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s electron'm1croscope.fThe method called encapsulatlon,vuses
,{:‘ : ! R . \\L o
surface cdat;ng tofreduce the rad1atlon sensltlv{ty of the &_,

0 .

';_ sampies The study was predomlnantly based\on EELS whlch

- ',.-_.

‘;:iquantlfy the chem1ca1 damage (mass lobs), but"ﬁ‘?

also 1nc1uded electron dlffractlon to monltor structuré&

damage Bncapsulatzon vas: tested on: several ;‘a?lf ST

o
T T

v.h)radlat1on sen51t1vevmater1als whose damage mecﬂanlsms are

o fa1rly well understood Samples of an organ1c crystal and
&

two alka11 hal1des were espec1a11y prepSred to aliow

i 'quantxba§1ve comparlsons of rad1at1on sen51t1v1ty betwee?

;_encapsulated and dnemcapsulated portlons of the same y'

“:_spec1men}pThe proposed protectlon mechénlsms for=both

“‘“qmaterxal groups are’ dlscussed. A br1ef rev1ew.of EEDS 1s ,'3f§

VAN

. ~
.-I : ,,'

“f;also conta1ned ;n thlS paper to help 1ntroduee the techhlque
fto thoSe who are unfamlllar w1th 1th and to help stress 1tsq’;
o dmany uses.'f‘;._ ”Tf_‘” 5 *_»';:rM .V;;f‘.?f;ufﬁatﬂ*
The ev1dence presented 1n th1s paper shows that
”encapsulatlon is: 1ndeed a vrdble method for controllzng

']_rad1at1on damage in the electron m1croscope._f_
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'”{" :"‘ﬂl Hkﬁtieduct1on to Rad1at1on Damage

R O .
. " IR AP S SIS

1) Radaatlon Damage and Itﬁ Imoortance-bl”'
R T . % e

To conduct ‘a study of a methqd of controlllng

1reduc1ng) radlatlon damage in’ the electron m1crosco e, it

- is, necessary to flrst deflne just what 1s meant by ‘he term"
711 Padlation damage. ‘A rather vague, though val1d def1n1t10n

N J

1s the 1rrevers1ble alterat1on of the atom1c structure of a

K

7_spec1men caused by 1ts 1nteract1on w1th the electron beam.;d;
: )

Thls broad def1n1t1on 1ncludes not’bnly the permanent change

0

'1n the p051t1on of atoms w1th1n the sample, called

structural damage but also the loss of any element from 7vvr
' the 1rrad1ated volume, termed’ mass loss' sl L\, ‘
. 'f ’ . .

Researchers haéevmade use of rad1at1on damage 1n the jf

electron mlcroscope for several yfars. The creatlon of L

':'4 ultra f1ne holes for use as apertures {Muray et al 1983) and B

electron beam 11thography for the fabr1cat10n of
m1cro:e1ectron1c c1rcu1try (Manklewlch et al 1983 Muray et

al 1@84) are JUst some of the USes.- i

u

RN

Generally,.however, Pad1at10n damage is’ con51dered
unde51rable. Obv1ously any attempt at characterlzatlon of a’ .

spec1men that results in- the alteratlon or outrlght

destruct1on of that sample,.before suffrc1ent 1nformat10n




be 35h1eved in m1croanaly515 (Egerton 853 Certalnly any

d

attempt at de;erm1n1ng the stqﬁch1ometry of a sample of 7fiif¥;

known comgb81tlon becomes sus et if the sample has

o

suffered mass loss.,b., ' H;ﬁl.j1 {; ﬁ? }£f:tTMV5' grj;~ Q}.f
In nnpent yeara, controll1ng radlatlongkamage has =
nbecome even more 1mportant. W1th'the>advent oi high~voltage =
.;mlcroscopes (Mansileld et ai 1987) and 1ncregied cur!bnt ’
den51t1es used 1n hlgh resolut1on scann1ng transnisaion

.]electron m1croscopes equ1pped_w1th f1e1d em1551on GOches L

:'u;(HR STEM) (Thomas 1985 Berger et al 19&7) an.mncreagrng;”ff1f

number of mater1als are be1ng cla551f1ed

| radlatlon sen51t1ve . Thus 1t 1s 1mportant to f1nd a method

(

of controlllng the damage whlch wd%ks for the majorlty of

the spec1mens andﬂh1croscopes. f

e v

. P
. S

[. .

N .

I Y

=y




© 1.2) Damage Mechanisms . -

drhe rnltlal déf1n1t1on‘of radlatlon damage was

el
,\,, . \

llnecessar1ly vague, because the permanent perturbatlon of

| atomlc structure may man1fest 1tse1f 1n.a mater1al dependent
”Emanner. Yn the case of blological and organ1c samples, the hh"
-ff‘transfer of energy from 'he Al t electrons (thé‘1nteractron o

,"“1s called 1ne1asg1c scatterlng) 1nvolves the exc1tat1on oé

hvalence electrons ‘to h1gher éhergy states, may result rn the

-sc1551on (breakage) of bonds. Th1s sc1551on may create 1ons,

&

V\\-j}.

'free hydrogen, or halogens wh1ch (as volatlle gases) may
- eventually leave the sample (Hobbs 1983) 1eav1ng behlnd
7'res1dual molecules whlch may ]01n w1th other damaged
ﬁmolecules to form new structure in the sample.? R
, ft(polymer1zatlon and cross- llnklng) (Hobbs 1983) Such damage
.fﬁzs an example of the loss—of structural order accompany1ng

mass loss..In the case.sf some organ1c anystall1ne,samples,'r“
’such as the chlormated copper phthalocyamhe (ClCuPc) |

1studled 1n chaptet 4, a suff1c1ent1y 1arge ose can reduce

gthe sample volume to-an amorphous glass (Hobbs 1983)
E For radlatlon sens1t1ve,‘1norgan1c cf}stall1ne samples,l(
(l1ke the alkal1 halldes, llthlum fluor1de (L1F) and calcrum ﬂ*i
rﬂfluor1de (GaF ) (also stud1ed 1n chapters4) 1rrad1at1on |
'causes poant defects whlch tend to accumulate to a rather:
o hxgh dens1ty..HoweVer, thxs hzgh dens1ty of defects often‘:

'does not alter the overall per1od1c1ty of the sample.(Hobbs

1983) These polntrdefects are often»able to»aggregate.anto,



%. . . . Lo o .

',large structural deffects, such as d;slocatlow loops and

e

"vo1ds,'wh1ch are v151ble In. the electr n m1croscope (Hobbs 3
_and Pascucc1 1980 Chadderton et al 19 ISR

'“g There are two accepte methods, one more dom1nant than'.
‘hvthe other, for the creatlog'of p01nt defecﬁ% 1n alkall | \l
"'halldes. Both damage medhanlsms are dlsplayed in f1gure 1 l>

“'The process of mlnor concern is called 'knock on damage and

-1t 1nvolves the)transfer of momentum, from the fast
(w electrons to the atom;c nucleus, by dlrect Coulomblc,,
{ anteract1on (called elast1c scatterlng)(Hobbs 1983)

‘sufflcxent momentu

, is transferred the&atom may be moved
:‘ia(knocked) from 1ts'l_tt1ce p051t10n. Thxs creates two poxnt
defects' a vacancy the empty lattlce s1te) and an
enterst1t1al (the atom or 1on no longer 1n 1ts groper
i‘lattlce 51te) ‘If the damgge occurs at the surface, 1t can
- be respons1ble for mass loss (Thomas 1985) Due to
.dlrect1ona11ty of the momentum transfer, the sputterlng
;(eject1on of atoms) 1s llkely to beﬁfrom the surface through
vvhlch the electrons leaVe the spec1men (Hobbs 1983) For the f;
experxmentS‘d1scusse 1n th1s theszs,_knock -on - damage is. not
:llkely to be the maj r damage mechanlsm becauSe of the
l[_relatlvely small cross sectron for an 1nc1dent electron
 energy of BekeV (Hobbs 1983) " A R .
: The dom1nant damage mechanxsm for alka11 halides falls -
,-under the head1ng of radxolysis’ the 1ndxrect process |

’f,whlch 1nvolves the 1nteract1on of a fast electron thh

S

e i"

. - ‘ . to- . o . . . . . N
coe : S e o
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- (a) Kno¢k4on'

" (b) Radi¢1Ysis» f7h

b S
_Fig 1.1) Cénceptual drawings.of the atomic displacment =
mechanisms'in alkali halides. . o
s S v T

R



,process:resuLts in a. halogen vaqfncy w1th a

J\u<

trapped electron

.ﬂ'(F centre) and a crowd1on 1nterst1t1a1_iH“centre, made.up of

a}sharlng one 51te) (Kabler and W1111ams 1978)

,;defects may agg;bgate to form vo1ds (colLectlon oi F
)vcentres) or precxpltates (collect1on of H centres) >.7-‘\ff

a(Chadderton et al 1976 Hobbs~197g). flf;u':“
';reach the surface of the crystal
.hsequence

'~Samp1e (Townsend a'd Lama 1983)

djhalogen atod

" four halogen atoms sharzng three lattlce 51tes or two

'centre mak;/up what rs called a Frenkel pa1r, and such

An F. and an H ?f

Thefe is ev1dence wh1ch suggests that H' centres may

elther by d1£fus1on or a

momentum transfer process called a 'focussed replacement '

j.where t ey can be released (sputtered) from the

Thls select1vermass loss of

‘fhe focus of the encapsulat1on experxments

_(describé_ in cha ter 4) performed on ‘the alkall halides.
o o Y i
Ve sl
R . N vl‘ “
o |
g : - _ . ' ’:,‘;-‘
g o L
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' ¥1.3) Méthods for Monitoring Radiation Damage. - % ' .

. avallab111t

';’volds) but also the permanent phage transformat1pn of a.

-9

s

B e T e i

. P

- Methods tor determ1n1ng the extent to wh1ch damage,-

caused %y the electron beam, has altered the sample area-"”':

'under xnvestigatlon have 1ncreased in. soph1st qat1on overh¢ff

-~

the years. Methods such as wa1gh1ng the spec1men before and

- -

after 1rrad1at1on (wh:ch requ1red uncharacter1stlc o

r

m1croscope speC1mens) amd measur1ng the cgange 1n the total

s- A

'scatterlng poper of the sample,\gave general 1nformat1on f,» -

C 4

about massfﬁ Ss but are rarely used now because of the
E )

of.more advanced techn1ques. Advances 1n theory

77;and 1mprovements 16\1nstrumentatlon make 1tlp0551ble to h

o study spec1f1u manlfestatlons of radlatlon damage us1ng the

"'l_methods descrlbed in th1s sectlon. - T
. . Vo
C1.3,1) Structural_Damage,to Crystalline Specimens
e s TR B T
'Structural damage caused by 1nteract10n w1th the

- electron beam, encompasses not only local dlsruptlons of the

¥

Ry

atom1c structure (such as dlslocatlons, fault planes and

mater;al (such as. ox1datlon) as well as the complete loss?'.'

—"v

of all crystal structure -There are.a couple of methods

wh1ch can mon1tor thlS damage on,a f1ne scale.NOne is 5f5”v

K

h1gh resolutxon electron\m1croscopy (HREM)°/the other 1s
electron dlffractron. | Vi
' A p p o : o



~ e . Sl - . 4- .
s o
- .

“°Q}Opehwh1ch has;f,13f55

u.'tf t19n (Spence 1980)

.'ct.u'ra.l_damageacan -,bé m o skt "‘é"’a"iﬁs‘a.ﬁ'%peé?éhéé';'é.ff“ :

'g;f1ne 1att}c§-fr1nges (Hobbs 1983) the loss of contrast 1n4L s

’\

) the41ma es, or evén: a. v1sxble’chan e from molecular columns ;,
. g 9 o

to an” ambephous §tructure (Smlth et al 1986) gﬁ;r';éf-~:sﬂ
v '. \‘ . .'
{1mages whlchccan be analysed requ1res very prec1se con npl
. v . v. . ‘ ‘. ) . ‘
'of the m1croscope and usually a spec1al h1gh reso}ut1on° Y RO

pole pleCEa.' .

