while stage 2 Ag'e® atoms iovefw‘% 
further into tho czyttal from the edges, (b) AG?**° atoms move
to the 1nterior of the crystal by passinq the stage 2 Ag‘°' B
atoms and (c) -ost of the Aq“° atons from stage 1 realde near
the edge, but so-e éf ‘them can be mixed with staqe 2 Aq‘°‘ at
‘the stage 2 Ag“° - stage 2 Ag‘°‘ interface

4 After the stage ‘1 Ag?*r© converted 1nto the staqe 2
AQ“° the total crystal actlvlty was counted and then v
crystal ﬁections were cut with a razor blade at a diatance

‘sllqhtly ‘greater than 2p frol the cxyatal edges The

activities in the cut sections and the remaining middle patt

, ,gzﬁthé,exyga}rwr ed separately.
The tesults from sectlon'3.3.r-shoued fhat when guést:

atox= enter a partlally intercalated stage 2 czystal néwlf

lntercalated ato-s reside nainly near the crystal edge | The

results obtalned for two samples aze,shown:Ln Table 3.1. It

is clear from the':ésulta th&t most of the actlyé,Ag?!Q - B

‘remained in the cut sections of the crystal A lov but not .

negliglble actlvlty was found in the middle part, shoving>
there is no sharp boundary between the acﬁlve,and the

nonactive regions. This may be partly due to atomic mixing
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betwéen snvéi in tné nélghboriﬁg' sites. The ’fac?thaf’”t’he

&q“i—atoas~ueze~de€ected'naat”the‘ctystxi’!dqe“ﬁous that the
: rpzelntexcalated ataqe 2 Ag*°™ atoms have moved into thc
c:ystal, thezeby clearing ‘the sites near the edga for newly
lntezcglated at ‘  This observation leada to ‘the important

%

conclusion that the silver in stage 2 region is mobile during

- “ihtercA1at1°"'

The 3tudy of the,stage 1 to. 2 converﬁion also showed

" that most of the Ag*'°® from the stage 1 region had been located

near the crystal edge during the stage conve:sion. The resultarrrww
of:oﬁe sa‘ble are given in Table 3.5. Even though most ofrthe> | 7
activlty was detected in a region 2p~£iom the czyatalredges,

some actiylty’was also -easuted ln‘the remaining middle part

of the crystal. In order to find how fat this Ag“°'haa

distrlbuted, a second cut was nade around the edges of the

rzenatniﬂq-%dd%e patt*andmthe‘acttvfttES’Tn“thé“tut’iectXOnu
and the remaining crystal parts vete -easuzed sepatately As
given in Table 3. 2 'a very low activity was measured in the
remaining middle part of the crystal after the second cut.
The results showed th;t,'during the stage conversion, the .
stlver in the stage 1 region pushes staée 2 siiver'into_the
:C:yatal while remalning near the crystal edge. The activity
- found beyoﬁd the expectéd rgqloﬁ, 2p, lnpllesrtﬁat the sllvg:fg o
from both stageé tend to mix at thé interface. From the
results in-this sect1on, it is clear that the sllvervin the
Bfagg 2 region is nobi{g during,stéqe 1 to ﬁtage 2 conversion.

As explained in section 3.2.3 the &rlving force for



' atzong rcpulsive Couloab fozces betveen chatqed Ag* lona in |
the van der Waals gaps in the staqg 1 region. Even though it
has not beenkpzoven yet, it is believed th@t there may exist a
vezy'na:zbv reglon‘qf stagell‘at thevedge of an lntetca}ating
crystal. Thé d:;ving iérce fqz fhe st&ge 2 silver uotxén,
during the infe;célat;on‘iay have Qet1Vpd\fzo-,gmngzggy,;tage Q;m,:7
1 iegtgn bE;;;nt at the crystal edge.

‘Tho stage 1 to atage 2'éonver310n will be further

discussed in section 3.4.2.

3.4 8tudy of the migration of sjilver ggrpgngicglg; to the '
layers of TiSa | | |
The diffusion of intercalated atoms in layeied

structures is highly anisotropic. A hiéher dxffusxvxty in the

observed (7, 57). A study carfied out to check the possible

- motion of silver perpendiculat)to the layers of Tigf lattice

is presented in this section. In this experiment, Ti5a
‘cxéstals with thin steps were used, and only the base part of
thérczystal stéeps were ihterchlat;d with slivet. The ldea was
to'aupply a good source §£ silver to the steﬁ from the bgse
crystal. The distribution of silver in the crystal step was
determined in the ;;ng way as discussed in~see%i0ﬂ*}%PﬂFﬂiinQ'“"“‘

the SRH vlth the XRP attachment.



As-grown TiSa crystals with thin steps were selected

' so that 1n a crystal the helght ofv;ﬁe ste; was much smaller
than the“héight of the base cxystal.' The thicknesses of thé

- steps and the base crystals zanéed from 2.5 to 10 ﬁn and'25 to
50 um respectively. A crystal was first mounted on a piece of
axcroscope cover glass vhich was then mounted on a SEH salple ;Wk
holder as shown in Fig.‘3.2. ‘All the edgeu of the step were
‘then covered with a thin layet of RTV to prevent any possible
intercalation of silver 1nto the atep through its edges Ihe
'electrolyte ‘used for intetcalation was 0.1 M Aguog in
glycerol. The SEM sample holder was kept upright and an edg§
. lor éwo) of the base crystal was wetted with a fey'drops of
the electrolyte such that.nb part of the step was in contact‘

with the electrolyte. A smhll strip of silver immersed in the

electrolyte was connected to theféi}gﬁii?ﬁfiﬁéﬂségé crystals
vuefe 1nterqalated for 4 to 8 déys, depending on the thickness
of the crystal. The stage 2 front had noved undexneath the
step within 2'to 5 days and the lhtercalation was stopped when
~the stage 1 fiontiappzoached the ?dées of the step since some
érabks,developed in tﬁé base crystal with therprqgreda oé the
sfage 1 front. After observing the motion of the intercalation
fronts we assuned'téét the base crystal'providgd ; good source -
of silver for the step. '

—Aftet intercalation the crystal was analeed us ing the
SEM. As described in aectian 3.2. 2 the cryatala were scanned

along a line perpendicular to a crystal edge used for
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iatezéalationr{th;—a.}05§i aoth‘the ‘step and the‘bGSe crysfhl 77777
were gg;nngd AL,lnx,nccnlgzatingfvoltaqef4&GAkV}/fef—the——4»—~4——~*
prinaxy electton beam was used to teduce the maximum
penetration depth of the electron bean.l Hhen scanning the
‘steps, a high energy electxon beam can penetzate through thin
steps dogn to the base cryatpl pzoduclng x-rays from the

allvér in the base crystal.

3.4.2 gggg;;g ggg glgggggggn Aq gggggg QL ng gng ol >3l ag;g

All samples (8 altoqether) were scannid after
~intercalation was stqpped and no sllve: was.found in the
steps. Thisiahous’that the silver had not moved along the c -
Aatls during lntetcalatibn.‘ The samples were checked

. . v : Ve
intermittently during the next two months and no motion of

silver perpéndlculag to the layers was observed.

After obtaining this result, it was clear tha£ §he
.results of the tracer experiment for stage 1 tokst;gg 2
‘cohvetsioﬁ (section 3.3.3)'sq§port'0aunas and Hérold's model
{Pig. 1.4) for intercalation. The type of motion of staqe 1.
Ag into stage 2 Ag required by the tzacer readlts can only be
zeasonably explained with islands of atoms vithin the host
layers. The convezsion fton stage 1 to stage 2'1n the - . |  _ :,,7
classical model for staging is only possible if niqratlon -of
»Ag atoms pezpendlculax to the 1ayers of t e TiS=a latttce
roccuts Since we showed that the notion f A atoms

: perpendiculaz to the layers la negllgible, ‘the classlcalAnodel
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fails to explain the tracer results. Tn1thé;ffiéé;;;iﬁif{=iag;

‘which was done to study the migration of Ag in the stage 1 to
stage 2 convgrsibn, sonﬁ,actlﬁity was fpund~bgyond a distance
Eron’thg edgevgreate: than twlce the width of thé stage 1

. region (Table 3.2). This Agzeea with the elattfon:uICtoprébé'
results wh§zelit'vas observed that the intercalaticn fronts
are not sharp and thatfthgﬂbtage 2 front becomes widéz aftei
the conversion of gtaqe liinto Stage 2. | - 7<:7ra”i77;w J

To interpret the zeéult:s obtalned by both XRF analysis

and the tracerkexperinénts, an lsland model ba;edvdn Déunas
and Hézoid's model was proposed as showﬁ in Pig.lj.ii.

Fig. 3.11& shows the upper half of a partially intercalated.
czystalvwith'stagell and atage 2. 'Thé lowest layer in

Pig. 3.11la represents the 1aygr at fhe center qf éhé c;ystal.
'The»silver distributioﬁlln thg wﬁole crystal lsgexpébtgd to be
SJEQQ;:L¢31 alQﬂﬂd_;hﬁuﬂaﬂiﬁluﬁfhth&;ClyatalT—~?h&fislaﬂdsmaf&
étranggd in the crystal 1nA§uch a way that the fronts are4

V - shaped giving broad intercalation fronts, Fig. 3.11b

shows how Ag atbhs in stage 1 can remain near the crystalyedge'

in the stage 1 to stage 2 conversion, as regquired by the

tzacex‘resultsﬁr In this model the stage 1 Ag acts as a source

of moving stage 2 lslands.

The stationary behavior of silver found in stage 2
TiSa crystals at room temperature was an advantaée'for )
studying the intercalation reacfion at room temperature.
Eecause of this convenience stage 2 Ag/TiSa crystals-wete uséd

in the experiments described in the folloulngbchapteza.'
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Pig. 3.1 Schematic diagram of sllVet/titanlum‘disulphide'
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Pig. 3.3 THe setup used for electrointercalation of TiSa

crystals. 8 o o . ~;
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Fig. 3.5 (a) Skelyh of a partially intercalated TiSa
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;ctysta;.

XRkbgcans were nadezalpngra lihe perpendicular‘to ‘

the intercalated crystal edge.

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

partially intercalated TiSa crystal.
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Fig. 3.6 XRF scans showing stage 1 to stage 2 conversion
o - e :
i at room tempezature. e
Time after intércélation: _ : N
(a) 0 - 45 min.
(b) ® - 2 3/4 hrs.
(cy A - 4 174 hes. T
(d) + - 6 1/2 hrs. | |
(e) O - all sfage'i Ag has moved (Data taken after
two days). | -
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_Figf 3.7

S54a

‘Optical photograph.of ah‘in;erbalated TiSz 

‘crystal showing cracks formed at’gdgqs.

Crystal thickness ~ 50 pm.

- {Courtesy of P. Joensen)
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Fig. 3.8 (a)

- (b)

(Drawn to scale.)

N an

TiSa sample prepared for the radioactive
tracer experiment (top view).
Setup used for intercalation in tracer

experiments (side view).
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Pig. 3.9V-Tte sequence of 1nterca1ation of ‘a crystai and
cutting the edges for tracer experlments.
. pashed line deplcts.Ag'intercalation'ftontﬂ‘
(a) X is the width of the stage 2 Ago®" ﬂ
,(bJ;Y is the width of the stage 2 nade up of

fbothfhg‘°' and Ag*2° .

(c) The width of the cutoff sections and the
width of the stage 2 region 1n the zemaining
- part of the ctystal are slightly greater than
. - ,

the width of the active zeglon Z, where

'z =y-x. S .
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Table 3.1 Results of the tracer experi'n;ent: study of )stage. 2
-region \'durring intercalation of a crystal..
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Tablo 3. 2 Resulta of "the ttacet experiment: study of stage 1
ta stage 2 convezsion after lntercalation.'
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~_Fig. 3.10 S8chematic diaq:a- of a sample prepared for the

study of motion of Ag along the "c" axjs of the
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Fig. 3.11
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Qi:clea depitiahqrin’stage 2 islands. ‘ : :ﬁ'
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{(a) The island model proposed for a.parliailyl o
intercalated TiSa crystal with stage i, T
stage 2 and a-pty'tqqlons;(basedépnrthe DH -model
- of intercalation). ' o .' % N
, | ’gf'lf
{b}. The distribution of intertalants after the stage 1
to stage 2 conve{gigp.is eted. .