- o : ' e T T T ke
AN

Electron dlffractlon can be performed in any_elect:on'szﬁ
| m1croscope and was used as a mon1tor of structural damage
v'for the experlments d1scussed in- th1s the51s. Crystall1ne

'samples have per1od1c planes of atoms (or molecules) wh1cﬁ)
b B

"refleCt some of the 1nc1dent electﬁons accord1ng to Bragg s B

t

) ;where d 1s the?spac1ng of the atomlc planes Jije -

- "_;*"g,‘e;1slthe7angle of reflectlon,u;n:'”
“nis tne:order number,jf;;;ﬁ;fjvm; f’e‘;;‘w@_
X_iS-the'wavelength of the 1nc1dent

R jelectrons. B

C”.n‘l L : j’ . : N = v. S i - ¥ -

Thvs reflect;on results in Spots (or in the case of ’;}éirfa{f

polycvystall1ne samples, rxngs) whose intensxty can be

monztored As structural damage 1ncreases, the extent of




‘ f'd1ffract1oh theo'y appears in. appendlx AL )

‘:1.3}2)”Mass Loss (Chemical Damaée)‘

'fwcrystal slmply exchanges;

v”ﬁ;ntensxty of the spots’(r1ngs)i _ll be decreased If the

ts structure for another, as 1s

. ofoen the case when a. sample ox1dlzes, some spots fade and

nnes appear,,lf on the other hand the sample 1s _
- -\',
reduced to ad amorphous glass, as occurs for most organrc

;nsamples, the spots fade completely, leav1ng only a d1ffuse o

»background 1nten51ty. ’
| By monltorlng the dose requlred to br1ng about such

qchanges in the d1ffract10n pattern,.lt is poss1b1e to r,”7

.f'determﬁne, quantltatlvely,‘the radlatlon sens1t1v1ty of

]

ffvarlous mater'als. ( A more complete descr1pt1on of electronf

L
S
-~

]
. ~

Radratlon damage to. the atomlc structure is oftenf""

f¢'accompan1ed by. mass loss of llght elements from the

1rrad1ated VOIUme (Thomas 1985) This mass f%ss 1s a major ol

| problem for analytlcal electron m1croscopy, because rt

1ntroduces uncerta1nty 1nto the st01ch1ometr1c elemental

‘concentrat10n values determlned for rad1at10n sens1t1ve g
e X ‘
mater1als. There are two technlques ofvmon1toang mass loss

' wh1ch could be usea to study the process. One of the methods,f,

1s energy dlsperS1Ve x-ray spectroscopy (EDX) another_1s

electron energy loss spectroscopy (EELS)

-

—



- ;_elemental peak 1s related to the number of atomg,_of that .

5QThe detector dlsperses the x-rays accordlng to thelr energy
fand the spectrum dlsplays characterlstrc peaks on a lowAﬂiy

f“background .The: character1st1c x-rays are emltted

O T T N e
: N 'v“; EER R q1~_1;,;;vg<?g,-u,;<
" - . . . ) - e “ . I .‘:< S . R - .

l

EDX uses the 1nc1dent beam to exc1te atom1c electrons"

Qfelectron from a hlgher state w111 fall to f111 the empty

1.orb1tal and may em1t a character1st1c X—ray 1n the précess.

Q?s very low However, thls‘can be offset by the fact that

'ﬂfrom core levels to states above'the Ferm1 level An.f:°Tf'f'

h 1sotrop1ca11y) and the collectlon eff1c1ency of the detegtor

the quantlflcatlon procedure may be falrly 51mple (at 1eastl€9'~

:for th1n fllms) The reduct1on 1n 1nten51ty of a part1cular :

v-'eBem@nt, lost from the sample volume.‘A drawback to thls L

"Llprocedure is that the very low x-ray fluorescence y1eld’for:i

lelemeﬂts Wlth Z< 11 (wh1th 1ncludes most of the elements of.lw°,

- .1nterest in a study of mass loss) results 1n a relatzvely

,/"

'poor sen51t1v1ty to the elements (Egertan 1986)

b

EELS uses a beam of monoene#getxc electrons (energy- :

]

“.f'Eo) wh1ch after undergo1ng 1nteractxons as they are

‘1:core ~loss szgnals which appear as protrud1ng edges on a f~fr"'

'ltransmltted through a th1n spec1men, are energy dxsperSed by

_.means of a magnetxc spectrometer. The spectrum conta:ns the

‘d1sp1ayed 1n chapter 3 1n fzgure 3 1 ) Because tth

5e‘scatterrng of the beam by the sample 1s forward pehked the

“"*EEELS System has a hxgh collect1on effzcxency, resulting 1n.

”5,relii1ve1y h1gh core loss 31gnals. The hzgh d;spera1ve

e P
,‘f :

"large, fallzng background (An enerqy loss spectrum 1s is~,%5"”



ST ; L e

"fjpowers of the spectrometer (descrlped Ln ohapter 2) g1ves
fEELS 1ts h1gh energy resolutlon (Egerton 1986) Also,"he‘_"
5quant1f1cat1on process (descr1bed 1n chapter 3) allows Qi'

igandardless, absolute values of elemental concentratlons to,:
(4

be Jete ned‘from the. core loss edges (Egerton 1982a)
'.Qiiie the core loss edges,/fg;/the’elements w1th z>2 are

’

"k eaSIIX\izfognlzable by the1r energy thresholds, EELS is an

“excellend in- gltu method of mon1tor1ng mass loss. For these

”"eﬂreasons, EELS tends to have an advantage over EDX for

'vjmonztorlng of the l1ght element mass loss whlch*bccurs when .

radlatxon-Sen51t1ve spbclmens are 1rrad1ated The major1ty -

S v .
.. of the rad1at1on damage 1nformat10n dlscussed in chapter 4
e 'viwas obtalned us1ng EELS.
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. 1.4) Controlling Radjation Damage s
The 1mportance of reduc1ng rad1atlon damage to = -
'b:sen51t1ve spec1mens has already been dlscussed 1n thlS-th'F
;chapter. Thls sect1on w1ll outllne methods that can be 'tf‘5
1 .A4_-."1'),. Provén '_Methodﬁs e

e - . ' . * -
ey s TR . . B N
R A NS . .- ) .
T - o : . : . : . .
Ny P e o . . P
: : Tl Ll P

e R . e

One w1dely used mqthod of reduc1ng the rate of damage_,gf"

AL’1n the electron m1croscope is termed cryogenlcs *(Hobbs

-1983) Th1s method 1nvolves the coollng of the sample,f
Jlnusually Wlth l1qu1d n1trogen (T 76K) whxle the mxcroa;alyszs  ?f
3 %3715 conducted (Egerton 1982b) Va}ues for the reduct1on in .-

"mass loss go as hlgh as a. factor of ‘100 (Egerton 1982b)

' ,There 1s, however,_ev1dence that the structural damage-rs

" not’ reduced by s1m1lar factors (Hobbs 1983) In: fact, once fh e

ffthe‘:rrad1ated spec1men 1s brought back up to room

R
fftempe?&ture, there is 51gn1f1cant mas; loss (Egerton 1980)
";iTherefore, all m1croanaly51s of an 1nterest1ng area must be
4Jcarr1ed out once the spec1men area has been 1rrad1ated. That
. requ1rement and the fact that thzs method requxres‘a

vr(

t;spec1a1 cold stage to ma;ntaln temperature stab111ty,

| iftf both dxsaqwantag%ﬁ of the cr(pgen1c technaque for 1j.;;'fﬁ;’

j-controllxng rad1at1on damage.:,fJﬁfzy ‘

. \{, S - ST i



f“”subsequent acqu1s1tlons,‘§§d for the 1n1t1al focus1ng, the-

" technlque Flrst, the deflect1on of thé beam requ1res

"minlmum—dose technnque (Hobbs 1983) The teqhn1que
-suff1c1ent electron statlstlcs are be1ng acqu1red Between

ubeam is déflected onto a nearby reg1on, whlch 1s not - of'

o thf minimum. dose requ1red by the
’dose requlred to damage the sample, the technlque is

,flneffectlve.- ,7:4 o T "-; e SR f-.

1.4,235inCapsulation: LA

add t10na1 1nstrumentat10n forvthe m1croscope and can be

I i

'

Another w1dely used method 1s appropr1ately called the

LY

1nvolves eXp051ng a sample area of 1nterest only wh1fe

L 4

-'1nt°rest. There arg also a Yew d1sadvantages to thlS f

i

N @, . Gf:*'

The method for controlllng rad1at10n damage, studled 1n

~ .

:th1s the51s, is called encapsulatlon. It involees

v

evaporat1ng surface coatings onto-the'f§%1atlon sen51t1ve .

o —

material Slnce samples are often prepared w1th a th1n

carbon’layer on the bottom (for support), the only add1t1on

:1s a th1n layer on the top surface. This method requ1res no

-

used w1th most spec1mens.

The or1g1na1 study of encapsulat1on used conducting

| ‘layers of gold and alum1n1um¢ Taklng as damage cr1ter10n the
'fadlng Qf the}d1ffract1on pattern, it was found that a :

.reduct1on’1n the damage rate by factors of 3 to 5 were

Setector is- larger than ‘the

- .

s

%

:add1t1onal 1nstrumentat1on on tge m1croscope. Secondly,_1f'.f'

W

.



a

. . . R
B

f;obtalned (Sallh and Cosslett 1974) These authors e§p1a1ned

'h_fthe efﬁect o; the1r sUrface coat1ngs in terms of the“

.

,electrlc f1eldsa Later experlments, by Fryer and Holland

a

-»(1983) and Fryer (ﬂ 4), showed 51mllar protectlon factors

n:out flux of freed atoms, was the reason Qpr the

u51ng carbon and 510 layers. Slnce 810 is an,lnsulator, not
’d .

‘f‘a conductor, the orlgfhal explanat1on for the encapsulatlon

¥

"~feffect becomes suspect. Fryer expressed the bellef that an f

"1ncreased recomblnatlon rate, due to the reductlon 1n the: -

(I

“Aeffect1veness of the encapsylatlon layer (Fryer 1984)

A1l of these ear11er studaes were conducted on organlc,

<

'_51ngle crystal samples and coﬁcerned themselves w1th
: ’structural damage only. Thus one of the domxnant reasons for

fundertaklng thls encapsulat1on study, from an EELS

.t

;:?perspectlve, was to quant1fy the effect1veness of the -

h“sprface coatings at reduc1ng mass 1oss. Wlth the hope of R

5lga1n1ng a greater understandlng of the mechan1sm by wh1ch

L a‘b [

]the encapsulatlon lazer affects the rad1atron sen31t1v1ty of

he sample materlal, chlorxnated copper phthancya hf ;
. ClCuPc

(C1lCuPc) was chosen as one of the samplé matfrxals

. was one of the organlc crystalI}ne materlals on wh1ch the :

.
‘e capsulatxon had been shoun to have a strong pos1t1ve

v effect (Fryer 1984) It wés also sufficxently rad1at1on

—

'~res1stant to allow accurate EELS analys;s to be perfomed

over a prolonged exposure. Another a1m of th1s study was to

' extend the l1st of materzals on whxch encapsulation had been

¢

G 1 §

‘i;,hconduct1ng layer stopplng the creatlon of strong local ' i_‘-{f



R .
N ’

“tested S1nce the damace mechan1sms for the alka11 ha11des

j"?are falrly we&l underetood L1F and Can were also ChOSen asﬁ'i“'
“test samples, » .",; S
| Carbon was chosen as the encapsuIatron materlal for

. D

'?several reasonsr_It had already been proven as an effect1ve

‘iencapsulatlon materlal by Fryer and Holland (1983)

ﬁﬂMoreover,»carbon does not ox1d1ze in a1r, and 1ts 1owvu§_”ﬂ,e_li”
- s & . -, . e

PUSHE- N LIS

'iscatrering,po@er does’ not greatly 1ncrease the background

K4

ﬂj‘iﬁ?;nsitylof'fbe'electron energy loss spectrum.-It is: also

-;orﬁh_megllonﬁng that carbon can ea51ly be prepared as an

"fahorph3ﬁs 1ayer,-therby m1n1m1z1ng add1t10nal f1ne structure._-x<r

fwhlch could interfere w1th electron m1croscope 1maglng.




. .. . . “Instrumentation-

P o e . “

2. 1) Introductlonv,”"i.jij__?dh"ﬂﬂfl

&

'h‘%' The 1nstrumentatlon used for the study of - radlatlonbix o

- R

'fdamage in the electron m1croscope ys dlsplayed rn a .

;iconceptual dlagram In‘flgure 2 1 Portlons marked one’
fthrough three are contalned 1n the electron mlcroscope whrch
’.LbeIongs to the Electron Mlcroscopy Group a;»the Unlver51ty _

uf”lof Alberta, and 1s descrlbed in sectlon\z 2’ For the EELS :5¥5yh

| experlments,‘lt was’ necessary to en -anal se the'
neggy-anaiy

S transm1tted electrons (Egerton 1980b) Thls was acompl1shed o

R
w1th the use of a commerc1ally avallable magnet1c

0
\

J("spectrometer descr1bed 1n sect1on 2 3. The pre specqrometer-_wjj<

EN

';lenses in the elecxron m1croscope were used to couple the

u.1m1croscope to the spectrometer 1n two conflguratlons wh;ch

-“i}are also descr1bed 1n sect1on 2 3 . The f1na1 requ1rements

7--,]2 4 The evaporatlon system employed toqprepare the

t'fv;descrlbed 1n sect1on 2. 5 .

- . el g

,_'for the EELS experlments 1ncluded the detectlon,‘countlng,f~*~*

u'and storage of the energy loss spectra. The components of -
S L
'Tfthls system used 1n the exper1ments are‘descrlbed 1n sectlon

~

e .

f{ partlally-encapsulated rad1at1on sen51t1ve spec1mens 1s B
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'h;.aberratlons. ”",' ' _3;‘, o

T L e e e 3
','ZaZ);JEQLvJEM-1QgnglectronfMicroscope"1;__}“f‘ .

All the rad1atlon damage experlments dlscussed in- th1s -

]

S the51s were- conducted w1th the use of a JEOL JBM-IOOB *},'

o
. electron m%groscope. A dlagram of the convent1onal

',transmlss1on electron m1croscope (CTEM) 1s shown ln flgunefrJf"

’

"2 2 , The electron gun s:ts at the top of the column and

.

con51sts of a. heated tungsten f1lament surrounded by a_‘,:e

)

'}_dlfference 1n potentlal ( 20kV to 106&V ) between the f:

”fllament

l-:below) th t prov1des the accelerat1on for the.electron ¥£a1‘ fta';

vAll/exple‘

T1ﬁents dlscussed in. th1s thes1s used electrons of'
i4'1nc1dent:energy E@- 80keV 'd] f'_ ”ﬁﬁﬁ‘vbi,'f:'ifbl'"
Once the beam hae been formed and accelerated ‘it”bf f“{?'-

N

"enters the two condenser lenses. These lenses g1ve the

- operator control over the beam s angular spread and 1ts s1ze-'

1q(beam d1ameter) wh11e ensurlhg that there 1s suff1c1ent

77-31égaﬁslty at the spec1men. Below the condenser lenses is a
'7.”condenser aperture whlch 1s used to further 11m1t the beam s

vtangular spread and thus helps to reduce the 1ens a ',d{55_~'

R

The electron beam next encqunters the spec1men whzch

E must be th1n enough to perm1t the beam to be transm1tted

'through wzth suf£1c1ent 1ntenszty. The rnteractlons of the

.hdbeam w1th the specxmen are d1scussed 1n the next chapter.r,f

f&fda?di"f\fifll

-

’nd the grounded anode plate (wh1ch s1ts several cm '"ﬁ

negat1vely charged Wehnelt cyl1nder. It 1& ‘the controllable F""“
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'_wobject1ve is the most 1mportant lens

Followxng the speczmen is the object1ve lens whose .

&

':?object plane 1s the bottom surface of the spec1men. It 1s s

;'the obJect1ve lens }ob to produce a true and accurate poxnt]J;;;@

-‘ih; fOr po1nt Lmage of the spec1men. Any défect 1n that 1magel;ﬁf:ffff2

f{;“111 be propagated by the lenses whlch follow Thus the

: he'electron

'.m1croscope. -}'”Exg V‘itfhl\-_ | Lo |
:t In the back—focal plane of the ob3ect1ve lens (whlch

:ncontalns the dlyfractlon pattern of the spec1men) there is

. .o

'\an object1ve aperture of var1able 51ze. Electrons wh:ch haye'p,,fi

"been scattered beyond a certa1n angle B str1ke the aperture o

;7and are removed from the transm1tted eam. It is: thlS pfd*

S

-'faperture wh1ch 1s largely respon51ble for contrast 1n the

.t1mage. It also helps to l1m1t the’spher1cal aberratlon of

. "‘

the objectlve lens. _f'v'ﬁ e S »
| In the 1mage plane of the objectlve lens there 1s
d. another aperture called the f1eld 11m1t1ng ( or selected

‘ﬂ-area) aperture. Thas vartable aperture 1s used to select an‘:"

» . -

’?-f area of the xmage (actually the‘%lectrons from a partlcular e

"-'area of the spec1men) from wh1ch the operator w1shes to vzeu ﬁ{;?e

h}the d1ffract1on pattern.:Th1s aperture can also g% used to_ﬁ:--'}

ia"‘restflct the electron 1ntegs1ty reach1ng the spectrometer.; e

ghe 1ntermed1ate lenses and the pro:ector lens, each of ;,y}?

h;wh1ch use the 1mage plane of the prev1ous lens as the;r

v ”hobject plane,_51mp1y magnify the 1mage created by the

» AR
o obJective lens The 1mage 1s pro:ected onto ezther the

fﬁfluorescent screen at the base of the coﬁ"




. <
Tt e

T T . , T i el
"_.photograph1c plate Just below the screen, or the entrance to_j;'

‘7the spectrometer whlch is mounted Just below the camera

chamber. A ATt ? _ LT o
'**r'; Between the bottom of the spec1men and the objectlve s

B J
».aperture, there was an ant1 contamrnatlon dev1ce whlch &é

o Jwﬁept at ilqu1d n1trogen temperature throughout the

_experlments. Slnc the amb1ent vacuumvpressure w1th1n the -

“‘;'ﬁcolumn was typ1ca ly 2x10 =6 torr, this dev1ce was essent1al'

| 3

-..1n reduc;ng the rate at wh1ch'a carbon contamlnatlon layer.”;f*

r'bu11t up on the 1rrad1ated portlon of the spec1men.
‘ B N §; o B \f

'1fftj211_filf¢f



' 2.3) Magnetic-Prisf spectrometer 0 -t

e,',, ., o
R

."2 3. 1) theral Spectrometer 6!551derat1ons { Includ1ng The
O )

"”: Gatan 607 Magnetzc Prlsm Spectrometer )

In order to study the effegt the 1rrad1at1on had on the
isamples, 1t was necessary to energy analyse the transm:tted
.Tabbeam of electrons. It is obv1ohs t%at electrons w1th _”:“ A
L’.fdafferent k1net1c energ;es w1ll haﬁe dlfferent ve;‘cltles. h';r;hl
*f;'mh;s fact 15 explo1ted by hav1ngAthe electrons enter a :
.tmagnet1c fleld B wh1ch 1s perpend1cu1ar to the electrqns
d1rect10n of mot1on. The resultant radlus of curvature of

the electrons trajectory, R 1s dependent on)the1r veloclty

!'v as deflned by equat1on 2,1 ‘,7v,' -f’;',h;tle,?;f:

Where Yz’(1‘V /c ) 1/2 -a- re1$t1v1st1c factor
'T---'l--;‘¢.= the 51 eed o 11 ht R o
T e mo- electron rest massj‘f*
electron charge | :vﬂ;f”;.ﬂfﬁfhl”’

v The character1st1c angle of deflectlon Q for ’2 : ~g:x-p§
convenlence 1sroften made to be 90', as shown in fxgure ii‘ e

. , ST S
2 3(a) As equ@tion 2 1 shows, the greater the energy loss

L]

(1 e. the 1ower the energy and velocity) the smaller 1s R, {._,-.
:f>wh1ch translates 1nto an 1ncrease 1n the valuewof Q (see the
dashed 11nes 1n f1g.,2 3 )._The typtcal d1spersion of a- - .
‘ﬂp_; magnetzc-przsm spectrometer'zs on the order of 2 um/ev



v.l .. : o ) . -l . .‘-“ ‘y

\'

magnetlc prlsm. The coordlnate system rotates w1th the

‘ electrons, so the z‘axls is always the dlrectlon of* mot;on"';«lx

of the central Z§£9-loss trajectory (optlc ax1s) The

.dashed l1nes rep sent the trajectory of electrons whlch
have . lost energy.  v - iv o ,',f_;‘ -4'ﬁ i»J
';(a) Shows the radxal focus1ng 1n the x-z plane..

C(b) Shows the ax*al focus1ng in the y z plane.

.-

i‘.'q S

e’
d

LN
.-



'"aﬂfTThns type of magnet 1s called a pr1sm secause 1ts efféct

*on electrons is. analogous to that of an optzcal pr;sm s

'“feffect on whlte llght.‘ _ : e
v?:{}f The magnetlc spectrometer must do more than Just bend

e and energy dlsperse the electrons. It is necessary for the

M.regardless of the1r anghlar d1str1butlon as they enter the

- magnetlc fleld onto a pornt ‘in the spectrometer 1mage

o

%y
spectrometer to focus the electrons of the same energy,

LN

" pla e.,To expfa1n the focus1ng we can adopt the coordlnate B
3 ‘

_ system notat1on as. shown 1n flg 2. 3 (see for example Egerton f:‘

1986) In thls system, the y axls As- ant1paralle1 to the R

dzrect1on of the magnetlc fleld The z BXIS always

& A

rebresents the d1rect10n of‘motloz_of an electron follow1ng
/

af
a central trajectory ( the opt1c

)

is ). The X ax1s stays

' pg;pend1cular to both the y and z axls, and rotates about

the y ax:s through an angle @ to stay rad1al to the opt1c
ax:s. Using th1s cozéd1nate system, the focusrng 1n the x ‘
dxrectxon Js due to the dxff?rent dxstances whlch electrons

\

travel 1n the magnetxc fzeld (Egerton 1986) If the object

1s a sharp po1nt O then an electron,that enters the ii”"

7% spectrometer w1th a negatzve angle 7x travels a shorter

_ dzstance 1n the magnetlc fxeid than those that follow—the



:i;deflected back toward the opt1c ax1s.,1t Wlll cross the gffﬂ37 :

. >
-fopt1c axis at the same pos1t1on the negatlve x—value

RN

'*electrons do, and th1s p01ht, l

%! 15 on the spectrometer-

' ﬂlmage plane.- X

The focuss1ng 1n the ¥ dlrectlon, as shown 1n f1gure -
'2 3(b) 15 accompl1shed by careful geslgn oﬁ the entrance
‘jand ex1t pole pleces of the magnet. The trzck 1s to arrange

' ! DI
‘the focus so that the 1mage d1stances Vg and vy are. equal =

' d-and thus I, and Iy.are the same p01nt The Gatan 607 (see R

1 S

”f1gure 2 4) 1s such a spectrometer and 1t 1§ -3?§ald to have
o \3 ?doubly- focused"magnet. -

‘ . _f.-.' - : L ]:"L
f“Smce the des1gn of the entrance and ex1t poLe p1eces,!

I /,'_
'\(actually settlng the poleplece tilt angles e, and €y ) must R

R j‘also remove second order aberratlons, the actual theoret1cal

con51derat10ns are qu1te compl1cated The usual de51gn has a:

d;convex entrance and a concave ex1t w1th approprlately shaped,-

hod

| fsoft magnetlc mirror plates at elther end to . 'k1ll' the
:f_magnet1c Ileld out51de of the spectrometer. B L .“"1f .

o

" To aid in the aberrat1on correct1on there are two

.erternal quadrupole'and one-sextupole-dev1ce wh1ch-can_be H';‘v
» controlled by thexoperator to help 1mprove energy

'_resolut1on. These dev1ces are also used to allow the
joperator to change the\pos1t1on of the spectrometer obgect B
t ;plane, so that a spectrometer may be coupled to any |

: m1croscope.,f;‘ S f',ﬂ’frﬁ

'J‘

-~

. It should also be menbrohed that even when the utmost

Wcare 1s taken to sh1eld the spectrometer from stray externai

s Ve . A .‘ -' 4
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N e - "-..‘ A '““jfej »‘»e;:; 2 .
'fzelds (such as surround1ng the spectrometer wzth mu-metal)
'thelr effects tend to remaln ev1dent in. the eneggy loss

spectra. Slnce the major contr1but10n to stray flelds comes

,\from m 1»s frequency f1elds, a‘plfCUIt has been deszgned to

'e for the1r effect (Egerton 1QBZQ)9 The cxrcu1t
o Q

_feeds a malns frequency curt%ﬁt

. ‘% %

“of th@ correct phase and

Compensated .

e e N \ Lot

Flg 2 5) The effect of the compensat1on c1rcu1t on the

2

appearance of the zero loss peak as seen 1n a slow sFan and-

w1th a narrow sl1t (Gatan Inc ) ) "‘_ o

we



{h ‘seml-angle B 1s determlned by the select1on of the

ERRES - LT N e e L AR Ifr"‘* R A

. 2.3.2) Coupling to the Microscope - @' . .ot

To ensure that the energy lossrspectrum 1s not altered ..‘_!f
:'; by 1mage or d1ffract10n 1nformat1on, the spectrometer object N
VJhust be as - small as possable. It 1s cuStomary to focus the
spectrometer so that the specSrometer object plane (SO) , ‘
aco1nc1des w1th the back focal ;ﬂane of the'prOJector lens 1nvi;“‘
p;ﬁ_the CTEM Th1s allqws the system to he\used in- two “fﬂi-dfitr;h

onflguratlons (Egerton 1982a) both of wh1ch were used ln

the experlments d1scussed in chapter 4 -“f'f_l l:;v;<‘j'sr3j
The f1rst conflgurathh 1s called 'dlffractlon fihl}:Li_

;cou011ng ' and 1s shown ‘in f1gure 2 6(a) When the CTEM 18’?;aV"”b

.:set up so that 1t dlsplays the magn1f1ed 1mage of the L

' spec1men on the screen (mlcroscope 1mage mod%), then thefl

"'spectrometer object 1s the dlffr§;t1on pattern at the'ih

lback focal plane of the progector lens. Thls conf1gurat10n::pﬁ_3»7

allows the operator to take p1ctures of the 1mage between

N P SRR
succe551ve energy loss spectrum acqu151t1ons. The collect1on .