This is a‘scbe-ntiq diagram of the cross-section of an -
intercalated crystal where the host layers are depiéted

by lines and the circles deplcts’tegions.of intércalatéd

Aq;'barkkclxclci are the originally stage 1 Ag@ Light
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MEASUREMENT OF SILVER DISTRIBUTION IN PARTIALLY
INTERCALATED * - . ANALYSTS

e

4.1 Introduction - R

In the study carried out to understand: intercalatlon
and the tesulting diatributian of Ag.in TiS=> crystals st o
descxibed jn chaptex 3 the variation (1f theze is any) of Ag
dlstrlbution alonq the c axis was not considered—' The

distribution of'intetcalated Ag found in that study with XRF

measuremehts and tracez experiment was COnsidered te be a

-

constant throughout the total crystal thickness In fact it

has been’ assumed over the years that the distribution of
inte:calantg in a host lattice alopg the ¢ axis is continuous

| and_a variation of Intercalant éonQentration is only observed
parailel’to the basal planes of the host.

The elastic strain inducéd by the intezcalated atoms
due. to the separation of the host layers during intezcalatlon
-was known to play an 1mpoztant role in staging and
intercalation (26-29). It was observed that the intercalation
rate 1;,stLongly—thiekaesawéepeﬂéent~and~th&ck‘crystais‘3""‘/*
lntercalated more skovly than thin crystals.r Since an elastic

aenergy is reguired to bend a host }aye:;upon'intercaiativn,’ﬁm

1ncteaslnq elastic'ene;gy must be overcome with every new

-
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intercalating layer. Considering these facts, it is.

. zeasonébIe to. assune “that a ‘crystal wl;l Intetcalate nore
easily at the basal surfaces. Also, it is of 1nterest tc know
. . " ) B ‘e

the possible variation of the distribution of intercalants as

a function of depth from the basal pldnes.

This investigation can be carried out with the aid of )

the SAM/AES surface analytical technigue in conjunction with
' inert'éas‘ion sputtering foz microsectioning the sample
'pa{ailel to the basal planes. The analyzed depth in Auger

- electron ngctro;cdpy is leés than 30 A and tﬁgrﬁlsgt;butién o
of intercalant given in an Auger llne:scaﬁ 1s an average over

that deth. with the help‘of ionkggufteitng one can obtailn the
dist:ibutions of‘the intercalanésiakrdlfferent depths from the \;
crystalisufface. 7?1&& this»lhforpation, a 3fg;distr;butfon of ]

the ;ptercalant,ih'thé host crystal can be developed.

' 1!"7 This study was carried out‘fortEeAq,Tlsaiystem7,-4-

as presented below.

.

. -

4.2 sample preparation and intercalation

4.2.1.Samgle ézega;ation

Thé fhickness&s of therTisz érystala used in these
experiments were in the Lauqe of 2 to 4 uugand—theflate;alvﬁw~~f»m%
‘dimensions were (2 to 3 mm ) x (1 ,ggzgmm)LkAltmnaagprcfczableg,ggrf
‘to use crystals with thlcknesses in the above-specified range
since those with‘large thicknesses (> 10 um) take longer times -

to 1ﬁt¢rcalate the entire thickness.
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81ngle crystals of TiSa were prepared-by the Iodine

7 vapor tzanspo:t technique (39, 40) xnghcrystals-pbt;ined_by

‘this method were typlcally 10 to 100 Mm thick. The following
pzocéduf?rﬁas'used'éb prepare thin crystals ftpm as-gréyn”
’cryétals. S&ﬁkbiargeaand reésonably flat,crystals were |
“selected and placed on half-set: five~m1nute epoxy on a glass
.slide. Thc,crystals were - gently—pressed‘down until thé’bases"”’“*’
of the crystals“vere settled 1n the epoxy - After the epoxy- |

wa&*tured the crystals were peeledvoff using.sticky tape (DRG

= g " ) .

| ’S§llopap;}tk By this method, !t was possible to obtain many
thin c;ystalé‘ftbmnope as~-grown c;yétal. vThe peeled thin
crystals attached éo the sticky tape were viewed under an
Voptical mlcgsscopéataéichert) at low.hagnificatibnrto, elect

good crystals Qith large areas and no visible defects such as

steps, scratches 2{{5/99&3.) Even though only one side of the

_cryétals was checked at this stage (with the other side being
.stuck to the. tape) it was advantageous to select only the best
available samples, constdering the. tedious and difficult
ptocedure for sample preparation. The selected samples were
soaked’ln‘ttichlofdefhylene for about half an houf to’remove
the crystals from the adhesive on the Sticky”tape;~ It 13 very
ilportant to select a suitable 3t1cky tape and a solvent for

dtssolving the aaﬁesive because some tapes will Ieave traces

Aef~the~adhesivz“bn"th51cf7§§31*suzfaces, and this

contamination can be'extrenely difflcult to remove. After

=

soattnq,/the crystzls wete cafefu11y picked up with an

eye-dzoppet and washed sevezaf tines in fresh
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trichloroethyiene “The crystals were then placed on/pleces of
, cnygz,glamuif ACoxaz g;asafﬁﬁﬂrannu}~stnceWft/prbvtﬁéi'i”fi‘ff“*"‘*
smooth surface. After placlng the crystals on the pteces of
cover glaig, the samples were again thoroughly rinsed 1in '
trichloroethylene. Since the crystals were mounted on
transpazent glass, it was posslble to check both surfaces of

the crystals at this stage and only the czystals wlthout any.

:

visible defects were dhosen fot £urther sample preparation

The thicknesses of the crystals were measu:ed te an accuracy'

of t 0 06 um using a Wild M 20 optical mlcroscope with an

I

interference attachpent.

" 4.2.2 Intercalation "_‘ s

The intercalation of Ag in TiS2 was carried Outlonlj

from bne edge. When the experiment was first started, the

,icrystalsfue;eAintefca%atedgsaehwthat”a}%*edgeS*etttpt“tﬁE‘edge
t? be intercalated were cévered to prevent the intercalation
tﬁkgughﬁthémﬂ»and the wﬁole cryStal was immersed in tﬁe
-elettrolyte. Sincerthe,analyzing depth in Auger énalysié is
only :evéralfmbnOIéyers? the questlon‘aroﬁe‘léter whether one
woﬁld»inaﬁvertently defect any siiver‘possibly intercalated
into the crystal through~ény micrb—defects 3uch'a§ steps or

scratches which may be present'on the crystal suzfacesi;,l£>sqLéﬁﬁf

Ag which is_intercaiated through thg crystal edge oi,}nterest.

To avoid this poséfgii}ty it wis then decided to nake contact

with the electrolyte only at the edge to be intercalated. The
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procedure was as follows ~—n,

T

" After- neasuring the crystal thickness, the sample was -

soiked in.methanpl to remove the crystal f;om the covezcglass,
5cbs£zatcﬁ The crystal was carefully.picked up with arbéit pf
"fine'forceps (#5, DUﬁOXEL) and a small force, just enocqh.tc
hold the crystal was applied to the forceps by wrapping '
;adheiive tape around ittr The:c;ystal‘was held in such a V?X”;” )
‘that the edqe to be intezcalated was horlzontal below the
cforceps The set up for Lntercalation is shown in.Fig. 4.1.

The fozceps weze attached to a stand which was movable in the ﬂ;i 777777 )
X, Y and z directions using three micrometers wlth fine
adjusthcéts; The electzolytefused'was 0.1 M AgNO=x in
glycerol. Below the ctyccal, the‘elgct:olyté\was'pléCéd on a
hpri;dhtal glass slide-which could be mévcd vertlcally using a

. fine miciombfer. A small plece of ¢lean Ag metal whlch-éérvedr

~as the énode was partially immersed in the eleciiolite, A
wire was attached to the metal forceps to make electrical
contact to the crystal. Using ‘a horizontal optlcal miczoscope
(Oly?pﬁS‘Hodel FH) with a white-light lamp, the crystal was -
vlc;ed with light reflected from'lts 3ur£ace; Observing
,.thrpugh the‘mlcrOSCOpe, Fhe czystal was carefully lowered
until the edée to be intercélate& just tcuched the
elec;:olytgL ,LIhLaluaswa_uezywdélicate task sincemawsaail;#wmm——~wi
vibzatlpnrggx;move the;ciystal too'fg;,intglthc;glgctxglytclllllllc;

wetting the surfaces of the crystal near the edge. Also, i f

the crystal edge is not parallel to the surface of the e

electrolyte only one side of the crystal wlll-touch the
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'eléfirolyte nﬁﬁle the other wlll reﬁain tnVthei;1:7;Wﬁm7iiuﬁmﬁi:§§i
kfter“zne*trystai'”dqefwas 1n contact witnwthe ‘
*electrolyte, an electrlcal connectlon between the crpstal andﬁ{%‘?{
the Ag anode was made and the intercalation was . itarted The hﬂr;
.

1nterca1ation ‘was carried out until the stage 2 front had :

- N

moved in from the. edge about 10 to 20 Mm as. observed through o ¥
the optical mic:oscope (This distance‘was chosen to be T

appropriate afte2fsevera1 samples were analyzed;) fn most«"j” i&'“
samples~oniy stage.z was observed while in a_few &f them,

”ufﬁﬁp v o
depending on the thickness, a narrow strip of otage 1 was

(by conversion to stage 2) soon after‘the intercalation was

9 coe =

- stopped and the crystals with only an aPPPIe“t stage 2 region

were used in AES analysis. After the crystal* as lntercaleted

to a sufficient distance, the clrcuit was disco ected and. the

- - =

'crysteimwes*carefﬁtIy"removed*ffommtﬁemeieetfoiyte An

thlcaidphotogxagh the intercalated edge reglon was then A“

-

taken, and was used “to_

L

asure tne front width seen optically ‘

and aleo to'pbéition e sample-in.Auger analysis.r The
cry&tel was then iemoved from tne forceps Into a clean petri
dish and rlneed with acetone to wesh,offntne electtolyte .
remaining on the crYstal,-followed by;a'finaJ rinse ;itn

methanol.

::5.3. Samgle mounting foi‘quer analysis B
* Samples to be used in Auger analysis wepetmeohanically’
clamped onto sample holders speclally provided for tne SAM.

[ - P
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gince the Tisa czystalé are too small to be clamped directly,

‘they were first mounted on a clean, flat copper substrate
{} cm x lrcm). Sample mountingryaé done under an’ optical
microscope.i TQ~E@Vqt the,Tlsz,cryétal oh the copper
s&hqtrate, a’tlhy émduﬁt of graphite DAG‘wﬁs first pléced on °
‘copper and then the c;ystal,was‘gently pressed down on it |

untilﬂthe;graphite,oic,gas evenly spread underneath the IR

¥
crystal. Wwhen mnuntinq'the»crystal, it was important to

adjbst the crystal-orientation such that the 1n§eréalated edge
‘wésvéerpendichlaz_t&'the x-direction (see Fig. 4.2) along , .
_kwhich the liné s;ans/;éxe Eo bé cari?edvbut.-rhe SAM-~595 does.

not have the facility fo¥ adjusting the crystal orlentation.

The SAHisample;holder with the Ag/TiS=z crystal was then

'mountgdfon the sﬁ%@ihen'stage {carousel) in the main chambe;,

of ‘the SAM.