_eyln,fg*“

: ]partlcular obJectlve aperture 51ze. ‘ S N
| | The other conf1guratlon is called 1mage coupl1ng ‘and ,
"eis shown in f1gure 2 6(b) The CTEM 1s set up to dlsplay the fifdf
d1£fré%t1on pattern of the specrmen on the screen ﬁii',_ft L
'~h(m1croscope d1ffract1on mode) so the back-focal plane of

‘rthe projector lens contaxns a lowrmagn1£1cat1on 1mage—o£ the
i dggec1men. The spectrometer‘1g'thus 3;age coupled The RTINS
'-f;collect1on sem;-angle B 1s determined by the spectrometer :11;;{ﬁ



1

”;}7entrance aperiure (d 1,2a3 orSmm) and the 1ntens1ty of thei

:f'beam whlch enters the spectrometer can be controlled by

E

4{:fappropr1ate choxcerof selected area aperture 51ze. Image

‘3'7]1acqp151t1ons._'f-

;“*vcoupllng allows t‘isoperator to mon1tor the dlffractlonjlg

: pattern between succe531ve energy loss spectrum"

”t(xi

e

_ (a) Diffraction Coupling . - (b) Image Coupling

j.j_ obadf :'d‘; ‘.,’;Lii;;te;rn;n S .,iglji- .:'

o8 APER!URE .

'y oSPeCimen.

- XJosi... -
Fisd g
APERTURE e

. . . . s

._Flg 2 6) The coupllng of the CTEM to the spectrometer "hosef'

slobject plane SO is a; the back focal plane of . the pro;ector

e

‘_lens. Both conf1gurat1ons we;e used 1n the exper1ments
d‘dlscussed in . thls the51s. IR

. A,‘ ..,3, '



:"37_:and seraal detectlon (Joy 1984) Wh1le a parallel detector

. 2.4)Serial Detection and Counting System - oo TS

s m

There.are two dlfferent techn1ques for detectlng an j;ufn,

| 'Lenergy loss spectrum. They are known as: parallel detect}onv;"ﬁ

; 715 very eff1c1ent becaUSe 1t acqu1res the complete Spectrum

.~w1251multaneously, there was no parallel detector aVallable for.n, s

fy'the exper1ments.:All spectra reported 1n thls thes1s wer\\»,._.'h

'th;ser1ally acqulred The ser1al detectlon system is. very ';fip:ef:ff

1neff1c1ent because the spectrum 1s sampled sequentlallyw

- slit. of a few mlcrons or less 1s used to sample the

_’”f_”electrons 1n a narrow energy range.?Whlle there are a f@w |

"l_fart1facts 1ntroduced 1nto the spectrum due to t e detect1on

”*,fd1sper51ve power of the magnet 1s only on the order of 2

lisystem, the majorlty of‘these can be mlnﬁgxzed or corrected |
{fpﬁfor,:whenever they cause concern (Joy and Maher 1980) ‘ f”fhl;h‘
o A typ1ca1 ser1al acgu151t1on system, as shown 1n fzgurelﬂéig
:2 7,’conta1ns sevenal major components (Egerton 1986) -

“Flrst so that only the electrons of a partzcular N o
”f::energy loss are detected at any g;ven moment, a thln sl1t 1sj:ﬁl

..Tplace at the 1mage plane of the spectrometer. S1nce the R
. - t

‘_ um/evd the sl1t must be able to close to at least th1s value;j?

Xe Zum ) for the cases in wh1ch energy resolutxon is the

\

prlme concern. For the case 1s whlch slgnal strength 18 a o

7'major factor, the Sllt must be able to open much w1der to

b allow more signal to pass._The Gatan system used ﬁor ’

ﬁ'5.agu1t1ng the spectra ;pr th1s study had a varlable slxt 'iiflﬂl'
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_F1g 2.7) A typlcal ser1al-acqu151tlon system for energy-loss

3

‘ pectvoscopy " f?v ,"ffi‘ Iff : 5” : gt; .

Next in the system comes the detector whlch in: our, case .
. was a sc1nt111atof followedvby a photomultlpller tube (PMT)
' When an. electron has passed through the energy selectlng N

ifsllt 1t strzkes the scantlllator and generates a large

+

vtnumber of photons. The photons then str1ke the photocathode
(at the top of - the PMT) -whlch absorbs the photons and emlts

JAelectrons. These electrdﬁ“ strike the: dynodes in the tube

t

;Vand each 1nc1dent electron generates several seconda{y

‘ eledtrons that are accelerated and str1ke the next dynode. N
. r .

hThls cascad1ng process results in a 1arge number of

6

ielectrons, typ1cally 10 reachlng the anode at the base of -

';the photomultlplxer tube, for each of the 1nc1dent photons..‘

'Thls pulse ,when reglstered in the countlng system,-wxll be

S ) ‘~ < w -
e oo
o

Nt



N

B f‘ ThlS can be accompl1s"ed by A COUple of methods. The f;rst ;”,

'»Q-advance pﬁﬁse wh1ch can bepuﬁf

" are - often used wh11e 7df

_ energy loss spectrum 1s the conversron of Ehe‘

Sy

R count1ng modes.

. post spectrometer 'dlpole c01ls. The other case 1s for

B the MCA (whlcﬂﬁ1n this case was a Tracor Northern 1710 ).,

RN MRS -..r_;fzg e
S ST : ST O

irepresentlve of an electron of the proper energy havxng

entered the detectlon system.

The next stage of the ser1al acqu151t1on 1s the

scannlng of the spec .um across the sl1t in a lxnear manner.‘

; Y .
case 1s for 'fast"scans, taken onathe order of 60 Hz, whlch'

/J*y
ustlng the analyser, andAds~ o3

acompblshed by feedlng fﬁramp current 1nto pre ori

X normal scann1ng and uses separate w1nd;hgs on the ma1n

s

prlsm-magnet. The mult&channelvanalyzer-(MCA) whlch stores SRS

the spectrum one channel at a’ t1me, generates a. channel

a.

?to generate a ?Emp current ,,[_Lg

."\‘L

*"which is fed 1ntosthe%§%anhcgfls~on the pr1sm. The predicted

non 11near1ty‘;h4the energ; loss ax1s, 4ue to the changlng v
magnet1c f1e1d 1§ approxlmately 4% at E=1000ev, fox E°-100 Ji;f{
keV (Egerton 1986) y‘,:‘; --; " :f SRS au,l- .,L.'f@;f

u! . . a ’ R "..v. L"
cot A . . AR ]

The f1nal step 1n the ser1a1 acquis1t10n of an

Y
"v'.

photomult1p11er output into a value uhpch can be stored 1n

DUe to the extens1ve dynamxc range of the spectrum (10 ) vHTef
1‘@5 :

the output—frdm the PMT must he_recorded 1n two separate

Tt

For the Gdtan system uséd 1n the experrments dzscussed

J

1n thxs thesrs; when the 1ncxdent electron arrzval‘rate at t;fﬁ

the sc1nt111ator is less than 10 electrons/sec (1MH£\) 1t

e : ‘."4',"\1 -s




-

. i,

:s1ng1e—elect'°:

f]ump or ga1n in the spectrumm

e

fiéJPOsSible to'count 1nd1v1dua11y, the electron pulses as- »
they leave the PMT (D1sko 1986) Th1s JS called the pulse ?i;ilf'*

countzng'mode and 1s used for the h1gh energy loss reg1on of

4

"Ahenters the 31gnal in. th1s mode, there is usually a o
: d1scr1m1nator placed between the PMT and the. MCA (actually

.Jthe pulse countlng module 1n the MCA), whlcnf}nly passes

f7electron ente?1ng the. detector.,:

In the low~ loss reg1on of the spectrum, the electron f

arr1val rate is too great and the pulse count1ng system no =

":longer responds 1n a l1near fashlon. In th1s case ‘the- PMT s
'voutput becomes a contlnuous current on,an average»voltage.g'

"‘.Th1s voltage, wh1ch is d1rectly proport1onal to the number'

of»electrons str1k1ng the sc1nt111ator, is fed 1nto a.
T E

"voltage controlled osc1llator whose output is a continuous f'

tra1n of pulses wh1ch are, counted in the. same. manner as the

pulses by the MCA (dgher et al 1978). The.

frequency of pulses 1s 11nearly related to the electron. o

1ntens1ty for a frequency <1, 2 MHz (Cheng 1987) so all

7'Mspectra were recorded at 51gnal 1nten51t1es that resulted in .

a frequency below thls value.' =

a . L

The Gatan system allows for .an. automatlc change 1n

) count1ng modes(at a. sqt channel Thls change results in a

B
;%yeen the 1ow-loss and

. / ",‘:"" ,". v
h1gh loss reglons. The MCA acqu1res the spectrum, one gﬂ>'ﬁ”

I

, s K3
‘ channel at a t1me, over 1024 channels w1t & pre set dwbll cE

rt'

133

‘the spectrum. To ensure. that very l1ttle nozse from the PMT f _fv

:'bpulses of : suff1c1ent strength to. have been generated by an R




T s

;

.0

’

v't1me for each channel Once a complete spectrum was

B acqulred 1t was analysed w1th the helpfof a Texas'l

1n thls the51s were prepared in an evaporatlon system, l1ke

that shown 1n flgUre 2 8 ' The vacuum 1n the bell Jar was

' created by comblnlng two pump1ng methods. The rotary pump

(S) was dsed to reduce the pressure to 5x10 g-'

011 d1ffu51on pump (N) was then used (backed by the rotary

pump) to reduce the amblent vacuum pressure to 2x10 torrn;fg,“;'

v A llqu1d n1trogen trap (L) was used,to hehp freeZe out

PA

‘ L v . .9 s -

condensable gases wh1ch mlght otherwxse contam1nate theqa L

¢

To ensure un1form f1lm thzckness, the substrates (B)wv

were placed approxlmately 14 cm above the evaporatlon 55'"”'"

sources (V) wh1ch were elther Mo boaf! ior the R

RN

M'radiatlon sens1t1ve mater1als or graphlte rods for the
' carbon evaporatxon. A shutter (E) was Jsed to oover the

- 4ubstrates whlle outgassing the evaporat1on materxals. It

was also used to allow spec1mens of d1fferentzth1ckne§s to
¥

be fabr1cated at the same t{%e _f{a@ift,fffﬁj§{7ihﬁy |

The approxlmate thxckness o; the evaporated film was

'-_samples. L “,-" . o ’;:. h&_-;fﬂ.;,; U e

f Instruments Sllent 700 data termlnal and then stored us;ng a~:7 o

*Lf TN- 1117 floppy dlsk memory system.ﬂ q‘,?_-nvfh.fig-*ffff-ff' i,:f
j?.SXlEvaporationr§ystem_#-'vh f.'_;A_htp;E]“.ff 5."'; 4 et
» All the speclmen%'studled 1n thé experxments descrtbed' |

.



-:Fxg 2 8) A typ1ca1 vacuum system. The notat1on stand for~]f
B, substrate; . C quartchYstal rate - controller ‘and - -
- deposition mcnztor° D substrate mask; E; shutter; F, vapor§ ..

from evaporation source; G, adapter collar -between the bell -
jar ‘and’ the pump - baseplate flange; ‘H, air-inlet valve; I, .
baseplate flange-f J, Pirani or thermocouple gauge,x K, .

. foughing valv 'L, .liquid air trap; M, cooled chevron '

“baffles; "N ffus1on pump; O,' cooling - coils; P and Q,
backing" valve5° R, Pirani gauge: forepump with air- inlet = .
valve T; U, dxffus1on pump heater, V, filament - holders, W, -

,‘,’multxple feedthrough x 1onxzatlon gauge-'

2 haffle valve.



"h:used 1n the m1croba1ahce, whose callbratlon curve had

"“falready been calculated by Munoz (1983) The approxlmate

~“;';‘the same helght as the substrates. Gold coated crystals were

th1ckness,5 ' of the fllm is: g1ven by equat;on 2 2

where Af is the change‘ln the frequendyxefrihe"
‘ o QUartz crystal oscillatér .‘h"‘”“”~flj/
p is the (bulk) den51ty of the evaporated .
mater1al ' R ' '
. tThe absolute thlcknese‘%f each layer of the spec1men was

" later determ1ned by an. EELS method whlch w111 be descr1bed

-',along w1th the spec1men preparatlon,_1nschapter &"l
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. dnterpretation and Quahtificationfgg Energy-Loss Spectra

L@

3.1) Introduction'77f - hwdl-x‘ﬁ.%

When a beam of electrons of energy Eo 1s 1nc1dent on: a
f_'.sample, the electrdhs are. scattered by the atoms of the ’5-
1 )

’5011d The" transm1tted electrons w1ll have a dlstrlbutlon in

-both angle,-v and energy, 'f. The sample must be

"fsuffrc1ehtly thxn ('t <a few hundred nm ) ‘so - that this"

'thdlstr1butlon is represent1t1ve of a 51ngle scatterlng .

prof1le. The dlfference between the initial energy and the
\

: energy of the transmltted electron 1s called the ene#gy loss

E, ( E Eo— E ) The dlstrlbutlon of Lntens1ty of the

'. o transm1tted electrons as a functlon of thelr energy loss 1s

'fknown as an energy loss spectrum, an example of wh1ch 1s

'shown in. flgure ‘3. 1 . The techn1que of studylng materlals by,'

,_exam1n1ng thls d1str1but1on is known as electron energy loss o

'dispectroscopy ( EELS ). k;:.1'~ 1', 3’V

EELS can be used as an 1n 51tu method for studylng mass

4

'1oss from materlal The same electrons that cause. the damagev

to the sample‘may be used 1n guant1fy1ng that damage. The

_'majorlty of the rad1at10n damage 1nformaf1on~presented 1n
: ’ X
,thls the51s was ascerta1ned by EELS or morg spec1f1ca1iy,'

. by study1ng the 1ntegrated 1nten51ty of the 1nner shell

C‘ .,r
: 1on1§atlon edges'whlch appear in the spectra. :

8

© e



o EEAEEY T , O S
- ThlS chapter w1ll descrfhe the 1nterpretat1on of an. R
'energy loss spectrum and explaln the quantzflcatlon

v L . PR S
. . v

B

LOG ( INTENSITY) e .

S c S }. =
F1g 3 1) A sketch of a typ1cal enekgy loss spectrum. Thev.

three d15t1nct,regzons are marked.t,': s};-=“ . v;- T

-«




: '.reglon can be made to y1eld 1nformat10n about ‘the sample An ol

A3

N

The energy-loss spectrum can be d1v1ded 1nto

'”characterlstlc réﬁions, each w1th 1ts own dlstlnctlve

RN

V1nten51ty dzstr1but1on W1th th roper analysrs,&each

3

- . A C

‘essentzal prerequ1s1te to 1nterp?et1ng .any part of an.

'energy loss Spectrum 1s an: understand1ng of the nature of

-the 1nteract1ons between the beam and’ the sample, wh1ch g1veﬁ,

“wzll 51der each of the three reglons 1nd1v1dually and

'dlscuss the 1nteract10ns that contrlbute to the electron :

greatest inten51ty (for th1n samples) but the least

ntens1ty. Methodsﬁbf extractlng the 1nfof&atloa from each

on-’ wrll also be: descr;bed. ioy h-‘; ¢ ~_X,KV' '

A L . - L

"~_;3 2 1)'Zero Loss Reg1on'

-

rlse to the d15tr1but1on 1n the flrst pIace. Th1s sect1on S

P d

The f1rst 2 to 3 eV.reg1on of the spectrum conta1ns the v

'1nformatlon of all three sect1ons. The sole character1st1c

,of the zero loss reg1on is a very sharp peak ar1s1ng from &

N

electrons wh1ch have lost no energy, qr an energy less than L
: (- .

the resolut1on of the detection system. Unscattered

'1the sample, have obv1ously lost no energy and contrlbute to

.th1s peak Due to thexr lack of 1nteract1on, they can not

'offer 8hy deta:led 1nformataon about the sample. The other

major contr1but10n to. the regzon arlses from electrons wh1ch

™

. 4
'_electrons, that 1s electrons whlch have not 1nteracted w1th~_p

Pa



;but do have a rather broad angular dlstr1

';have been elastlcally scattered and lose very 11t

“flgure 3 2

‘electron 1nteracts w1th the electrostat1c fleld of the atom.: S

1f the electron passes close enough to the nucleus, it: 1s

,1 iy .
'i["g | -

Elast1c scatter1ng occurs when the 1nc1dent

s

fF1g 3. 2) ‘The angular d1str1but10n of
.(a) the 1nc1dent beam'
~ and unscattered electrons,m i_-

(b)_elasticariybx

*.(c) plasmou‘excitations'ig S

S e,

| ':Lg‘; 5»'gg"‘ | .
(d) innes:shell losSes;{’,;v': '
the-

ile‘euergy

tlon, as s%own in

fdeﬁlected bY\ltS Coulomb attractlon to the nuclear,itarge,

‘b due to the large d1fference in mass, the magnxtude of
'the energy transfer is negllglble.. g_ . oL
L -

.
Ly

fattered electrons,

VAN

f 1f the)sample is a crystal 6 or polycrystallzne )

1ntens1ty, stud1ed u51ng eleatron dlffractx n techniques,

: )
"‘anguLar d1s7t1butzon of the elast1cally scattered eiectron




B

.

‘For thlcker spec1mens, elastlc scatterlng becomesvry

1mportant because ‘the 1nelast1ca11y scattered electrons,

hlgherlprobablllty of also be1ng elastlcally scattered Due ly
,7to the large angular dlsErlbutgon of: elastlc scatterxng,f'"‘

f;thls often removes these inela t1cally scattered electrons

.’

"'beyond the collect1on angle of the spectrometer and thUSv.'

[N

reduces the cokiec€1on eff1c1ency of the system. '_'a_‘fg%’fj
There is. another less 1mportant group of contrlbutorsg
to\theuzero-loss~peak They are. the electrons whlch have\zf..'
n“gundergone an 1nteract1on known a% qua51 elast1c. That is, |

- o.the 1nc1dent eledtron ':teracts w1th or generates;_a phonon

»

‘in a crystal. .Phonon 1s ‘the name glven to the quanta of
"‘2energy stored 1nca lattlce vrbtat1on. The energy lost in
s bgenerat1ng a,phonon 1s at max1mum a tenth of an ev. S1nce‘
'iﬁg the typnpal energy spread of a therm10n1c tungsten fxlament

‘electron source ‘is- 1 SueV and of a. f1e1d emlss1on gun 1s .3

-\eV; 1t 1s ex\tremely dlfflcf'ult tor the detectlon system to
‘15d1st1ngulsh the quasz—elast1cally scattered electrons from

"the elastzcally scattered ones.-ﬁi:'

U . .'_ N (._-" .

. “

- AN .

-k , L T s

e : - B Y.
Q

'3.2.2) Low-Doss Region - - . ..

ool P . . B e
. EEN R I Y N o -

X . o
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The next reg1on, whrch runs-from the edge of the zero

loss peak ( approx 5 evgd g»t to aboUt 100 ev and is

IS
~&

41 i

- whlqh do carry ‘a great deal of EELS 1nformat1on, have'afff\\g;_;'



'Jv

’:characterlfed by at least one (usually broad) peak rsf,ifﬁg;ffi?f

o

fcalled the 1ow loss reglon, Thls low 1oss peak whlch 1n the

fcase of a. conductor 1s called a plasmon peak’ 1s due to

the- exc1tat10n of a number of loosely bound valence

&

electrons. Plasmon peaks appear 1n energy loss spectra taken

_from metals because the1r valence electrons are ‘in’ the

'f-“'conductlon band .so the1r orbltals are delocallzed over

several atom1c un1ts That means that the sample is 1n

equ111br1um w1th "a ﬂ#ﬁform electron dens1ty unt11 the ;fif;

.

' 1nc1dent electrons pass through the specrmen. Thls

’dlsturbance sets up osc111at1ons 1n the electron dens1ty, dffﬁ

;the result of wh1ch 1s a loss of energy from the 1nc1dent

;electron. S;mllqr peaks from‘non metals can be caused by the

fexcztat1on of. valence electrons to energy states abod! the

Fermi level Exe1tatxons from molecular orbxtals may also

Qg1ve rise to peaks in thls reglon.~'

Wh1le low loss peaks are not always suff1c1ently unique'ff<fd

_ ¥. "
,a_1n energy to allow unamb1guous elemental determlnatxon

e'plasmop peaks can play an 1mportant role 1n EELS studxes. s i

, Suff1c1ent standardlzat1on,has been carr1ed out to allow f*‘

s . .;,

".changes in plasmon peak p051t10ns and 1ntens1t1es to be used

f Qe '

(3N -

Afas a: measure of changes 1n elemental concentratlons for

'radlatlon damage studles of samples conta1n1ng metals.,An _du";ﬁ‘ﬁ

B example of such a study is shown An’ fxgure 3 3

T -

) | ' ' ' Lo ’ ~ .lz ) ‘b : N - v.. :
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i'Flg 3 3) Sequence of energy loss spectra of NaCl after

3*1ncrements of dose have .been rece1ved 1n the reg1on under

”;.plasmon losses of metalxc Na, peak 3 is the plasmon peak for .

'examlnatlon. Peaks 1 and 2 are the ' surface and volume

'-NaC1 “and peak 5 1s a core exc1ton doublet on the L2 3 edge

'.5of Na. T'e seguence go1ng from ato e,,shows that ‘f";»

nj'1rrad1at1 n turns NaCl 1nto metalllc Na, and then even

LBy

.emoves the Na. (Muray et.»al 1984)

N




There are also methods for determ1n1ng the thlckness oftf‘fﬁf

iff'the sample us1ng the'plasmon peaks. The thlckness 1s glven

"}bjby taklng the natural 1ogar1thm of the ratlo of the total

523mf1ntegrated 1ntens1ty I ( zero loss and low loss regxons )

A plasmon mean-. free path Y

'?to that of the Zero- loss peak Io and mult1p1y1ng by the
o (see der1vat10n 1n Egerton 1986)lﬁ'0jh3

R

‘Wh1le equatlon 3 1 15 easy, fast and falrly accurate, thepp‘

o problem is that values of kp‘are not readzly ava1lable.,:f:ﬂ7’5"

A |

[pThere are other methods for determ1n1ng thlckness ‘such’ asﬁf‘"

'.'fthe Kramers Kronxg sum rule calculat1ons (Egerton and Cheng

ol

xk@1987) however values of t/kp determ1ned from equat1on (3 1)

“ can be used to 1nc;cate the 1mportance of plural scatter1ngf~'

'nffleffects in elemental analys1s (for t/kps1 effects

E dﬁthls regxon 1s the large, rap1dly-fa111ng background 51gna1

l“'on wh1ch edges, due to 1nner shell Lonlzatzons, are v1szb1e.(

;Lun1mportant) (Egerton 1981)

' 3.2.3) High-Loss Region . - . L0000
The f1na1 reg1on, the hlgh loss reglon,‘ranges from
.gapprox1mate1y 100 ev onwards, though 1t 1s rarely studxed

°7fbeyond a few thousand ev.tThe predomlnant characterxstxc ofj]*f“

J?The background 15 due mostly to the hzgh energy tpll of the ;a,ijf

'fﬂvalence electron excztations that make up the 1ow loss




?“fregion. The angular d15tr1but1on of the background_1s quxte ffy'

o broad whfle the 1nner-shell s'angular d15tr1but1on is:

B :"forward peaked, as shown ln flgure 3. 2

—\/\

ar-

The 1onlzatxon edges are very 1mportant én EELS becauspflni.;

7they cah be used to unamb1guously 1dent1fy each element thatp‘:ﬁd

'“fmakes ‘up. the sample.,Each edge 1s due to the excltatlon of

'electrons from a partlcular 1nner shell k (where k K L, M
'detc ) w1th1n a partlcular element that 1s present 1n the |
sample.-The threshold energy of the edge represents the

7_b1nd1ng energy of the shell and thus un1que1y 1dentf1es the

1 ele; 1nvolved 1n the 1nteract1on Wlth proper modellng :
.conj ,ratlons,_explalned in- the next sectlon, these | |
character1st1c 51gnals lead to quant1f1able 1nformatlon
.'labout elemental concentratlons of 11ght elements in the
.”sample volume. It 1s th1s poss1b111ty that makes EELS so

;approprlate for study1ng mass 1oss due to electron

J

o 1rrad1at10n. Table 3 1 I1sts threshold energles for the

bielements w1th s 28 ( A * be51de the value means the,edge

a

"Qappears in the spectra dlsplayed in chapter 4 )y
It 1s also p0551b1e to ascerta1n solld-state ”

f'1nformat10n about th@ﬁsample from several closely related
%‘;—' P

_areas of study."Chemical sh1§t 1nvolves a careful study of,'

J

5;the threshold energy oi the cord'ﬂos&'signal, whlch moves
‘_(or sh1fts by Several ev) depend1ng on the local ,
7crystallograph1c structure(Isaacson 1972 Johnson 1972)

'ffThese shlfts represent changes 1n the valence states at the :
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lesffuctﬁré, BLNES wh1ch occurs w1th1n approx1mately 50 v of15-!“,
3;fthe thré%hold Sultable theoretlcal calculatlons, 1@ ,‘ tu_v

A.comparlson to exper1mental results,.may‘result 1n the

 extract1on of 1nformat10n about local band structure(Leapmanf~

r‘ﬂt"et al 1982) Extendea energy loss f1ne structure, EXELFS,

'--fwh1ch concentrates on the weak osc1llat1ons superlmposed on

vthe hlgh energy tall of the core- loss 519nal ( SO,eV to a

few hundred eV from the threshold@ﬁ, can y1eld 1nteratom1c‘_ﬁh

e nearest ne1ghbour dlstances (Leapman 1982)
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v::-f3@3)Quantification}QgilnnerééhelliEdgesf;yf_ﬁ