4

m\;;;\ - 'Vhenﬁdunting-sambleé,gr?atcarehadtq be faken Aot
to’cbntaminate the séﬁple, the copper substratg orithe Shﬁ\-i
SEmple holder. The ﬁofceps, pettivdishgs and,glgss slides
usedlin’thé sample preparation were cleanedvfrom time to time
in ozéer to remove dust~pézticles deposite& on them. The
sémplé:pfeparatlon in the experiments given here was extremely

v,dellcate‘;zom beginniné td end, and‘mahy sampies had- to be

discarded at. various stages of the S&Epléfptép&t&éféﬁ"'”

— procedure; : N —

-

- 7 . - - 3 . o
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4.3< Auger analysis and sputtering
“g . N -
e

4.3.1 Auger analysis

The specimen stagé of the SAM-595 provides stabliity

and preclse specimen movement via microhctcrs in the x, y and

-

z directions. The accefgtatfng potential’ &t th€f¢lé9tF9?wbﬁa@,

used In Auger analysis was 3 kV and the beam size was about

0.4 um. . ' o -

'Théiprincipal‘ﬁﬁger-peag energies obtatned from : -
standard Spectta {50} gre, 3B7lev and 418 eV for Ti‘{LHH) from
the elemental Ti spectrum, 152 eV for S (KLL) from the
specttﬁm for CAS and 351 eV and 35§'evjfoz Ag (HNR) from the
elemental Ag spectrum. Ahdeviatioh of several eV ih peak B
energy from those obtained from a standard spectrum can be
expected due to dif?éf£££”553£?551ﬁb§nd!hg”!E the element in
question is in a diffe%ent!chemiéal environment . ~

After mountling the Aq/T18§ crystal on the specimen
stage, theva:ea to bé analyzed Has_positioneé on a TV monitor
dispiéying the»seéoada;y qlectzan image .. Prior to the first
iine scan an Aﬁqezdsurvey spectrum was obtained to identity
the surface constiiuents using the ateafaveraged spectrum
mode. A typlcal survey Auger spectrum N(E) chainedffo; a
2g/Ti52 sample is glven in Fig. 4.3, The differentiated Auger
spectrum AN(E)}/dE, of Fig. 4.3 is shown in Fig. 4.4, '
Cnntaminatlﬁn of the sample surface with C and O was viten

tound in Ag/TiSa. This C and/or O layér'aust be removed by
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“brief sputterzng before the analysis

The locations of Iine scans on the sample were
selected usinq secondary elecﬁ;on images displayed on a
USEOrage~type.oscilloscape.v‘The'parameters specified for line
scans are given in Appendix 1. Por comba:lson, usually two or

.three line scans were pezformed at different locatxons on the.

sample surface. ~?ﬁr'tv3ry71iné'selected the elemeptal — -
distributions of.Ag, S and Ti were obtained. Sinc he Ag

signal was much weaker than S and Ti, a longer (10 times
i 7
hitgher; data acguisition time was aseﬁ for Ag to improve the

signal to noise ratio. Another problem associated with the Ag

signal was overlapping of the main Augei peaks for Ag (351 eV,

-

3sSé er with a minor Auger peak for Ti (354 eV]). Since this
was unavoidable both signais were measured together and the .

Ti siqnal increased the backgzound level of the Ag slgnal

The results of the line scans are given in section 4.4.

Secondary electron images of the sample were useful
for observing the intercalaﬁed regions dlzectly where the
intercalation. fronts appeared as’boundazigs between regiqns
with different contrast. During the analysis, éqlaroid
ghctoqréphs ot the secoﬁdary giectzon images (SED photographs{
SBD stands for "secondary electron detection") of the sample .

were abtained at different depths.
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4.3.2 Sputtering

‘Kfter every line scan, the Ag/TiSa samples were
sputtered using high purity azqon‘ldns to éxposg the
underlying layers for analysis. The sputtering was done
ert a 2 mm x 2 mm raéter‘atea and the ion beam ;oltage used
was 3 kV. The sputtering angle was about 40° to the samplefﬁ

P

surface. Since the depth to be sputtered is 1n1t1£T1y

specified as thg time to be sputtered, one has to knou‘the
sputtering rate for the sample matertal in order to find out
the depths whéié’the line scans are performed. The éputteting

rate for Ag/TiSa samples was found to be 120 A/min (chapterfsy
for the settiﬁgs used. In the results presented in section
4.4, the sputtered depths were.;alibzatedluégﬁq this

sputtering rate.

4.4 Results - Line scans
. The Auger line scans obtained at depths neaffthgk
ciYstalrsurfage revealed that Ag had intercalated not only -
neaz>the edge as shown on the optical photographs, but all the
way across the crystal as far as the'linevscaﬁs were carried
oﬁt, typlcally uprto‘aboﬁt 300 to 400 um.' As tbe sputtering
bdepth was lncreased, some intercalated regions were detected
which were much,uidzz’than Lhﬁ’initial’intgxcalaggdﬂxggignw,wﬂw
seen on the optical photographs. In some line scans more than
éng ihtexcala;ed region with difgexent‘Ag ¢oncentxation§ were

detected at a given depth. As the sputtering depth was,
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Increased much deeper Into the middie of the cry3ta1, “the
——widtha of therinterea}atedsregiﬂne—decfeasedefadﬂaiiy— — TPhe——

’iine ‘scans and the SEDgphotographs obtained at a qiven depth

‘iwere correlated to determine the locations of the

=
.

N intercalation fronts at that depth

To present these results more clearly, the data

from one sample are given here as an example P Fig.

ercalatedgregion of ~ 15 pm measured from the
- crystal edge. The'initial line scan for this sample was

7 .obtained at a depth (d) of 50 & below the surface and the Ag
| ;istribution is presented in Filg. 4.6 (Line 1 dr Ll)
high noise level seen }n the Ag line sSCans was unavoidable as
discnssed~in section 4.3.1. (For this sampie,'the data

acquisition time .was doubled after the second line scan to

inproue the signal to noise ratio.) To £ind the relative

amount of Ag'in each line scan and,to compare the values with
other line scans obtained at different depths,’ the ratio of Ag
to s average counts uxll be considered later (chapter 6). The o

 Ag Iine,scan giVen in Fig. 4.6 shows more or less a constant'

distribution of Ag up to a distance of 320 Um from the crystal

A

N edge,ﬁ The area beyond this distance was checked op.a SED

- 'imaqe displayed on the storage mohitor, but no intercalation

Eronts were observed. Following the Line i a series of line

scans were performed at different depths, the results of which

are presented below.
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d = 170 A: After the Line 1 the sample was sputtered foz

'ancther m&nute*fi%ﬁ'ii and‘a*igfitne ‘scan obtained at this

{i.e., g = 410 ﬁ# énd a ;11ver line scan obtalined at-this

sharp interéalation front near 25 Um and another faint front

depth (d = 170 &) is given in Fig. 4.7 (Line 2 or L2). It

seems that there is a slight decrease of Ag after 230 um.

d = 410 A: Next, the sample was sputtered for another 240 A

depth is~q1ven tn Fig. 4.8. This line scan (L3} shows a

'significéht decrease in the Ag sig@al near 25 pm. A falrly

near 35 Um were observed on ﬁhe SED image displayed on the
storage monitor. Unfortunately, these_frqnts are not seen

very clearly on the SED photograph given in Fig. 4.9. 1In L3,

‘the zegioh 0 - 25 Um seems .to have béen intercalated with the

same silver concentration. /%he intercalated region seen

thE'SEﬁ'photﬁgraph“frUm Zﬁgtvfgﬁ ﬂm’appears to be—a transt

' region between the two 1nterca13t&dﬁw§gions seen on thé line

“scan,withAdifferent silver concentration.v (A similar effect

——

can be seen 1n’the line scan given in Fig. 4.11.)
The line scan L3 shown in Fig. 4.8 was performed’
near the edge area up to 100vum;11n order to study the area of

interest more carefully. An SED image of the crystél at low -

magnification d1d not show any fronts other than»the ones

. . ~ - .
glven here. Line 3 shows that thefcryspalrhasrpggﬁ - B
intercalated beyond the diStance shvﬁgsin the origiﬁéy,optical ﬂ%~

¥
photograph (15 Um) in Fig. 4.5.
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Lo
g 530 A: An SED lmage obtalned after sputtezing the sample

fcr another minute {d = 530 A) showed a clear front near 35 Hm
’;and another Iesé sharp front near 47 Mm (Fig. 4. 10) The Ag -
line scan (L4) obtaineﬁlat'ghis depth is given in Fig. 4.11.

in Le, a d;oprof the Ag amount 1; seen near ;8 Um. VThe front
seen near 35 um onrthe SED photograph seems to correspond to
the front seen near 38 um in L4. The law,contzastwrégionnéegnm,¥W7*

on the SED pﬁotodraph between 35 and” 47 pﬁ seems to be‘a

transition reglon which separates the tuo_intetcalated regions

seen 1n,F1g; 4.11 from 0 £0/38 um and beyond,38 Hm, . R

o

) The SED photograph in Fi?f 4, 10 shows a front neaz 15
um even though ‘the line 4 1ndicates that thelreglon from 0 to
“38 um has intercalated Hlth ‘the same concentratzon of Ag. It
is possible that the bright region seen on the SED photograph

" from O to 15 ﬂm is due to the detection of Ag which is

‘distributed at a greater depth as in Line 6. A high
concent;ated Ag region wasAfound.in Lﬁifromrorto'ls Km (see
Fig. 4.16'1ater}. Vaitﬁough the secohdéryﬁeleétron detegﬁgr in
the SAH-59§ is more sensitive to the lou-energy:secondary.
electrbﬁsfi" 50 ev), the highvenergy backséattezéd glectzons
tzavelling'towar§$_the detector may also:pe detected. The
‘high energy backséatteréd electronsvcominé from greater depths
in the sampie*may'cazry'information from underlying iayezs.
-Since the Auger aﬁatysfs fS’SﬁTfiEt’S!ﬂSTfiV&' themtESﬂitsf‘****“*‘*
‘obtained from line scans are considered to be‘more accuzate_
" for surface analysis.

>
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d/= 650 A: An SED photograph and a Ag llne scan (Line 5)

eobtained at d = 650 A are shown in Flgs. 4.12 and 4.13,

respeetively. The front seen On the SED photograph near 43 um

corresponds to the front seen in L4 near 40 um. Agéin it

.seeQZi%%aEEthere exxsts a transition region between 40 and

-

50 pm. - - xﬂi’ Co
B e Oy LU A ‘
e Ty ""?“ _
"3*_ S i - - T -
. v,; T Pk ——
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d = 890 A: The sample was then sputtered for another two

minutes (d =, 89Q~A) Two SED photographs taken at high and

P

low maq&ificatioﬂ afe preseﬁtedgin Figs. 4.14a and b. ‘Fig; Cm e
‘54 143 shows that the 1nter§aLQted reglons have advanced

2

slightly farthez into the Qtystal ﬁo line scan was obtalined

at 4 = 890 A,

/ ) »
d. = 113Qﬁ& An SED pbotogzaph and a Ag line scan (Line 6)

obtaln d at this depth are presented in Figs 4. 15 and 4. 16
respé?tively- This is the first 1}ne scan which shows a shaxp
decrease in the Ag distribution néar 15 um. This indicates

that the stage 2 region is present in the crystal at this

’depthy ) | o

d = 1370 A and 1600 A: The SED images. were checked at these

depths but no line scans were obtained. No major chanqes were

Pl

cbaerved on the SED images. However, tﬁEﬁfﬁtEYCHTKtTUH‘frUHt"”*““’

which was at 56 hﬁ in Line 6 had advanced by few gh. -

T

l& d = 1850 &: Flgs. 4.17 and 4.18 show an SED'photoqraph and a
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Ag lin# scan (Line°7)»obtained at d-é 1850 A, The second“ o

intezcala(\g region ftom the edge has advanced farther into

the crystal. After the_?lrst intercalated region (~ 13-um),

the line scan shows a slight slope indicating that the Ag

‘concentration is not exactly constant but slightly decreasingg

.

After this line scan (i.e. at greater depths) the width of the
éecond 1ntetcalated ‘reglion stazfed to decrease., The front -

near 13 Um is not clearly shown on the SED photograph but was

observed on the image on the storage monitor.

[ - v

d = 2090 A and 2570 A: The, SED.photographs obtained at these

F

depths are shown in-Figs. 4.19 and 4.20, respectively. ~ The

first front near the edge (~ 13 Um) is not seen in these SED
photographs, most probably due to poor contrast between the

two regidns. However, this front was slightly vlsible on the

'SED image display. The front seen at 60 ﬁﬁ in Fig. 4.17 has

-

a Ag line scanAobtained~at9this depth; respectively.