'_jneccessary s0 that the equatlons used

3 1electron 1nteract1ng 1nelast1callyew1th the electrons of an

"-f1n1t1al and flnal state wave funct1ons for each of t@e

“of the atom1c electron 1s in the contlnuum (so that the .41‘ '
"yenergy loss spectrum becomes cont1nuous ) Then the

l:gdxfferent1al cross sect1on can be dlffereatxlted for 1ts

e

"f.3 3. 1) The Angular and Energy Loss D1str1butlon of 11;1;4

'T‘E*"l;;['g Inner Shell Scatter1ng

The theory, whlch has been der1ved to rec1se1y '3;

."

f'_descrlbe both the angular and energy loss dependence of 'f;f(;*7

}ﬂ1nelast1c scatterlng, 1s very compllcated To g1ve a'

a . R

%”complete der1vat1on of the procedure is. befond the scope of

ch1s the51s. However, some understandxzz of the process 1s

r quant1f1catlon of

'f”flnner shell edges w111 not seem completely ad- oc.jf--i

»-The bas1c procedure 1s to cons1der a 51ngle fast

. '_ "

A

‘1solated atom. The 1nteractlon\1s cons1dered_1n terms of

L

'"“’atomlc electrons. Us;ng the Born approxlmatlon then glves a.
,'d1fferent1al cross sect1on 1n terms of a d1fferent1al sobld

oiangle dﬂ (Inokut1 1971) The problem can be 51mp11f1ed by

assum1ng that the energy lost by the fast electron 1s very

‘~¥much less that 1ts 1n1t1a1 energy. and that the f1na1 state v*t'

r

-

A'/ b

*fenergy-loss dependence. Thus both the angular ﬂnd

'lenergy-loss dependence of 1nelastxc scatter;ng can bis

expressed by ‘the . double-d1££erent1al cross sectxon (Egerton

F i




S e N:.;K{,.ank ao f" - &é’,’f

U S S e
dzo ' 89332 =] df(e ) IR R N S

where' E 1s the energy lost by the fast electron
9 1s the scattered electron s angle from -

&
'the normal R i 5 s
ao= —°—— 53 A, the ,B_ohr..r_ad1us S T
moe , s - . “
 R= —mﬂg—z;— 13 6. ev is the;Rydherg enérgvf.

i (411’60*1)
v is the veloc1ty of the 1nc1dent electron

o E_.._,/g
'4E (Eo+m°c )(v/c )
: @;:angle

s

1s the characterlstlc

’

h—%% where h.is Planck s

PR

constant

The last term 1n 3 2 known as the Generallzed Osc1llator

i ]

| Strength QGOS) per unltﬁsnergy loss, 1s def1ned by b; . . '?‘-

'51 ‘, 10 )

df(q E) E I'e (q)l2 RN | | h;é% O 39% Q}
| -(fd,E» - Rig ao)2 s %*».;2{ R A ”a‘@g"

C -

where e‘-<¢ |§exp(1g L. )Iwo R - '," 7fﬁ5;_“y "

4
S

&

p= 2

q is the scatter1ng vector and is related to 6

gjls the coordlnate of the 3 th atom1c electron P
) e,

and where |¢o>‘-and I¢ > are the 1n1t1a1 and f1na1 Yy
© S

,.¢'%¢?¢

RN T
state wavefunct1ons respectlvely. ,w‘,"h . aﬁ.gwﬁl.,.

9

~

know the 1n1tlal and flnal state wave functlons of the

LN



;a us1ng a hydrogen1c moder (Egerton 1979~

A fo "7
yai

_atomlc electrons, for wh1ch there are several methods of

‘-

i) calculatlon The method for calculat1ng the cross squlons

o ,;SQ :

.:ifused 1n thlS study employed a'fhydrogen1cumodel':to f1nd theﬁrit”

' i“wave functlons. It can generate a* fa1rly accurate K-shell

’:g;(w1th1n 10%) and adequate L shell 1on1zatlon cros sectlon

.'hﬁverY rapldly (Egerton 1979 ) The method 1nVolves a 51mp1e ;f?

’tréatment’o(_the screenlng of the nuclear charge by atomlc R

.. \ Y .
' electrons, thus produc1ng\a 'hydrogenlc equlvalent' atom

"w1th a’ reduced nuclear charge and no outer shells.(since
. .,_(;..

-,thls treatment allows analyt1c wavefunctlons and thus an SRR

" -

_analytical solutlon of the GOS, the cross sectlon can be ﬁg4-‘”h

‘calculated on llne .:m._“_

The solutlon of a d1fferent1al GOS, when graphed on an .

h-aﬁproprlate three d1men51ona1 axes,-ls known as a Bethe

'-ffsurface. An example of just such a solutlon is shown in
"'eflgure 3 4 ;- ‘ 'f;?- '

: T . o ICV“"O\,l L

..Flg 3 4) Bethe surface for K-shell 1onzzatzon calgulated

). The hOtxzontal

coordlnate 1s reiated to,s§§tter1ng angle.y;;;ft"”

. é\




3 3 2) Partzally Integrated Ion1zat10n Cross)Sect1ons
The electron spectrometer has a 11m1ted collectlon
semp angle, B, such that electrons scattered beyond thlS
EIE

; angle are not accepted Thxs means th

?;alllthe electrons'

‘.whlch contrLbute to a part1cular 1oi zat1on edge have been,:.-

0.

scattered by atomlc electrons in K partlcular shell of a
: Y

partlcular element w1th1n the sample volume, and have been ;
2 _

scattered through an. angle no. greater than B To determlne S
. 0_ T

the energy d1fferent1a1 cross sectlon for that event

’ equat1on 3.2 must be 1ntegrated over angle,-up to B

C - . RS
a2 -p L ey -
gg" *—43-“—— J af(0,E) _ 1 . ‘}'eae o BT
(Emov ) " dE 2,02,  4ameCY Comed
; R o = (0746) s S

where the GOS can be calculated for each

angle by the method mentioned in the prév1pus sectlon.bnl
If we con51der the energy loss spectrum for a moment

: we can say that the 1nten51ty due to the 1nner shell

J.,

1on1zat1on Jy ( Jk =J Backg oun

total é See f1gure 3 6) 1s;

related to the d1fferent1al cross: sectlon by the egua?:on

. PR ,m.? ,ﬁda,hh
,"‘Jk"(,ﬂv:.g’ =N It‘ﬁ.’ra'é* Lo
. . o ! . 033,

""wherggN is the number ot atoms, per unltlapec1men
area, that contaln shefl k. ,‘55‘: ‘”;‘_. SR

N yoo bR

1 (B) 1s the total 1nten51ty tranSm1tted
}s‘__'”f through the collectlon seﬂl-angle ﬁ

T ..
. -l B .



By 1ntegrat1ng the above Equat1on over an energy wlndow'.;vf:

A beyond the 1onlzat1on threshold E k7 we obta1n an equat1on

o

ko
T \

for the 1ntegrated 1nten51t§ of the edge,

CI,(B,8) = NIL(B) w(BA) g
.07 where the3{partlal’“ronizationforoSS-seétion1is‘d,ffH;
" defined by - TH |
S BA e
ﬂav-q(ﬂ{A)géJI_‘%%}dE ‘ L R Y I

‘ whlch can be solved qulckly by numer1cal
: jlntegratlon. F1gure 3 5 shows solutlons of equat1on 3. 7 for ,17‘,“
- {'some K- shells ‘H”.f‘;;l.ﬂxﬂ";l-rgﬁ.’ :viry}L:-'*5A' "L

Equatlon 3 6 can be rearranged 1nto the form in wh1ch

1t 1s used for elemental concentratlon calcu

R .NF"I (B A) a(B A) sl T

. where IL 1s the integrated 1ntensxty of the -"d”}

%low loss reglon, 1nclud1ng the zero-loss peak up to E-A : : ‘o
The t°ta¥ lnteasféy term I (B) has been replaced'azth o
~low. 1°55 1“t°“51tY term Y (B A) to correct for an error a_*ﬂﬂ"

_whxch would otherwnse arxse because of mzxsﬁ scattering 1n
L BRI o S LT :



" R

o

vy

- a11 but the bh1nnest of samples (Egerton 1978) M1xed

- scatterlng 1s deflned by an 1nc1dent elecfron exc1t1ng both

7_an 1nner shell and one or s(}e valence electrons as 1t

passes through the sample. ThlS 1nteract1on tends to move

1nten51ty beyond the 1ntegrat10n region a 1n the 1onlzatlon Y

edge but would not remove any %1gnal from the total

' 1nten$1ty I (B) An approxlmate solutlon to‘the problem 1s v<77

¥
to replace the total 1nten51ty w1th ‘the low loss 1nten51ty

‘up to E= 4. The change of terms™h as been shown to correct. for'"“

the mixed scatterlng (to w1th1n 5%) as. long as A 1s no less

than 50 ev (Egerton, 1978) » :_- - 1:\;_

Juiss

~tBeqm;

- }eﬁw
‘—w"\ ..,‘. .
X 1C(284) -
‘ Pncssy ~
o . - Jlosay
e IF (e
. - "’V),. . .'w
: w ¢
I ‘ : A+ 02E,
PR S L1/ ST :
: @ Lo s - ‘°—-—op.(mrad) - 100 ST
B LN o ] ] - a

- Fxg 3. 5) Parvzal cross sectzon for K- shell 1onlzatlon’of

‘,second perxod elements, calculated for an 1ntegrat10n wlndow S

'cA equal to one . flz/h of ‘the edge;rnergy, assuming hyﬁﬁaaen

'wave funct1qns and non- relat1v1s 1C klnematlcs\

(-4

erton

197Q 3.



d3.4),Analysisfﬁrocedureﬂ: '

'ﬁ~

B v :

,:,

o

| ‘iuses a flttln

f1ntens1ty of each half rs

H.}'threshold E

* just in front of E{

. - . o . PR
- . . - R

x;,a TR _ _.i‘;_ﬂ”.? _ L e
As‘has been ment;qped prev1ously,.the h1gh loss regron
of the energy loss spectrum cons1sts of a steeply fa111ng
background from Wthh the 1nner~shell edge_/protrude.< _
order to quantlfy the core loss 51gnals, the background |

; &‘.g'” . A .
A1 u?der the edge must be subtracted from the 1nten51ty.,

hac “und mntens1ty cannot be calculated £rom flrst
,"3‘ 1,’,

i :pr1ncﬁ¢ig§ due to the complex1ty of 1ts or1g1ns The

analy51s procedure thus depends on the f1tt1ng of an

:,emplrlcal formula to the background The formula that 1s L

appl1ed-1s an 1nverse power law (Egerton 1986)

. Tt n"/ L
S . S

r are the f1tt1ng paramemets,

There are seferal methods for determin1ng %heJ ; '» co

parameters, but“the s1m%rest and fastest 1s probably the o
two-area method‘ Developed by Egerton (1986), the method

_;eg1on,f i front of the 1onlzat1on .

i ‘he reglon, whlch starts at E, and enda at E:;,",,'-*I:'w

rs df?ided 1n half and«the 1ntegrated DRSO
Qv -

represented by I, and I, as shown e

0 o

f 1n f1gure 3 6 . The fi‘iing parameters can be calculated in }f

U



B éa_z_{lag. '(fI‘.jv/I'z;')}/l_cz.g(Ej-z‘_'/Ea);f‘._,,"”'f,‘ < o o .
o | a o ;'v v‘. ";.gv.v,' i-;;t3;ﬁ07:_5-1”
: 1";@ = (L 1) (-0 (E)TE - Bl

Whlle th1s method 1s_gnly_exact,for r=2, 1t is fast and

' _qu1te accupate even for larger values\of r (r is alwavs less

| than 6) (Egerton 1986) »:if{; ng ;;; "Hfg’a_' ’;

v

- . B P
S o /-\
) . . ,
e . ; C o
. . - .
»

L
........