%i‘llne scans were performed at these depths.

advanced to 63 um in Fig. 4.19 and then,to 65 um in FPig. 4.20.

Y

d = 3050 A: Figs. 4)M21 and 4.22 show an SED photograph and

4 = 3770 A: A decrease of the width of the second intercalated ——

Lagina,nas,abseiwed,Ln,:ae 5897pheteq%aghf%F%g——4—%3%—ané~%ﬂ———/———
the Ag line'sean {Line 9, Flg. 4. 24)=0btained at this depth

Both figures show a front aeaz 65 uym. The front which is seen “e

near 52 um on the SED photogzaph does not appear clearly on
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the line scan. The higher contrast in the reglion from 13 to

52 Ym in Fig. 4.23 may have arisen from a Ag fegion -

at a depth higher than d = 3770 A (see page 73).

d = 4730 A: An SED photograph and a Ag line scan obtained

.

at this depth aée bresented in Figs. 4.25 ahdf4.26. “As Qhe can,t
“see in the line scan, the width-of gﬁe broader intercalated . . .. __
zegioﬁ is deczeasihg. ~The froht obsezvea at 42 um on'the SED
ﬁhotograpﬁ iﬁ Fig. 4.2€.Qges p&t appeax'clearly in the line
scan (L10) in Fig. 4.26. Since he width of the Lntercalated - . ..
‘redion is decieasing it is poss;bie thaf'a front was present |
'neaf 42 ﬂm at a depth greater than d‘= 4730 A.

'd = 5330 A: The sample image was checked on the storage

‘monitor and three fronts were seen at 3%, 39 and near 13 um.

No line scan was performed at this depth.

/

4 = £8390 A: Data obtalned at this depth 1s given in Figs. 4.27

and 4.28. From the line scan (L11), it is clear-that -therwidth

P
2

Y- the intercalated region beyond 11 um has reduced. Also the

concentration of Ag in this reglon seems to be graduglly
: ;"*«;%” T
decreasing. {The uneven yidths'of the 1ntercalated gegions -

zesn in this sample (Fig. 4.27) may posslbly be due'fafa’&efectf>m*

at tht'crysta} edge. ) - L

2 = 33390 &: A line scan cobtained at this depth, ﬁfeséﬁ%éériﬂ -

L5}
fo

3. 4.29, shows only one intercalation front near 12 um. It



e

R , R 71,,,,,,,,,,,,,_’;,,, S T 7 -

’ ES

Aaggnarthatuthg in;orcala;gd,rgg1onhhnyondu124gmrha34444444a4rrrrrrr,
disappeared totally ‘An SED photograph is not included here pf

‘s

_since the Eront was only barely visible Howevef‘ the

position of the front on the photograph was consisteﬂt with

that found in the line scan.

d = 9230 A: An Augez Ag 1Tne scan obtained at this’ ‘depth is

shown in Fig. 4.30 CLine 13) Only one’ intercalated region near -

the crystal edde is'evidenﬁ as observed in L12.

d = 10 730 A: Fig. 4.31 shows a Aq~line scan (Lfne 14) obtained.

at thls—depth. This line scan is similar to L12 and L13.

" F
»

After L14, “ang¥her line scan was»done at d = 13,600 A

'3
mand a distribution of Aq similar to*that of Li4 was found

/Sance -the surface eregularltfes due to sputterinﬁ became

b o

ﬁ‘prominent beyond around 10,000 A, the analysis was not carried
out Eurtoer. The original thlckness of the TiSa crystal
described here was 3 um, thus, about half of the crystal
thickness has been analyzed. Figs. 4. 32a and b represent the
typical ﬁager ilne scans for sulfur and titanium in a Ag/TiS=

b

crystal. ' .

The line scans’ obtained for this sample at different

depths are complled :5 chapter 6 for comparison. Consistent:
results were obtained from all samples (about‘loi used in
Auger analysis. .

The data presented in this chapter is discussed in




, chaptez Gruuﬁdditianaliyr—meze—éataA%3~pfeseﬂted—t?we}ar{fy*——44*4~

~some. observations of the motlon of Ag atoms.




V
?lq. 4.1 3che-a’g1c diagram of, thé setup used for .
electro.l_kntercalation of Ti8=> czyétais. e
& I
1
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1 TiSz crystal

' -2 Electrolyte

/;3 Forceps

*

Ce)

4 Piece of Ay (anode) &

.

5 Glass slide - T *

. 6 . Optical microscope

. [}
S S

Fig. 4.1
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Pig. 4.2 . (a) Ag/Ti8a sample mounted on a SAM sample holder.
(b) Sketch ghowing the direction of the electron
e beam and the sputter 1oh beam. -
ot
. _
\\
- R ,
! ——



@ Ag/TiS, crystal ® Cu substrate
® Intercalated crystal edge (& SAM sample
@ Electron beam holder

(b)

f
fsputter ion gun
i

g%{

Yeo - electron beam
Mmp}e V (hoﬁzont&l)

Fig 4.2



Pig. 4.3 Typlcal Auger survey spectrum for a Ag/TiSa crystal.

K
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dN(E)/dE spectrum of the Auger survey qivenr»ln
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Fig. 4.5

*

Optical photograph of the intercalated Ag/TiSa

crystal used for line ﬁcana_pzeaented in

section 4.4.

\ 3
\
Width of the intercalated tegion,=\k5 Um.
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Crystal Intercalated edge

Fig. 4.5
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Pig. 4.7 Auger line scan for Ag at 4 = 170 A,
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rig. 4.8 _AUQer line scan for Ag at d = 410
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»

@

Pig. 4. 9 SED photoqzaph of the czystal at d = 410 A

'l'he photoqraph does not show the fronts very clearly.

' As seen on the 8RD luge the £tonts ‘were found at
25 uym and 35 um.
5
e _ S




Fig. 4.9



88D photograph of the cigstal at d = 530 A.
N ,

Two fronts were seen at

35 uym - sharp

47 um - not sharp.




Fig.
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Fig. 4.12 SED photograph of the crystal at d = 650 A.

Fronts were seen.at
43. ym - sharp.

50 ym - not shazp.

&




Fig. 4.12
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\ A
Fig. 4.14 BED photograph of the crystal at 4 = 890 A
~ (a) at lkgniﬁcati'oﬁ x 1000‘£zqnts were ,séen-at
50 um - sharp |
;57»’7'111 - not sharp.
(b) at magnification x 124
- L .
L' T - T T T B



Fig. 4.14






Fig. 4.15
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Pig. 4.16 Auger line scan for Ag at' d = 1130 A.
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_Pig. 4.17 8ED photograph of the crystdl at d = 1850 A. .

FPronts were seen at

J 62 um - sharp
-73 ym -~ not aharp.




Fig. 4.17
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Pig. 4.19 SED photograph of the crystal at 4 = 2090 A.
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Fig. 4.19



rig. 4.20

1

8ED photbq:aﬁh'of the crystal at 4 = 2570 A.




Fig. 4.20



88D photograph of

“Three fronts were

the crystal at 4 # 3050 A. S

aeen

near 13 um (cldazly seen on the SED display)
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Fig. 4.21
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Fid. 4.23 S9ED photograph of the crystal at 4 = 3770
Pronts were Qeen at
13 um
52 um
65 HUm.

A‘.




Fig. 4.23
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Pig. 4.25 BSED photograph of the crystal at 4 = 4730 A.
?tronta were seen at | | :

13 ym |
42 HI‘

S8 um. | a ,




Fig. 4.25



Fig. 4.26. Auger line scan

3

Y

for Ag at 4 =
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Pilg. 4.27

SED photograph of the crystal at d

A Fronts were séen at

20 um
34 uUm.

6890 A.




Fig. 4.27
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Pig. 4.28 Auger line scan for Ag at 4 = 6890 A.
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. Pig. 4.29 Auger line scan for Ag at d = 8330 A.
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Fig. 4.31 Auger line scan for Ag at 4 10,730'A.
The deternination of the background level is
described in section 6. 1.
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5.1 Introduction

The data obtaincd during a depth pzofiling exporlnnnt

consists of the changes ln Anget slgnal lntenaltles of the

detected elenentsras a function of the sputtering time. The

%

ptocedute used foz callbzating the sputterlng tine scale in
texns of the etoded depth is as £ollows. ,

Depth profiles can be calibratéd for depth only lfxthe‘,
 sput£et1nq rates of the nateriéls are known. For a given_

etodqugepth z from the surface, the rate of surface etosion”‘

Py

'””fé: '"”Wis‘deSCribed by an fnstantaneocus spﬁfte:ing rate ?, where
I A z = dzzdt. = .. -
. For a constant sputtering rate,

Therefore; in addition to the zero point, only one bthe:_polnt
is necessary to deteznine the callbration factoz Z. A method

usually used for obtalning the sputterlng rate £oz glven

opezatinggconditinna,of,the spﬁtter ion@gun,ia to measure the -

2

{47, p. 147). This -ethod wvas used to obtain the sputtetinq

rate for pure ?iSa and Ag/TiSa samples.

s time required to sputter throuqh aAgnngngtéidkngnagnifngnanplggggggf



Pure TiS. crystals vith thicknassea zanqing fro- 1 to
3 um vere peeled from as-gtown crystals as desczlbed in |
"sectlon 4.2@1. Thickness lsas?!e-ents were done in two ways:’
(&) using a.vlld.ﬁZO optICal”nicroséopevwith.an interfe:ence,
attachibntf and (b) gaklng a polatdgd phot&gtaph of the-
f;;ééondary electron iﬁ;ge of the ctbsa-se&kion”gi;;hch}yntalf;;Wbﬁ,

using a scanninq electron niczoscope.

T : The intetfetence method utlltzes the ptinciple of the

Michel on,1Tizggg;g!ggg;,ij;bgg!plgT;gﬁplgggg;gggg;fthg:!leffffft
M20 optical niqroscopq ahdyfocussed using monochromatic liéht
reflected from the ggnble surface. éelecting a mirror in the
interference attachment to match thé'zeflectiyity of the

saqple} lhtérfétenée fzingga are 6btained, sttaightlfringéa‘;

are observed on a suooth.an& flat’sutface and a frihge shift

is obbervéd at a st?b A shift of one fringe 13 equivalent to
a step height of A/Z whete Ads the wavelength used.
Counting the fringe shift between the gzystal~and the.
lpggbatzate one may obtain the thickness QE a sample. to an
- accuracy of : 0.06 Mm. A ptoblen that ohé_llght encountet
~ wﬁen\uainq the interference method is that if the saiple‘{g
- not ln intlnnte contact with the substrate, the alr gap
S betmn the scnplrnd ~the snbstrate wiir alin “cause ﬁrlnqe*’**
| | thickneuﬁ oiw way to avoid this effe’ct'u to check the ‘
1f ' data a:e conoiatent In the.experinonts given ln thia chaptet




8 1S1 Hodel D8-130 acanning electron nicroacop? (SEM) .

the thickneseee were checl:ed by re-—neaauring then ueing the .'

[T § ¥ S - e ﬂ,,f_;,;.;‘,f_;.,f;i

*

For SEM neasure-ents, a crystal was nounted EIat on a j
conducting substrate such that a cryatal edge vhich wvas used

to measure the thickness was projecting out of the subatrate

"V(Fiq. 5. l(a)).” To prepare the conducting subatrate, a aquare

nr91388—piece coated withfa SnOz laye: wae—taken and then'a‘qoldf~fv—Wf

layer was evapQrated on the top edge surface. The substrate

with the cryetal attached uae thbn nounted on a ‘SEM eanple ~'

o holdver”*eepinq ‘the- ezﬁm plane vert lcal and the edge to-be—

measured horizontal (Fig. 5.1 (b)). An electron beam with an
'accélerating' oltage o£_10 kV was used and tne'eanple'
orientation was adjusted such that the electron beam was
perpendicular;to the crystal 95996 Poiaroid photographa“of'

the SED image of‘tne-crystal crOss-sectlon at'the'edge were o

¥
B

then taken. The thickneeees were neasured from these
Aphotographs with an accuracy of about ¢ 0. 07 MHm.

7 To £ind the sputtering rate for pure Tisz, a crystal
which was mounted on the conducting glaae substrate was then

Vclanped onto a 60° SAH sangle holder as explained in~section

i.~4 2.3. Hext the BAH sanple holder was placed on the specinen
. stage in the nain cha-ber of the SANM and the analyaie Uae'

carried out as will be explained in the followinq sectione 5.3

and 5.4, CoTT *';"'”m;j”*”" ‘
In order to £ind the sputtering rate of Ag/TiB8x
crystals, flrst the thicknesa of a pure‘TIS. crystal wvas

neaeured as explained in thie eection and then the crystal was



. '114 o o - -

inteiéeiated vith Ag tolloving the same. stepo 91"0" n section

’ '4 2 2. The thickness of the lnte:calated crystal was

celcnleted assn-duq an expene!on of 6% pet ataqe'iiz).A the
lntetcelated Aq/?lsz crystal ‘was -ounted on piece of
aln-lnnnrcoated eillcon vnfet‘ uhich uae ‘then clipped onto a

'

SAHIsa-ple holdez ‘and -ounted on ‘the. specl-en staqe for
arat

5.3 pepth profiling

The same settings used in Augez electroniqs and azgonwﬁwwﬁ;i

'lon gun control<{oz the sample analysls in chapter 4 were used ’
-for studying the sputterlng rate.? Before. sputterlng was
statted, the ion beam was ‘aligned with the centet of the TV
}uonltoz.v In ordez to do thls, first the bea- size was '

adjuated to its enallest value and then the lon bean was

B nechanlcally cente:éa using offeet adjustuents to move the ion .. |
gun., (The beam positlon le vlslble ‘on some substrates when
'they are brlefly sputtered, naking lt poasible to obeerve and
adjust the been.‘ A sllqhtly contanlnated sample substzate or
slllcon vafer is convenient for this purpose. ) _’
,,Depth'proflllng vas garzled'gu; at selected polntsAoﬁ‘

the ee-ple. Fdr Augez analysis, an elepeht'(oxygenl from the

i

'f‘Ltfez the flrst aputtezing expe:i-ent with pure ‘T1S=2, It was

noticed that the SnO= conducti

ng layer was sputtered awvay
atter some time, exposing undesirable non-conducting’ glass if-
~ part of the substrate was included in the sputtered area.
- 8ince it was necessary to select points for depth profiling

~Glose to the intercalated crystal edge for Ag/
crystals were mounted on pleces of silicon wafer coated with a
thick aluminum layer. A stlicon wvafer wvas used since it '
p:ovldes a flat surface.
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’,sa-ple substrate vas selected in addition to the elenente A

chosen from the substrate will rise- while thesignal fron the

*speclfled fre-vthe sa-ple. The tenson,fqz\selectlng an

element f:oh thetsubsttete is that iﬁehrthe'sciQIc,ﬁac,becn,

colpletely sputtered thzeﬁQh,'ths‘slgnalvttcl the element

e

'sa-ple elenents will drop. Altsrnatlyc sputterinq and Auget,
_analysis was carried out through a number of cycles until the
‘zsaiple was sputteted:thrbugt'lts'thiciness. fhe settlngs ébzyf' '
; the sputtet ion gun and the paraleters deflned Eoz the .Auger

A analxsls a;e glven in detqll 1n,bppend1x 2. . . | ,';,L,lf_ffj";i

5.4 1 Bure r;gz

. An exa-ple of the depth profilinq analysis is glven

here. In this exa-ple, the thickness of the TiSa crystalf
-easured uslng lnterfetence lenges was 3. .14 u-. An BBD
photograph taken from the scannlnq electron -lCtoscope for
thickness measurement 1s given in Fig. 5.2. This photo was
tégenfbefoze any Sputtetlngiand‘thetthlckness bflthe c:ystel
-easuxed(on the SED photoqzaphrla 3_22‘us~ The average -

crystal'thlckness fron the two nethods was 3.18 p-.»

Forwco-parison, ‘three polnts onfthe ctystalfwnte . -

,selectedmiozgdepthgpcoilllng—aad—p:oilles—tez~¥l7—8—and—o—ueze—————
obtained. Plg. 5.3 pzesents the depth ptoflles durluq 84

nlnutes of sputtering tl-e This flqu:s shous the d‘pthf R

~profiles obtained only for one pplnt selected on the ctystal-
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'";4*i5"”5ltitiir*reiditi’iire4ﬁh€%fhed;f;rWth;ﬁether_p@lnte. After

',gcryntal was -eaeured'by taking an BID'photogtaph using the SEM
(riq. 5.4). It ie seen Eron rigs. 5 2 and 5. 4 that the |
4cryst-1 hae been sputtered through 0. 97 Mum. ‘Triq. 5.4 shoug
so-e eurfece lrreqularitles. ‘It has been o erved that the

_1rregu1ar1ties due to sputterlng become pro lnent in rlsa

"aftex eputterlnérabout 1 um of the crystal &hickness ) The
veputtering rate obtained from the deﬁth proflles for pure TlSz;

crystals are glven in Table 5.1. Three values for the ' ig

"<eputter1nq rete are glveh ror ea-ple bz. In order'to obtain
several neasure-ents from one sanple,»the cryetal uas flrst
sputtered partly through, then the thickness of the renaininq
crystel wvas measured and thls procedure was repeated. In

, sample #2 the crystal was conpletely sputtered'thzough ite-;

d—m%%%%Mm”&m¢ku4wﬁ&m¢&nﬁuﬂRMﬂ%%*%ﬁﬁ%&“%;

- minutes. The depth ‘profiles oQ&ained durlng the £1naf'\\ ' |

sputterlng perlod (for 88 nlhutes) are glven in Flg. 5.5 to

Vehow the drop of the s and T signals after /the crystal has

been sputtered co-pletely through Optlca photographs: of

eanple 82 before and after sputterlng,are shown ln Flg. 5. 6.

. An-Opticl1~photograph of an/intercalated Ti8=

' crystal used for depth profiling ls shovn in qu. 5.7. For
thi: Ag/!lsn crystal, three polnte were eelected for depth

Profiling, ome within the intercalated reghop, and the other ',
L . o E .
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two- polnts at dlfferent dlstences auay Eron the edqe as seen

in Flg. 5‘Be€ The 1dea was to detexnine vhethet eny
significant dlffetencee would be Eound 1n the eputtetlnq rates
in the three regions with different Ag concenttetione. The
tesults obtalned Eoz two eanples are given in Table 5, i.i
Tables 5. 1 and 5.2 show no signiflcant difference ,

between the sputterlng rates for pure. Tlsa end Ag/Ti82

c:ystals. This -ay be due to the low concentretlon of Ag*in
Ag.?lsa czystals,_wheze x for Ag was < 0.2 Eor the eanplee
ueed initheee expefigente. In both Ag/Tisa ehd TIB. the s
sputtering rate was foqu to be 120 t 30 A/-ln, for the
settinge used. The obgetvation that the sputterinq rates for

pure TfB\\aﬂdeAg\SISa aee the eane~{vlthdnvexperllentel

unceztainty) is inportaﬂ in interpreting the dete pteeented

i 1n chapter 4. If the Jdb\fring ratee hag'been elqniflcently

F oo

due to sputterlng? reflectIQn high ene:gy electron dlff

-crystal structure. This obeervation suggeets thet the 118. -

différent, each 1ine ec?n whuld be pzoblng reglone at
different depths, confu&inq %he data ‘and neking interpzetatlon
.more dlfficult.‘f R % ‘ | o
) ~ Im ozder to 1nJ%stigate posslble etructurek\ henges'
iaction,
- (RHEED) pattern§ of the suria \of a risa sample were obteined
{by Dr.B. Helnrtch) befdre and eﬁte: eputterinq. In both 4 &?

cases, the surface sttucture of the rzsz crystal showed -

7 hexagonal sy-etty lndlcatlnq that atonfc nl%lng due to i

eputtezing was negllgible and the czystel retained its einqle

ee-plee -ey have sputtered as Tiaa moleculos or as Ti or 8 .

a .
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Fig. 5.1 A TiSa crystalinouhted forjthickness measurement.
(a) A crystal mounted on a condu tlngbsubsttaté‘>
. (b} A sauple'nounteq on an SEM sample holder
. v
‘A



i‘ystdl edge used

thickness

_____ Gold evaporated edge
- of the substrate

TiS  crystal : o
e Y S~—

Conducting substrate

N{"’"{ oo
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~ Pig. 5.2 BSEM photograph shb\ﬂng the cross-section at
nﬁ_“'e‘dq,e of a pure TiSa crystal u in depth
~ -profiling. This photograph shows the original
crysrt‘:alA thickness before sputtering. '
> ‘lAi



Measured thickness = 3.22 pm

Fig. 5.2



T

. 5.3 AES depth péofile jfp‘r,s, Ti and O onvvth.e,‘pute TiS=a
- - R
tal'sh in Fig. 5.2. ‘
crys :sg,wn , v‘g, 7
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~ Pig. 5.4 s‘ln,photoqﬁbh of the é:ossf_agi:tion of the TiSa ‘
crystal ‘at an edge after the depth profiles given " ‘ %
in Pig. 5.3, ° -




Measured thickness = 2.21 pm

Fig. 5.4



'y
® - Rr
/‘\\7 v ’ » - ‘
‘ P . A B j
),
"r'ablefs.l Sputtering rate for pure TiSa crystals.
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. Table 5.1 IR S
- I = E | 0 »
| Sample |8ample thicknessiSputtezinqlsputtezed ISputtetlnqt
I AN B lafter sputteringj time . - |thickness | rate |
- Yot LT T (umy . f(minutes) | (um) | (A/min) |
b R | I { - |
i 1 - 1 | B 1 '_'.'
b b D | 2,21 } "84 i 0.97 | 115 " |
(Initial 7 i : | o P | .
ithickness | : i | d |
=38 wm . Yy R l 1 i
Jomtmm el R T [Py PRI SO P 1
I 2 } 1.41 I 96 _ 1.14 | 119 |
» ' J{Initial | 0.95 f 36 | 0.46 I 128 [
o ithickness | 0__ { 88 i _0.95 } 108 .}
”””” = 2.55 um) | - i 4 Y 1
- : I b i I ’\(/;I
‘Average sputtering rate = 120 A/min '
A
3"»’-{%_: ) - 7 R R
,' /" -
/
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Fig. 5.5 Depth profiles for §, Ti and O obtained from
saq’ile !2 in,"rable; 5.1. | « RS
. _ This figure shows the drcp‘ of the S and Ti signals
‘from the Ti8a crystal as tl}eaaanplle is completely '
sputtered thtough its thickness. i ‘
’-7 . - N . B ‘ al -A S !é\
- R - S — s * "’ »‘ R
' . L e
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= Figh 5.6 “Optical phofoqraphs shovlng the pure 'NS: c;;stal -

used in the depth profiles presented in Fig. 5.5 )

(a) before any sputterlng -
= {b) aftex sputtering through the crystal.f



Fig. 5.6
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Pig. 5.7 Optical photograph of an 1n£;rcdlated T1Sa
crystal (sample #1, Table 5.2)»used in depth
. profiling. ' | o
o
>



Fig. 5.7
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"?té‘ 5.8 biadiaj£>sh6w{nQ'the éosktions of the points used

-'tnfdgptﬁ profiling for Sgipleavll and #2

ln Tqble 5.2.
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_H'l"able“S.‘lr" /Szpuitg:eitrlnqiiate' for ‘Ag/ﬂsa crystals. . » P

o : . ’ 8.
The point nnnbers given for sanp&es #1 and B2
are identified in Piq. 5.8. v
The total ,crystal thicknesses in column 1 are for
pure 'ris:.’ crystalvs. La‘ttice expaﬁslon of 6% was

e D ,fjdded Jbo—bh&%h%ekﬂtsﬂhpafnt# ""”"‘*"’i"”’*"”j"'*}”)”fg)” -
Y,



Table 5.2

[EEPoN

v e

e .

-

Pointl

Sputtering
time »
{minutes) "’

Bputterlnq
rate
(A/min)

otal
ickneas
0.96 um)

="-!