. . . . . . 0 . . . , o N
BRI - L : S : o ) A @ »
. a .. - . : . L . ; S o .

ryF1g 3 6) Two area method of background f1tt1ng Values of A ‘

-and ‘L. are obtalned by measurlng the areas I,»and T2 under

"?:the backQTOUQd JUSt precedlng an 1on1zat ‘ion edge (Egéyton
-1986) S o : ;



_more con51stently than the two area method

ll_gncalculate the parameters used in th1s study.,Whlle the . Q‘jt:’

:method 1s more t1me consumlng for the computer, for the

\

‘edges 1nvolved 1n thlS study,rlt d1d seem to g1ve good fl;ﬁ

Once the parameters have been calculated so that the

CAETT curve flts the background 1n front of the threshold

‘the cutve ‘is extrapolated beyond E by at least A ( At th1s';”'
' p01nt the computer program allowed the ex%erlmenter to

_reject the edge and try a d1fferent f1tt1ng reglon F 1f the

[lextrapolat1on was 1ncorrect ) The 1ntens1ty of - the core- loss

w_”Thls,value 1s s1mply calculated by summ1ng the 1ntens1ty

"51gna1 lk, can then be calculated us1ng ‘the equatlon T

. A

fEh+A'

= Ik(,ﬁ’,"l)g’,;-‘T Jp(BIE - 575 [ (Ey+a)" 0 - Ep ] 2301
The other value measured from the spectrum,.f r;p» ~3$

'u"equatlon 3. 8 is the low loss 1nten51ty up to A, I (B A}

'-value (coun@s) from each ‘:hannel 1n that reg1on.- i

It should be mentxoned that there is a small dev1dtxon

\

‘ffrom the theory due to ‘a practlcal matter w;th the detectzon

'Vsystem. Due to the dwnamic range in 1ntenszty of the

fscatter1ng, there xs often a ga;n change 1nserted between

-9,szﬁ.-; L 3;~3“

'.‘.,;‘““ R



ifsjtfh
: the low loss and hlgh loss reglon..The galn »Q;.refers.to.ﬂf
"-a sthch in the countlng process %;om a voltage/ frequency
conversion: to a pulsé countlng (as expla1ned 1n sect1on
2. 4)‘ wh1ch appears as a jump in the spectrum(see f1gure
ﬁf3.7). Thls galn was measured by flttlng a curve 0 e1ther-
;4'51de of the ]ump and calcula?1ng the factor that would be -
| requlred to bring. the llnes together. Th1s factor 1s taken

Ly

'1nto account by sllghtly alterlng equatlon 3. 8 to the form. -

| 1 k{8 A) ] > o o
I (B A) G a(ﬁ ./_\.) o REX

PR

Equation'B 12 1s the equat1on that was used to
"-determlne the elemental concentrat1ons w1th1n the 1rrad1ated

TP TR

’1Evolume of the sample. The radtatlon damage to the spec1mens ;l
was measured as the decrease 1n th1s-N§¥g%ue as a functlon:'

of dose,‘as w1ll be dlscussed 1n chapter 4

s



‘74 1) Introductlon ° e‘”-~ﬁ}, ‘ ig 1¥c‘:.f7fTQ

Chapte 4

Encapsulatlon Experlments

E

The exper1ments dlscussed 1n thlS chapter Gere

condutted to determlne 1f encapsulatlng\ .sample reducedﬂthe‘

',.sample S sen51t1v1t% to radlatlon damage. Both the or1glna1
iencapsulatlon exper1ment o{,Sallh and Cosslett~(1974) and’
1'the later study bylFryer and Holland (1983) concentrated
bsolely on. the reductlon of structural damage.”Therefore,,of :

'vjpartlcular 1nterest here was whether ‘the surface coat1ngs

'd',would reduce mass loss of thg llght elements and if so, by

what factor’ SpeC1mens were prepared w1th a carbon layer on l

‘the bottom for support One half of each Qpecxmen was also

Q'

_,glven a- t0p coatlng. ThlS allowed comparlsons between the o

"‘,radzatlon sen51t1w1t1es of the sxngle~coated and

u:doubleﬂcoated (encapsulated) halves of the same spec1men,
*thus removrng the p0551b111ty that the comparlson was

e affected by dlfferent th1cknesses or- m1croscope cond1t1ons,"

The spec1men preparat1on requ1red to fabrlcate the .

~',part1ally encapsulated sPecunens is descrlbed in. sect1on o
' 4 2. SeCt‘Oﬂ 4. 3 1ncludes the experlmental condltlons and
Lf the results of an exper1ment on a polycrysta111ne, °rganlc.ju,ﬂ

’insample. Also 1ncluded 1s a d1scu551on of the: resnlts and a. ;;af

2

,few conc1u51ons wh1ch could be drawn from the data. Sect1onf .

\

:i4 4 contalns the equavalent materlal for two experlments onﬁV“

alka11 halldes.._ o

T el ——\ oo : .



LI P T

'4.2)_Specimen”Preparationﬁh"hfﬂﬁz
B T o o 75*7”5A“;1
" All the spec1mens were preparedlas

";part1a11y‘encapsulated polycrystalllne samples,_1n an Ss‘fift;
,evapqrat1on system 11ke that descrlbed in sect1oh 2. 5 ./The;,

[ S
-_process was - 1n1t1ated by plac1ng a drop of liqu1d soap ;n -a.

: j B
n'*'mlcroscope cover sl1de and then rubblng the excess Qfﬁéilth o

r D i
k‘ Graphl?e rod% werévp,aced w1th thelr t1ps 1n contact to _V
3
i _complete an- electrlcal c1rcu1t wh05e current %as controlled
. {;;:?; . TN : : L
- _' The°eyaporat;on system was pumped,dbw# to '2x10 torr?

'and theéllquxd nltrogen trap was f1x}ed to. help remove

condenszble gasesu,ﬁbe rods wereqeiegtr1cally heated 1n

_short bursts Whlgh evaporated‘approx1mately equal amounts oﬁfﬂ

‘Céf carbon each tzme. Once $uff1c1ent thlckness had been 5

;é#“f deggszted o the slzdé (as determlned by the dhange in

| 7¢£rﬁguencyu6f the quar?z crystal m1crobalance descr1bed in-

ev"Sect1on 2 5 and by equatxon 2. 2) the system was brought up~,”
’{to atqﬁsphere and the glass sllde removed. The carbon f1lm‘

"ifwgs gloated off thﬁ g}ass in warm water "and p1cked up on'.

;;1; J}Oodmeshtﬁﬁépekp(Cni gr1ds. ~':r,. ﬁ?/}. | '

: ' Se%eral»of the:: carbon coated grlds vere. then placed

.5;'(cag&dn sxde down) in a holder attached to the m1crobalance.
it .h 3 .

¢g” The graph1te‘rods were replaced by a molybdenum boat.:“

Crystals of the rad1at1on sen51t1ve mater1a1 to be‘=
'_e, -



‘_?removed

& 60
: . "T_'f g _ R o T e
evaporated were placed in the boat and the system was pumpedfifj
}down agaln. The sample materlal was gently sub11med at a 'ﬁf;f[

'rate of 'Z,A/s for approx1mately 50 BN The system was once

-

'nagaln brought up to atmosphere and the spec1mens were '?.z# 3

i The spec1mens were then placed in. a spec1al holder. -

o whlch allowed an alumlnum f011 to cover one‘half of each

- speclmen.’Th1s holder was attached to the mxcrobalance and
the molybdenum‘boat was replaced by the graph1te rods Once L
”the system was pumped down, a second carbon layer vas e
"‘evaporated onto the exposed port1on of radIatlon sensxt1ve f"”
ﬁmaterlal A sketch of a part1ally encapsulated Spec1men, ?gl.
erthh results from the above preparatlon procedure, is _h ‘
dlsplayed 1n flgure 4. 1 The left side of the dlagram showsixf
'the 51ngle coated half'“ wh11e the r1ght s:de shows the #
‘;'double coated half‘ The carbon f11m marked (c) 1s called
_th' encapsulatlon layer .‘The re31ons marked 'sample e
-afvolume vshow the actual volume that the electron beam
ltd.tranverses,_and thus the volume wh1ch 1s studxed by the
fgsubsequent EELS analy51s. : .
| The absolute th1ckness of each layer was then'_'_ ﬂ |
determxned Follow1ng the analysxs procedure for 1nn:r shgll
ledges descrg;ed in sectlon 3 4 the areal dens1ty N, of an abia
:~e1ement was determmed for the sample volume. Assumngt\;pe
| 'sample 1s stolch1ometr1c, the formula of the layer in

’.quest1on w1ll g;ve E, the factor to convert areal den€1ty of

-an element to the areal densxty of molecules.p f_ff}u

*



.’F1g 4 1) A partlally encapsulated spec1men. Layers (a) and

(c) are amorphous carbon f1lms. Layer (b) is the j?:

"polycrystall1ne, radlatlon sen51t1ve materlal Dashed

1 reg1ons marked sample volume are the volumes studled by

. PRy . . E R



o

'fThe f1rst of the three rad1at10n-sen91t1ve mater";

"fprepared fdr thls the51s was pentadecachlorlnatefi;fﬂ".‘
frphthalycyan1ne (ClCuPc) whose‘%ormula 1s Cl15
‘»whose molecular structure 1s dlsplayed 1n £1gure 4 2 The

T ®.
: other mater1als prepared were the alkall halldes, L1F and

' The absolute thlckness of a layer (1n nm) is- glven by
o the equatlon below. B o ,”, S 3
£ = > 'm Q %10 7 3, o 4.1
'“dh'aﬂlere M. 15¢thevmolecular“mass"number AR

‘p-l 66x10 24 gm the mass of a proton,t

'“'bb is the bulk dens1ty of mater1al (g/cm
4_Values of E M ,pb;ias well as’ the absolute thlcknesses of

o .the sample layers and thelr carbon coat1ngs are l1sted 1n

- table 4 1. Thlcknees of the encapsulat:on layer (c) was

{ "detgfmlned by calculat1ng the total car q th1ckness and

:subtract1nguthe th1ckness of the bottom éyer (a).,It should

::also be ment1oned that the thickness calculations,_for the

o carbon layers on the ClCuPc spec1men, requlred a correct1on
”gfactor to allow for the number of carbon atoms conta1ned 1n
'd-{;the ClCuPc molecules. The correct1on was made to the areal

"f}jhdens1ty of carbon N , and 51mply 1nvolved the subtractxon of

.-.?(32/15) t1mes the areal dens1ty of Cl 1n1t1ally in the

‘:sample volume. fl?ﬂf;}"{}fiffoiufdh

CuC32 SH' and

e



ChgCuClgh
L T

- o=carbon
o= nitrogen
.. o=chlorine -
| Fig 2.2) The ﬁ°19¢p1?fjstfuéthfe 65 §ehtadécachlofin$£?df: .
_ ,cQPber .pl}thalo’cy.'.a"nine_ (Uy'eda..et alf .1'97'-2-2" _A.J-J- b‘uit_oh'e of 'th? ‘_
. .hyarbgen,'at‘oms:o'f copper Pﬁthé'lécyénine have been r;ép_i_ace'a,..': g
4;With Cl'.ﬁOte that the Cl a£e“the-mOStfPefiﬁheraI?atoms'ihf ”7?
,v_’the',_mbl'écgle.,... SRR B . woE e

Sv



CTABLE 41 -

[ Sample T
| Material |

[ -Sample

R | Thickness

J::‘ndﬂ_'_

_Carbon, |
Thickness |

{a)

LJ'"crcuPc.t:5"

~2

g 0.

SR (I §

,j?]3g,ijfF:7 -“ 

‘f261

5 |

9 “f

CaF,

;12gf 

"o

12
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’4;3_1)1Experimental ProcedUreg'.,'*' o o el "{t

| ' For the radlatlon damage experlment conducted on the
}partlally encapsulated ClCuPc spec1men,'the spectrometer was
r1mage coupled to the electron m1croscope as. descr1bed 1n
fsectlon 2 3 (and shown in flgure 2.6 b) Whlle thls i:‘;,“f
:conflguratlon requ1res partlcular care to centre the_f
:}d1ffract1on pattern in. the spectrgmeter entrance aperture,
- it ‘was used to fac111tate mon1tor1ng of the fading »ff
:fidlffraction pattern (Whlch gave 1nformat10n about the loss'J"
. of crys%al structure) Center1ng the dlffractlon pattern |
l-,requ1red that the beam t11t be altered sllghtly 50 that the
dfcentre of the dlffractlon pattern co1nc1ded w1th the centre :
-,of the smallest spectrometer entrance apeﬁture (d 1mm) The S

; small aperture was then sw1tched for the largest one (d Smm)

'*‘to reduce the error in th1s centr1ng process.-- B

"Tar,descr1bed The beam was then expanded 1n small steps (by

" When the spectrometer is 1mage coupled |
.{m1croscope, B 1s set by the spectrometer en rance aperture

'.as explalned 1n sectlon 2. 3 To determlne th1s value 1t was‘r
fnecesg;ry to use the d1ffract1on pattern of a’ known ‘ -

':_gstandard in th1s case. Fe, to calculate the camera length ppu;

-(see appendlx A) Also necessary for theg ulatlon was .the -

exact radmus of themaperture. SO w1th no spec1men present,

‘reduc1ng the cunrent 1n the condenser lenses),,wlth the e

-



®

R automated 'runs on exther 51de of the sample.,""run'

=

‘_zero—loss peak began to drop 1n he1ght An Image of the -“}kf. -

ST e T g

N

aespectrometer belng refocused each tlme,buntxl the beam was

expanded to the d1ameter of the aperture after whlch the

:f]expanded beam was recorded photograph1cally, and the whole;a“

L process repeated The average radlus o£ the aperture (1 e.