.B‘

80

82

121
120.
117

F
I

i

{

i

| e
U

l

|

!

!

!

|

}

| {Total

Ithickness |
“t= 1.07 pmy i}
- ' i

N

i
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88

. L

128
124

&
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Average sputtering rat
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USing the data p:esented in section 4. 4, a diagram

‘ repteaenting the 3 dinenaional distribution oi,ailyax in,a,Af;:ffiz

partially lntetcalated Ag/TLSz'systeu was consttucted as shown
 1n kfg 6. 1! An enlarged view of the zegion from 0 to 2000 A
of Fiq 6. 1 is shown in qu 6.2 for clazity. Each line: écgn
'given in Pig. 6.1 reptesents the disttibutlon of intércalated

[‘\;‘levaz in a plano pazallel to the basal. planes of a Aq/TIS:

are Lndicatéd in Pig. 6.1 as they were observed inrthe ling’.
aéané ahdAon thesén photographs ptésehtediin section 4.4;

The frént:posltioﬂs detected in the line scans are marked vith‘
a:téw;. Solid bars indicgte tﬁe-fzont ﬁositidﬁs seen on the
sxb‘photoqzaphs or on the SBD image displayi Avbroken arrow |
ls'usédryhen a front poaitlon vas not very cleai'due to a

-

,_(slopi ln,a,lina,scantﬂ !hsfiﬂtcfea%ated~rsq&uns‘thtt‘werﬂ”"

Mmiaintlx Vigiglg,Qghsxn*photng:aphsla;eﬁindieateé—v%th~a—broken'g'g’*
‘bar.

As shown {n Fig. ﬁtl,tbe £zont posit}ens~£onndf%nfthe S

line scans were always obsefved on the SED photographs. Some

~



~- additienal ftonts seen on’ the 'SED photographs were located in

,iﬂw””,WwtEaﬁ&it%ﬁﬁ*fegions"befﬁ8§n'tWU"tﬁfEfCaIitsd régions found in
.rriine scans. The low:coﬁfrést'reglons on the SED photographs .~
were observed distinctly only at'high magnlficationa. | |
 To compare the Ag dls;:lhutions at different depths,
the ratlios of the average counts of Ag to S in diffeznnt o

zegions were considered. The xatios, qlven 1n Fiqs 7§:172pd

6 2, were calculated'for different regions seen on the Iine
scans with appxoximately constant Ag concentration. Xk value

given between two azzows 15 the ratlo of (Ag counta)/(s .

counts} for that pazticular reqion afte; subttacting the
backgzound. The statistical errors o£>Ag/s ratios ranged,ftom
+ 0. 003 to ¢t 0.006. Some line scans performed on a pure szz
crystal using the same energy winéow used for the Agqg peak in

Ag/TiSz gave a Ag/S ratio of about 0. 160, and this valua was

—f~r~%w~fcﬁns%ﬂereﬂ~a3¥thE"backgrbﬁﬁa‘ieV‘T’of‘fﬁe Ag signal.

e

In the course of data analyals anothez obae:vatlon was .
made supportlng the 1nstability'of.high—concentzation A;jr
’regléns near the surface df a partially 1ntcxcalated crystal.
ﬁig 6.3 shows a line scan obtalned from a Ag/Ti8a crystal f
after sputterlng the saaple untll stage 2 {region A} appeated
near the intercalated crystal edge, The regions lndlcated as
‘.A and D in F;S, 6.3 are defined m,,,;';ez'c:,tmn,,ﬁ,‘l*,,!‘!.'111',,,,),;;;;:!_gu;:ap,,,_lvgf

was obtained at 4 = 1735 A. (The high noise 1eyel;p;gngnrging;k;g,,;,

the line scan i{s due to low data acquisition time.} Then the
sample was left without further analyslis and the next line ,;_ﬁfﬁf

—a3can obtained after about 16 hours at the same depth is shown
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f”T*W'"”' in FI@.,S 4., It was nbticed that the hiqh anount of Ag

4——¥~ﬂ*f~**4obscrvcd‘fn‘thc‘tuqtbh‘t*f“?f@?’6‘3'ﬁfa‘aiffused into the

cryutal frou the edqe The ngxt line’ scan obtained at a depth

d e 1970 A fzon the oziginal surface also did not show a high :;}

Aq/& r;tio,near the ctystgl edqe,as obse:yed,in-?lg.jﬁ.}ff

However, the rgglon;h reappéared_lnvthe line Scan cbnductéd at‘

) - -
\

_ d = 2450 v pzesented in Flg 6 5 The lingrscans optained

afterwvards foliowed the regular pattern as seen in Fig 6.1.

Thls type" of dlffuslon was observed in some other samples: B

alao. The diffusion of Ag as shown in Fig.”674 was obsezved .

to be insignificant within thg data acqu;sition time for a
l}ng scan (1‘houz/11ne). =To'vefoy thig, a sample was B
»sputﬁezed until the region A appearédkéhd line scans were
zepeatédkcontinuodsly at the éaﬁe depth'and position. No B

signifjcant changesfin the front positions were observed

T4

4“4¥v~f ***** dutingmthtt*perio&.

6.2 QﬂSi_Qﬂilleﬁ_inﬁ_dl_sﬂiilg_

FProm the 1n£oznation in Plg. 6.1, the regions which
were intercalated wlth approxi-ately'the same concentration
are indlcated in Pig. 6.6. The stééé 2‘(regiqn A) observed

near the crystal edge below a depth d = 1130 A (after L6 In

_Fig. 6.1) had intercalated to the highest_silvez”tontent;vwmhefﬁ’—=f

ava:age Ag/S ratio in this zeqion HasgggAgglatgduLnghg 0.081.

The tegion Just below the original crystal surface, indicated

77§;.:eg;on §71nﬂF1g 6.6, shoued the next highest.ng ,,,,,,,, B

concentration. The Intercglated region near thE'czystal edge.
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eﬂneenttation*thathhat*in”rEgtbn’K*“‘TﬁT“ind1cates that

P iornation of a higher concentration of stage 2 in’ zegIon c dld

not OCCur probably because of motion of Ag £rom the reqion

_near the edge into ‘the interior of the crystal., Although the

line scanva3, L4 and LS5 were perfotmed only up to . a dlstance

of 90 um from the eigf} the ctystal at this depth must have -

— - N

intexcalated muchrfarther In many cases the'averaqe Ag
conceqtratlon ln region C was the same as that found in region
B. |

7W?In the llne scans fzom L6 to Lll’ theseéond ’
lntercalated reglon from the edge (region D, Fig. 6.6)’seéﬁed‘
to have 1ntercalated to an aﬁproximately to a c9nstant
.concgntratidn of Ag with an avé&agé‘&é/s of ébout 0.042;

After L8, 'the widtﬁ of the zeéion D started to decrease wlth . ' .
¢ - o

'—m4~wiﬁefeas&andepth*—aﬂﬂ—disappeareﬂ‘tﬁmplét‘iy as the depth

reached ~ 8000 A (Fig, 6.1). After the tegion D had
dlsappeared the region F in L12 showed a lower ratio of Ag/S
at a value of 0.013. It seemed that region F had intercalated

with Ag to a low concentration. For this sanple,:the llﬁe“

scans in reglon F were performed onlyfub to a distance of

about 100 Um from the crystal edge.  Host probably; the
‘regions far fron the crystal edge had negligible amounts of .

Ag. Llne scans perforagd,on‘other Aq/Tlss crystala at low

magnifications to probe longei distances showed ctystal
regions vithbﬁi any significant §g countS'at7d1gt§p¢§;?§g§

from the Cryatal edge. For etaiple, the line scan giveh in
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**;;W;”W'W*Fig. GTV'UHS conducted at a depth of 3800 A for a Ag/TiBa

T '**Wmtckﬁs 1.2 um. The crystal was pzobed
'ég,’ up to about 350 pm fton the: edge and the zegion beyond about o=

. 250 nn vaaefound to have no signlficant counts for‘Agjaboye'

the background 1eve1.

EN

The data. obtained fzon one sanple indicated that thew' |

: Ag distzibutionrqlven 1n Flg 6. 6 Ls symmetzical gtound the

—— R — Sl - R —

'center of the crystal. ~Phe crystal thickness was about 1: um B

and after sputterlng through the center of the crystal the

region D was redetected.

Aa observedrln Flg. 6.6, all intetCalatiqn fronts in

' the region D foru a'cutyed envelope wh}ch,tende/to bend touard
. e the crystal edge near tﬁe aufface region (see fiontgqin L3 to '
| '_ L6). The reason for this behavior nuﬁt‘be,‘as efbiained 4
o eatlier; 1ncteased diffusion of Ag into the interlox of the
%ff—ji —————— —cfysta%—framgthe'edge*reqtun‘at‘shattbv‘dgpths ‘ Tnlc‘type of"

behavior was once observed even for region A. In that case

the crystal was-lntercalated to obtain a bzoad etaquZ Greglon .1‘7
'A) of about 100 pm in width, and hence it was possible to’ )
observe the £oruat10n of reqion A as the depth inczeased ’ The -
region A initially had a nazrow wldth (* 20 um) and then the
rhwidth of the region 1ncreased gradually as the depth
1ncteased, showing,the same effect as seen Ln,?igeeﬁcﬁ,fnz the_eee;;

' reglon D. Theae observations Inply that an lntercalated

region: with a high Ag. concentration tends to be nnstable near

- the surface region. S -

Eton the XRF and optical results in chaptez 3, region A f}r
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tn Fig 6. S’Has considered to be stage 2 nost probably*with a’

Aq‘ﬂole—fractien—fx“**ig‘atons/T1 atons) ot 0.2. In order to:; BN

give a rough estinate for the Ag concentnntion in region A

A b were considered.r fﬁe height of the minor Auger peak for

Ti(354 eV) which overlapped with the main Ag peak (351 eV) was

obtained from Fig. 6. Bb.‘ After subtracting the Ti(354 evV)

- using Auger peaks, th Ag and Ti peaks given 1in Figs. 6 8a and ~<*"

peak height from h\q(351 ev) + TH(354 eV)] peak height tn Fig. o
6. 8a the ratio of Ag(351 eV)/TT/387 eVi was found to be 0. 03 ‘

' The atomic sensitivity factors for Ag and Ti were included in

'this calculation, (Survey spectra obtained for- pure Ag/and Ti
| metals Showed that the ‘Ag signal 1s three times higher than-

; the Ti signal. ) The Ag/Ti ratio obtained from Auger analysis

s seven times lower than the expected ratio, x = 0.2, This

can be explained by considering the different sputtering rates :;“

T

e AforhAgfand—Ti —The4sputtering‘rate:for‘ﬁg‘ﬁas beé&n obsgrved
‘to be seven times higher than that for T4 when pur’e: met&l /

e
targets are used (51, p170,and plBZ) ‘The preferential

sputtering for Ag may have ﬁroduced a Ag deficlient layer on ’

ég/TiSz sample surface In addition, a slight local diffusion

of Ag was observed due to the heating caused by the electron ‘
beam. This diffusion nay also have reduced the Ag signal. Vaé

To compare the anount of Ag,intercalated,in differentrr;;,

i regions, the Ag counts £or each region were considered !i

relative to the Ag counts for the region A of the‘sane saiple.

s

The Ag counts obtained for thefregionrgrganwne>considered'as a

measure of stage 2 Ag cdncentration. Consistent results were
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- found for aiI’the analyzed’sanples, about 10 altogether, as

—sunnati:edfin~?igf—8~94"The“teqton‘a‘aIWEYEABE“*a to nave -
intetcalated to a Ag. content from about 0.6 to 0.7 times that
“ of the region A. The Ag content in the regiow C was found to
be the same as tnat of the tegion‘B in'most'cthtals,.however, 
in a COuple of samples it was ciose toAtne Ag content in the'

tegion D. Relative Aq content in the region D was found to be .

R~

from about 0 4A to 0 SA, and for the region E from about 0. 2A
to 0.3A where A is the Ag content in the region A.

When analyzing Ag/TiSz samples the distribution of Ag

was"always observed to be similar to Fig. 6.6. However,,it
" was observed that the fitst detection of the_reoionrcvor the
region A did‘not occut exactly at the same depth for all’the
sambies analyzed The first detection of the region c, as in

L3 at 25 um for the sample in Fig. 6.1, occurred at a depth

fbetueen—aboﬂtﬁiﬁB—tom?ﬁﬂaiffnr*the*sampteS@anaiyzéaff~TﬁTg~——r
\

depth JnterVal was estimated considering the depths where iine .
scans wete,performed;/ Afker intercaiatidn-tne samplesi;ere
.left‘for at least about a da?rbeioze the analysis to give
V-enouqh time to dry the glue‘(tor; seal) used for sample .
“mounting and to allow evaporationiofithe other solvents used
in sanole'preparation. This time interval’between the

_ﬂintercalation and the analysis ranged from about 0. 75 dax,to R

- 3 5 days foz ail the sanples:except for one which was - analyzed'

10 days after intercalation It was noticed that ‘the fitst
detection of the zeqion c occurred at a depth uhich was in thev

lower range of 100 to ?OO A (i.e., at shallov depths) forfthe |
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saaples which were - anaiyzed ‘between abvut*O*?S*tO"I’day Efter””ﬁ’;

intezcalation+ ln,theAsanpies~uh%eh~uere—aﬂa%yzed—aboat—%—to———*

.3 days later, the zegion c sta:ted at a depth between about

400 to 700 A. Vrhls observation indicadted thatrthe»sllver in
the iegion c was still uovinqbéftez intezcélatlon{ The r?glon
C in the sample'vﬁichnués aﬁalyzed 10 days after intercalation
was alsordeteéted first at a.depth between 400 to 700 A as for
the samples left for 2 to 3 days. This Indicated that the Ag
in the region C had heen stabilized.by'2 to 3 daysiﬁsiez »
1ntezdalatlon3 The depth at»whlch the zegionvA stazigd tdl
appeéz was estimated to be'betwﬁeﬁ ébou;'1ooo toiéobﬁrg-fbi
the samples analyzed. 1n thls case, it was dlfficult to
pbser#e any significant differences betwe;n the samplea with
various time delays before analyéls One problem associated

with the detectLon of the starting point of the region A was

the;ditiicultymutmabsezvinguthisﬁna;zowfzegxeﬂﬁetyp%eally'10

to 35 um) distinctf§‘in‘a line scan pe:fbrned at a ;gw'

‘magnification.

The regions suéh as B, C, b and\E'uhich preteée region
A (stage 2) may haveﬁbeen,§ntérca1ated with mix;d phases,
VVexy low-concentration zegibns.suéh as ? may.have fbrhed,with_
dllute stag; 1 stlver. It has been ob:ezﬁéd in a previous

theoretical study (38) that stage 2 intercalation starts yﬁth

mixed phases of stage 2, 3 and 4 and that eventually the

crystal intercalates to a well-ordered DH stage 2‘structute~as '
the lntezéalation is continued (Pig. 6.10). This study has

been carried out for the potassium/graphite system. (Some
\ ‘ : - R
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'ﬂetetie areiqtéen 6n page 7, ‘ﬁapter 1. j “The intercalant wasf7

‘o,

—eeemum&%xrtweiade~ﬂpfof‘snaii'eie-entary*tsiande‘* A
'collection of elementary islande was. considered as a DH island
Fig. 6.10 shows the for-ation of stage 2 fron a pristine
aiczocryetal of graphite. A row of rectangles repreeente tﬁe jﬁi
" time evolution of the intercalation process. In the very S

begdnnlng of the 1ntercalation procese (colunn a) the islande

E are very enall and highly uﬂetable As 1ntercalation proceeds

the islands grow and tend to nerge vith each other and a stage

2 etructure begins to e-erge at the crystal edqe in contact 77%¥W7.
witgrthe gueet reeezvolr (colunn c). Yet the interior of the |
cryetal shows etage 3 ‘and stage 4- like structures Eventually o
the ctyetal ordere into a Daumas and Hérold stage 2 structure

(column d). Pig. 6. 10 indicates that higher mixed stage | f,f'

phases . precede a Hell ordered-staged structure during

'mixed staqe phases that appeaf to precede.ueil formed stage 2 v
- Auger results lndlcate that Ag in Tisz has a high raQe

of motion near thekcryetel‘eurface.. The>cryetel lattice can

: easily”expa;c near the basal surfacee,.lncreasing the

dlffuslon of intercelants through van der Haale gape. ”A 1

hithy concentrated stege 2 zeglonvwas not obeerved Just beldvi

the cryetalreurfecei(fro- 0 to{loo ) prpbably,duemtoﬁtheﬂ,fJ;, ,,,,,,,, f

rapid diffusion of “Ag near the surface. Such a rapld

‘diffusion of intercalant in the flret van der Uaals gap has
been observed in the'co-puter sigulatlon ehOwn in Fig. 6.10.

~Another study which supporte rapid~sﬁrface ihtercaletion'hae



) intercalation and. then the Ag atons redistributed by the time '
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been done using electron microprobs analysis of Ag/NbSea

| crystals mmxhicimems of 245&5Hr+ﬂ+~muny

revealed twq Ag 1ntezcalated phaees in ubSd;fuith one phnse

extending a greatet distance £ron the 1ntercalated edge than

drthe othex phase. The 1ntetcalated region uhich ‘had noved

farthe: ftOI the ’pqe uaa found to be localized near the -
crystal surface to a depth less than 1 Ml-. | |

In Aq/Tle, it nay be posslble that a staqe 2 zeqion'_ =

{as region A) had forned in the reglon C {Fig. 6. 9) durlng‘

of the'analysis.;,This dependsron both the Ag 1ntezca1ation
rate andithelrgte of motion of Ag in the teglon_g7bn the TiS:
lattice. In the case of stage 1 and stage 2fforgation }n
Tisa, ;t ie posslble,toc;eate only. a sﬁaqe 2 region by

selectlhg an intetéalation rate lover‘than the stage 1 to 2

V»cdnyezs;on;zatechhapte;;34e~wu—vf~vw~1‘f¥—~dr‘ - - —W;._ ‘lvbdi —
"Another observat;on'made,.but not studied in detall

‘du:lnq therexpetinente glven in chapter 3, 1s that the atage 2
front observed optlcally with reflected light during
>1ntetca1ation elther faded or disappeared when the
xintercalated crystals were reobsetved optically aitez sevezal
days. The optlcal absorg;lon coefficient (a) for Tisa is ‘
‘about 7. 5 X lO' c;“ (58, page 111) for white light (A = 5500_'

l), ylelding a value of about 130 A for the penetration depth.

l/a . This inplies that the optically obsezved tegion durlng
intercalation is in the region C. Hence, the disappearence of "

the opticai stage 2 front indicates that the Sg in the region



? C’had been -oving even after intercalation was tetninated.'

':staqe 2 fxont at obn teloerature. rﬁepeated'xap llne’scansv}

- terminatea. =
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?h%aﬁsnpports“the*tnger*tesuitsmdtxcussea‘bﬁ‘ﬁége 136
reqe:dlnq the motion of Ag in region c.

TthXftlY fluozescegce tesults qiveﬁ‘in'section 3.2.2

for tﬁerndtioneofjthe stage 2 front in Tiszrctystale of

' thlckhess about 2 um indicated a statlonaty behavior gﬁ the

'pezfozned on atage 2 Lg/?iﬁ: czystals indicated the same staqe' =

2 front positlon. ‘Bven thouqh a stable stage 2 reglon was

found tn the bulk of a thick dxystal, the stege 2 was observed”mjgr

to -be unetable 1n thln czystala of thlcknees less than around
700.& (59).- In this case, a sfage 2 Ag teglon was observed

optically‘duzing 1ntezca1atipn and the Ag,ln thegstage 2

Vxeqlon,zenained-nob!legeven after the intercalation was -

‘-

~The- staqe Q‘tg"fntercaiation*rate’tn‘?ish crystals has

been observed to be stronqu thickness dependent ((1) and the

7rate varies app:oxinately as x“"’,»vhere X is the,crystal

_thlckness. This is ‘consistent with the observatibns;nade here

i;hat' a thick crystal Aintezcalat'es fasse'z (i.®., longer

distances from the intercalated,edge)vat the basal surfaces

than deeper in thelcfystal, as reported'in the Auger anelysle

in sectlon 4.4. The optlcally obsetéed stage 2 intezcelgtlonwmwww

zate in Ag/TiS. sanplea given here was about 2 un/lin.

Consldering the probing distances in line scans in the surface

region B (depth < 100 A), the rate of intercalation in the

reglon B was found to be more than 10 times higher than the
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value found with opttcal Ieaeureients. Tﬁe Intercalatlon )

zates,fnnnd,hereuarefia—aqxeeneat~w%th~theAvaiues*repotted‘tn*“r***
- ref.dl. . o

In the course of the study of the motion of stage 2i1g
'in the TiSa lattice it was notlced that the staqe 2 Ag hns a
highvrate of notion in the following three circumatances: (1) -
' near the crystal surface region in Auger analyels, (2) 1n the'
bulk of a crystal when the cryatal 15 belng intefpalated
(section 3.3. 1) and (3) in the bulk of a crystal durlnq the

stage 1 to stage 2 converslon-(section 3 3 2). Aa mentioned

in sectlon 3 3 3 the driving force for the ataqe 2 uotlon in

: jtZ) and (3) can be the lnterlayer electrostetlc repulelon

between the Ag atoms in the gtage 1 region. 'The"separatlon
'betveen'stage'2'hg.ato-s is tﬁlce tnat.of the staje 1 Ag atons_;

-in the new dlrectlon while the in- plane Ag atoms in both
Wstages,resideuatueqaaljaepafa%iens~-{1n~ease~12#,~&t~isf¥—*f¥—~?~—*
believed ‘that there is a narrow region of stage. 1l at the edée_ |
of an inferCalating crystal.) 1In séite'oﬁ the elastic strains -
induced by the distortion'of the host lattice during the

fornftion of a stage 2 region (Fig. 3.11), the observatlon-bf-
,rapid stage conversion indicates that the decrease in Coulonb
energy 13 greatez than the elastlc energy expended in foruing :
the staqe 2. o

The stage 2 Ag did not shov any elgnlflcant notlon in

the bulk of a crystal in the abaence of stage 1 Ag. The
electrostatic repulsive forces in the "c' dlrection betveen

the stage 2 Ag atoms are probably not strong enouqh:to~drive

*
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'jathe Ag atonﬂ throuqh the bulk lattlce. It is clear from

— ::’f’,“ng”affi‘tﬁKt’Ln Grdet’tﬁ‘”'ve an.:sland fto- a stage front
| into the enpty crystal region it is . necessary to create new. e
bende,in the hqat_laye;s. The nunber of bends to be czeated
inc;easeanvith fhe depth frou'theAcrystal sur:aee.. In othez
vorda the‘eiastic energyrfhat.haé to be5overcome dnting the

a notlon through,the van der Haals layers Ls less near- the .

'cryatal surface - AS obaetved in the Auger analysis it seems

that the electrostatic repulsive fozces betueen the stage 2 Ag v

is sufficient to move stage 2 Ag 1n the suzface region of TlSz

Y.

) c:ystals.
‘ ATﬁo -odeeVof”intercalation'haveAbeen pzopnsed fo;
Vq:aphite systems in a previous atuLy ﬁGO)j_.The fltsf'pre'islA o
eharacterlzed by the‘absen*e of an 1nferca1ate édncentzation'

gradlent in the lntercalated zegion which inplies that Fick'

S - —lawis not~appifcabier**in‘the*first*type, tne intercalation
| 13 observed as a sharp lnggéEalation front advancing lnto the
crystal. Thie suggests that diffusion is nnch fastez than the
accompanying stress :elaxatlon and that the intercalatlm» ’
'proceeabls‘intefface—COntrnlled.iyrhe‘;eeond'type of
concentzatlon proflles have been characterlzed by a gzadual
decrease of the intercalate concentratlon fzon the - ‘
lntercalated edge to the - intezlor.” In this case. theﬂﬁtoflle,e:ie;ﬁm

’ does not exhlblt a sharp front and appeazs to zesenble one

e —— - e

SR : %

based on Fick's law diffusion. The lntezcalation “mode

 assoclated Q;th Ag/TiS= aalples'ihere sharprftongeﬁare,;;‘ o

observed at boundaries between. intercalated regions seefs~to
)
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be interface-tontzolied. '_’fwf””“

AGolb%ainq—beth~Auqeffand—xaf—rssnits‘ft‘titls‘thit‘tﬁi‘*‘A‘*

‘intercalation front which separates theﬁenpty and lntorcalatad
tegiona in a partlally lntorcalated TiS. crystal ‘has h shape
similar to Flg 6. 11 The suzface teglon withln a depth o:-
‘about 100 A fron the orlqinal crystal aurtace intczcalatcs

continuously with 2 more or less conatant lntezcalant o

':concentration.”;?he steepneaa of the lntercalation ftont which

sepazateb the e-pty and the intezcalated regiong of a czystal _'w

is, reduced by :egions such as D, E and F. It seens'that
vuixed -stage phases 5uch as D and 8 pzecede a uell ordezed
stage; Slnce ataqe ozdering 15 expected to inprove with a

lonqer intercalation time or a htghet nolar fractlon of

'1ntezcalants (38), the f:action of stage 2 in the nlxéd stage

phases such as D and B would pzobably lnCtease vith longe:

uintexcalation—tine Houevef,~}%~seeus~that tnany partially
1nterca1ated system the intercalated distance from the crystal
edge decreases with inczeasing depth £rou the basal aurface.
The broad 1ntercalation fronts observed in XRF scans A

(?19. 3.6)_seen to be due to thia behavior The 1sland model

presented in Fig; 3.11 assuned a well ordered ataqe 2

structure without any mixed-stage phasea. Blnce the cryatals

-

used 1n the XRF analysls had been lntercalated fot relatlvely

lonqer tines, the propoaed 1sland model can be aaau-ed to be

valld perhaps except in the region very near the basal o
:uzfaces (7100 A). In addltion, stage d;:oz&er -ay_be:v

observed, td some extent, at the stage z-éhpéy crystal
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1nt§rcalatian,Ezontl;,rhg':caulf;p;egahtéd;ihjglé:;gg11;13;;:;:;:::

:expectcd to be applicable for other part: ally in ted .

'.syatens : S B

638.939_0_5_1_39_.&9;_&:3;3__223.

,- | The deintercalation of Ag/Tlsa occutabgz‘z;ages (6)
when a stage 1 crystal delntercalates, the edge region £itst o
”’at;tts gonveztfnqllngo_staqe 2 from stage 1. The depleted -

‘region ptoceeds'férthe; intdrthe,czyatal from the edge as

pattIaIIy delnfetcaiated cryatal showed ‘a broad

‘delnte:calation Ezont at-the boundary between the staqe 2 and

stage 1 regions. It would he of intetest to study a partially
dolnte:calated czystal uslnq Augez analysis to observe the

variation of the distributlon of intetcalants in the host

*,stzucture.rrﬂm'i i , = S o K -
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, Fié. S;; VA diaqzanvteptesentinq,the3+diaena}opal
| diStzlbdtion'of Ag in a pa:t;ally'intexdé}ath
Ag/TiSa systea. ST T
" The fronf positions are narkéd with arrows and barﬁ B

as they'wereioﬁsetVQd in line scanS‘aﬁd.pn SED

s

"';”**fphﬂt6qf&phsupréttﬁttd’fﬁ‘stttiﬁn”171T’fﬁ§”ﬁﬁihif§*
o given here are the ratios of (Ag counts)/(8 counts)

for zeglohsAindléated'yith.atrové.
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 Flg. 6.2 An enlarged view of the region from 0 to 2000 A
X of Fig. 61 .
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Pig. 6.4

147a

'Auger line scan performed on the same sample

as in Fig. 6.3 after aboutAlﬁ hours.

Ag In the region A had diffuséd into the crystal.

-
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Pig. 6.5 Auger line scan conductedlon Ehe Sahe sanpléi’
"as in Figs. 6.3 and 6.§vét,d = 2450 A,

The regions A and D reappeared after sputtering.
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Fig. 6.6

1492 7

same Ag concentration, consttucted Erom Flg

The reg;on A ls stageﬂz.

y
28

6

‘A figure showlng reglons with approxlmately the

.10
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| | ¢ |
th 6 7 An Auger line scan perfor-ed at a lov aaqnlflcatlon

analyzing over a long dlstance

inSiqnificant.

‘The amount of Ag in;the region‘beyond ‘Joo’pi is -
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s
Pig. 6.8 (a)pgugez sﬁ:vey spect;u- fqt a Aq/TiS@ g.ipla
7(tégion A). ._ | | | ’
‘Ag and Ti peaks are §h6wn;r ‘ -
(b)rAugez‘Survey spectrum for a pure TiSa sanble.
Ti peaks are shown. -
'v(PeAR energy values given héreiaze fzo- standard _
rbspectra..rin Fiqs.“é;&avSnd b the peak energies _ '
for Ag and TI are shifted by 5 ev and 6 eV,
.respectively.) o e o VV 72
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?iq. 6.9 A figure shoving intercalated Ag content
in different regions in Ag/TiS: relative td the
reglon A. | | ' :
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2

'Flg.is.lo Three dimensional Monte-Garlo computer éi-nlation

N

of—inﬁezcal;tio§~ofAaﬁpxiatihe host to stage 2. . . . ... .. .

Each'coluuh represents a stack of van der Waals gaps
at a different time. Time Increases from left to
right. The iﬁtércalate is shown aslﬁlack‘a:eas T

in van der Waals gaps 1 fo 10 of the crystal. The

qdb 1 is next to a basal surface and the gap 10 is

- near the crystal center. The lnterCalate‘enters into

thé;crystal from a teservoir at the left of each gap.

" (Courtesy of Dr.G. Kirczenow)
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Fig. 6.11

'scale (c-direction) is greatly exaggerated.

Schenatlc cross-sectional view of the shape of |

the intercalation f;ont'whlchtieparatés the enpt}-‘

‘and the 1nterca1qted'régibns in a partially =

intercalated Ag/lea,ctystal. ,The‘verticai
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Fig. 6.11



The -ot ion of 15‘te:c‘;§13ted Ag i‘n‘ ri‘s; was. studied -
uaing an optical liczoscope,ia scanning electzon licroscopé,
| radioactive tzaceza and a acanning Auger electton nicroacope. 
' Both optlcal and xar atndies done on a partially intezcalated
Aq/TiS. crystal shoued thtae zeglons, idgptjfjgd,q;fqtggg,l; ,
stage 2 and an eapty crystal zegion. The XRF study showed
that Ag in the staqe 1 region converted into stage 2 A9

rapidly at zoon te-perature. In addition, no -otion of the

S stage 2 front was -observed at zoo- tenperatuze after the stage

1 to staq&.Z convetslon was completed.

 The tadioacti#e"tzacer results 1ndicafed that Ag in
the stage 2 regibn can move through thebbulk of a Ti8» crystal
during the stage 1 to 2 converslon.#nd also when a crystal is
belng‘lntercalated. The electrostatic repulsion between the
stage 1 Aq atoms in the 'c' direction seems to be zeaponsible 7
for the stage 2 Ag notion'ln the bulk of the 112. lattlce.

The Auger regultsrshoiad that Ag has a high rate of
~ motion héarfthe~e¥yst31wsatfaeevfffhe analyéisfcérrie&~out~on~ﬁ”fmif
,#ﬂtt1All¥—inte;calate§4§taqe—27s4s,hczystaisgindié§¥ed;that—agfgggf;
had 1ntezcalated'ac£oasvthe crystal suifaces while :he bulk of
the crystals intercalated only up to a short distance. A | -

stage 2 reglion with a high Ag concenttatlbn was observed to be



1567 'f} A ef;,”,;_wewe,ﬁﬁwme;,,d‘

unstable near the"ciyetel surface. Hlxed etage phasee were

observed to precede a uell ordered staqe 2 phaee

<+




In Auget line scans, the electron bea- ia atepped point'
by point alonq a selected line and the dlfference between the,w;;i;;,
Auger peak‘helght and ‘the background level 13 neasured. | S

?able Al la presents the paraneters apecified for data

acquinitinn 1n oxdax,to ohtain_hnggx peaka £nz s, Ag_nnd 8.  ”,,:ﬂ
The lower llnlt and the :anqe define. the energy ‘vindow' for |
which dgtaﬁla to be acqui;ed. The laat fouz para-eters yield}
the data acdultitlon tiie.' Longet data acqulsition ti-e was "

: uaed for Ag by selecting a h!gher nunbet of sueeps slnce the

Ag siqnal ‘18 weaker than those oi Ti and 8.

7 Aftez obtaininq the Auger peaks, the peak energies ‘and-
‘the base energies for Ti, Ag and 8 wezehspecified as,shoun,in'
Table,hl.lb. The base energles defihg théjbaCkgtdund level.

o ‘Once the peak a-plitudes for‘the'elénents weze'selectdd,'

b8 .

the nu-bctnof pointa per line, duell time per: puint and the

total data acqulsition time per llne were deflned to contlnue R

-

-the line scan. Tbe nnnber of polnta in each line was aelected‘
as 250 and the- %n time for each point was chosen to be

anlnT !hedat§?aeqa%aitien%%-epefiineuasasuaiiik~g—

solectad as 60 -lnutes.



.Table Al.1

1588

1
|

{a) The paraneters'speclfled for daté'acquisitloﬁ
in obtainlnq Augez peaks in a line scan.
(b) The peak and the base energies specifled for.

Anger peaks in a line scan.




“(a)

(b)

Table Al.1l

 BLEMENT NAME . T1

. LOWER LINIT (eV) 367 .
| RANGE (ev) 20

VOLTS/STRP  D0.50

TIME/STEP (ms) 100
-svREPS . 1

ELEMENT MAME
PEAK ENERGY (eV)
BASE ENERGY {(eV)

IND BASE ENERGY (eV)

gwegps

. Ag

336

T

. 378

387

367

25

0.50

100

10




'given by the lower limit and the range while the data /.

‘inaiyzfng'aii'salpie31 o S
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Table A2, la and b present the pa:a-nta:a selectad,in e

depth profllinq. The energy "window" £ox each alenent 1577“

acqnigitinnitlng is specified by the 1ast four paxanctaz§ 1n7W;W§ff;,

Table A2 1é. ‘The parameters speclfled fo: sputtarlng and ‘the

:settlngs for the sputter 1on gun are shown in Table A2. 1b.

' Analysis was car:led out. with alteznatlve sputtering, each

cycle included an Auger. analysis of the aanple at apecified

points followed by sputtering This cycle was cattied out

iuntil the aauple was co-pletely sputteted throuqh its

thlckness. The sputtering time per cycle lsrgiven by sputter
time /nu-ber of cycles. S - S

In this particular exa-ple given in Tablea A2. la and

b, two pqints were selected for depth profiling, ‘the elements

Ti, S and O were selected for Auger analysis and the sample

was sputte:ngEOt'tuﬁ minutes in every cycle. Tha values

given for the IastqaiX'pa;aiqtets'Ih Table AZ;Ibfﬂfzﬁfﬂ!léﬁfbff"“”*f




Table A2.1 Parameters specified for

depth profiling.




'(a)':

{b)

EMISSION CURRENT (mA)

. rable A2.1
| BLEMENT NAWE O TL 5 BRI
:Loush LIMIT (eV) 7495 367 130
. RANGE (eV) 20 20 20 t
voLTs/sTBE  0.50  0.50  0.50 o
vTIHE/STEP (ms) 100 100 100
SVEEPS 1 1 3
SPUTTER TIME (MIN) 60
NUMBER OF CYCLES 30 : -
NUMBER OF POINTS 3
10N VOLTAGE (kV) 3.0 y
CONDENSER SETTING 970
OBJRCAIVE SETTING 750 .
X () 2.0 e
Y nm) 20
ARGOM PRESSURE (millipascals) 10 .
‘ 25
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