,,-d1v1ded by the camera length gave B, wh1ch for thlS

1)

1‘the rad1us of the beam measured from the photographs)

L

exper1ment was 3 8 mrad

A

It was necessary to determlne the 1rrad1at1on 'dose

'rate recelved by the spec1men. The ‘dose rate ‘1s deflned;'

; ‘as the current per un1t area rece1Ved by the 1rrad1ated

A3
portlon of the spec1men, The 1nc1dent current Io, was,

| fmeasured by focu51ng the beam, through a: hole 1n the.

‘spec1men, 1nto -a Faraday cup placed Just above the screen.ﬁfﬁ:l

' ;Mea5u;ement of the beam d1ameter was accomp11shed by

".;choos1ng a known magn1f1cat10n M (typ;cally M=10K), and

screen 4 -

: Kl~the beam, at. the specrmen,>1s then gzven bg émg,:;,ﬁ' o ;
o T £ S
_‘-dscreen/M“The dose rate 1s given bY ‘the beé‘:?:t‘eﬁtfqu,'r

"dlvaded by the 1rrad1ated area is e. _f‘if;*f ARt AR

& e S o o SRR | N

N;jj-Xﬁif T ‘“; g R

D707 dose rate = Io/{n (228€)2y .

Q?’ i The exper1ment con51sted of complet1ng severalfi er

f.w1dth of the shutter 8oor, d

fconsxsts of acgu1r1ng between 5 and 7 spectra, over a period

' ‘ expandlng the beam to a known dlameter ogl the sc’reen (the

=6, 3cm ) ‘Th d1ameter of

3



T 7 D

Sl

T'=f‘of approx1mately 30 i Jutes, from the Same 1rrad1ated sample,v“

;d;quume..Each s%bctru$’Was acqm1red 1n 505 as -a 51ngle
;?forward szan iith a dwell trme of §0ms per channél and anv o
ienergyiﬁncrement of 1 eV per chamnel for 1024 channelij\\_5§lr
couple of runs were made on bobi the double coated | | |
‘(enCstulated) portlon and the \Jngle coated 51de of the'

1laspeC1men, before the process was repeated | ‘

d In mov1ng from the thcher double coated 51de to thep
',thlnner smgle coated si de the 1nten51ty of the beam o t

enterlng the deteuLor became too great~and the zero-loss

' peak. saturated at theﬁ1 2 MHz mentloned in- s;321on 2. 4

Slnce 1t was ndt p0551b1e to change e1ther Io (1t would

change the: dose rate) or the spectrometer entrance aperture

- (Wthh would change B) 1t was necessary to’ vary the f1e1d

}d11m1t1ng (selected area) aperture descrlbed 1n sectlon 2 2.
| . The d1ffract1on pattern was monltored between
succe551ve spectral aqu1s1txons- it was recorded at the
. start of the 1rrad1at1on run, and after such¢t1me that the
lbr1ght d1ffract10n r1ng had become 1ndlst1ngu1shable from
the d1ffuse background | ,-” R 1‘ ' 'f __l L f‘te“ e
 After each spectrum acqu151t1on; the computer program f?r*
_automat1cally subtracted the 1nstrumenta1 background from

the_lo ~loss-reglon and calculated the value of the ga;n G

as pla'ned 1n sectlon 3. 4. The 1rrad1atlon tlme T,

-tlme from the start of the 1rrad1atlon run to the t1me the uf
-'fpart1cular edge vas acqu1red was also recorded The s1gna1

being mon1tored in. thls exper1menﬁ fas'the chlorlne (Cl) o



‘ *

; fprocedure outllned in chapter 3, w1th the background f1tt1ng 445

- :reg1on F=ﬂ0 eV aqd the 1n;egrat1on w1ndbw AA=50 eV The

: I .
- program calculéied the S1gnal ratlo,ik, wh1ch w1th the

. equat1on 3. 12) The accumu@“

_,vatoms froL therC1CuPc

1.

R ? L - '
;partlal 1on1zat1on cross sect1q§?a(ﬁ 3 8mrad A -ﬁGeV) =

_‘>2 53x10 20 cm + was used to calculate NC1 (as expressed 1n Thd

ed dose D was determlned by

*‘mult1p1y1ng the 3ose raﬁkw-y Tk‘ The mass loss of the Cl

4mmpEe could then be d1splayed 1n 1ts
L i . :

h‘quant1f1ed form by graphlng N vs D ,,_*‘_a

' 4.3.2) Results and Discussion o . ©

s v

”Asrmentioned"in chapter 1, the fadlng of the electron

’ﬂ:.ad1ffractlon pattern 1g@an 1ndlcat1on of the structural

fdamage occurrlng in the sample. To determ1ne 1f the

L damage occur;J.“

:“1ndlst1ngu1s§able from the d;ffuse background.

K

,encapsulat1on had any effect on the rate at wh1ch structural

> ."‘

; 1t was necessary to defxne a stage 1n the

ifad1ng, wh1ch occurred for both the 51ngle coated and. double

. coated. sample. that could be used as. a’ ba51s for the

L

t‘.quantlflcatlon A character1st1c dose Df was def1ned as the

'

“dose requ1red for the br1ghtest d1ffractxon r1ng to become.j

Fzgure 4 3 shows typ1ca1 d1ffractxon patterns for theff"

_51ngle~coated szde of the speczmen, at the start of the :

‘1rrad1atlon run and after exposure to the character1st1c €f¥;7f

’ &



.ClCuPc (a) at start’ of. 1rrad1at10n run and (b) after

iF1g 4. 3) Typ:cal dlffractlon pattern for polycrystall;ne :

4. 2C/cm



: aj{dose. The average characterlstlc doses for the 51ngle-coated

"lerYer and Holland (1983)

e I
_;and double coated halves of the sample were 3.8%. 6 C/cm2 and

5*_5 Zt.4 C/cm respectlvely. It 1s p0551b1e to deflne a.

"protectlon factor as the rat1o of characterlst1c dose

:"obtalned for the. encapsuiated half to that of the -f.~w;'§ :
E ;51ngle coated half Thus the structural protectlon factor h' :;
"yfor ClCuPc was 1 41.3, wh1ch 1s substant(ally lower than the o

;values of 6 to 9 detedm1ned for ep1tax1al samples stud1ed by

L [
o .

Flgure 4 4 shows typ1cal energy loss @ectr? recorded _
'from the 51ngle coated 51de of the ClCuPc sample, (a) at the if
Jstart of the 1rrad1at1on and (h) after an accumulated dose |
- of 4.2 C/cm?. The loss of c1 from the sample volume is
“papparent from the decreasedv1ntenszty of the 1nner shell

S
:s1gna1 . '\; S L

The Cl concentratlon (per un1t area) NClls plotted as a

. functlon of accumulated dose D 1n frgure 4 5 } Thls'dlsplay

‘~hof the masa loss represents an average of 4 1rrad1atlon runs

'from the 51ngle coated side and 3 runs from the encapsulated
i 51de. For mass loss, the character1st1c dose D1/2 can be .
Jdeﬁlned as the dose requ1red to reduce the concentrat1on of
an element to 1/2 of 1ts orlglnal value. For the‘
51ngle—coated sample D1/2-2 .6 C/cm g wh1le for the B e
idouble coated 51de D1/2 =6, 0 C/cm ,'wh:ch gzves a protect1on ;f
:jdfactor of 2. 3 for the mass. loss of Cl from polycrystall1ne jef”
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Flg 4 4) Typ1ca1 electrp energy loss Spectra of ClCuPc (a)
'-'@*at start of 1rradlat10n run and (b) after 4 2C/cm . Spectrum
“3;f(a) has been shlfted vertlcally to allow clear v1sib111ty of
‘e:t‘all edges, Chlor1ne L edge 1s shown WItP fltted background >

'”]Spectrometer was 1mage coupled wlth collect1on semz-angle e

,ﬂ=3 erad and dose rate of 4 8x10 A/cm ff



“5Q7F19 4 5) Areal den51ty N
u5 Qof exposure to 80keV
::ufs1ngle—coated sample
‘fdouble coated sample
‘1{a11 graphs represent

;‘f values )

S Dot - .

Cl- of chlorlne 1n ClCuPc as {anﬁiéhif;'
electrons..Bottom 11ne lS for  ;f}1f ,;4

; d ‘ : . =
2164C/cm2 Top 11ne is for

:and has D’]_. . |
and has D1/QF6 0 C/cm (Error bars 1n‘“7'”

one standard dev1at1on 1n the averagedp




wgtthe structural damage at all but not the reverse._'

= more probable. Th; cage effect is’ weakw

IR PR T o - Tk e S L
K oo . B

The first observat1on that can be made 1s that thezﬂu.’ff*?7'f'
_éncapsulat1on reduced the mass loss more effectlvely than 1tff“'

*lﬂf1d1d the structural damage; Th1s ~s pﬂrhaps not surpr151ng

LN

',k51nce structural damage can occur w1thout mass loss cuhrlst 'f~5w“ .
‘ufthe reverse is: not. true.;So 1t is p0551b1e for. the ﬁ=‘

'*encapsulatlon to completely stOp maSS loss w1thout reduc1ng E a

The damage mechanlsm, as explalned in’ chapter 1, 1s one{

fiof bond sc1551on, b&; 1t must also 1nclude bond fus1on*;

o ?

_(Fryer 1984) The perlpheral halogen atoms (Cl) are
‘preferent1ally-'freed' from the molecule by bond sc1551on.,

:fW1th the parent molecule Stlll in 1ts proper lattlce

R

';Lpos1t10n, the free halogen atoms may recomblne and thus noﬂ
”d3cfpermanent structural damage w1ll occur. If 1nstead the f'v
'fdfree halogen atoms dlffuse away from the parent molifule,v
”zfthe molecule may degrade 1nto molecular fragments - |
‘hT:(lrrad1at10n 1nduced degradat1on) or fuse w1th other nearby

Vdamaged molecules (cross llnklng) thus permadtntly alterlng
;fthe crystal structure (Fryer 1984) o » o R
Clark et al(1980) 1nvoked the cage effect' to explaln‘i;;"z”;

’7']why the ClCuPc crystals damaged preferent1ally at exposed

surfaces and at 1nter10r defect 51tes. W1th1n a perfect
o ‘A"'.",

crystaT any molecular fragment or atom sc1351oned from the r?[f§;5“

' molecule 1s forced to rema1n 1n close prox1m1ty, because no

‘.:

dxffu51on routes are‘accesszbler ghus maklng recomb1nat1on -

8§
v:’\t,‘

t around the edges

of the crystal and thus damage occurs most rap1dly thereiy?f.}f




(Smlth Et al 1986) The cage effect 1s also quxte weak at ﬁf;f“

| the crystal defect 51tes and at planes adjacent to already

damaged molecular planes ( damage front ), thus q.mageluv‘

- proceeds at an: 1ntermed1ate rate there (Smlth et al 1986)._4

It has &lso been shown that for ClCuPc crystalsﬁgzh1ch are

o 1ess than fully chlorlnated ( 1e. less than.1t Cl per 'f;-,,

s molecule )’ there 1s qp 1ncrease 1n the number of 1nternal o

damage s1tes as. the exposure accumulates (Clark et al 1980)

ThlS may be due to an overall weakenlng of the cage effect\f

because there 1s more room ( around the the rema1n1ng

hydrogen atoms ) for the Cl atoms to d1ffuse away from thelr

parent molecules.."*‘ ?.‘__jf_‘5j_',?'fffrffﬂfi* _fj’ffji"

L
' The polycrystalllne C115CuPc sample studled here,,

- unl1ke thi s1ngle crystals, possesses a large number of

'»:.1nternal gra1n boundar1es, as shOWn by flgure 4 6. The ftee

Cl may dlffuse from the small crystallxtes into tHe grain

o /Vboundaages, whzch due to the1r preferentral damage rate,,igfn"f
" L

ER offer a

qu1ck route to the surface w1th l1ttle chance of

. recomblnat:on._fii”ﬂ:l‘ B S . e :
; "'f If yt 1s agsumed that all the Cl freed,from the parent
moleculgs managed to 1mmed1ately escape, 1t 1s poss:ble to

;
derive n arguméht for the mechanzsm by wh1ch the

{“ encapaulat1on extends the llfetlme of the crystal structure.j_fﬂ

After an. accumulated dose Df- 3 8 C/cm ,_figure 4 5 showa

o the percentage of Cl 'freed"to be approx1mate1y 50% of the

x 1n1t1a1 value. It 1s posszble that th;s valuewis comparable

| to that requzred to completely damage a s1ngle

“*'?“F*:ﬁf”f"ﬂlﬂfﬁﬂ'g””uwy.l,
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. polycrystall1ne structure

s a-
_represent latt1ce glanes.w
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F1g 4. 6) Examples of (a) 51ngle cry%tal and (b)
*fThe 11nes—1n the crystals
\-te that there are many gra1n

'boundarles as well as gaps between crystall1tes in (b)




,:; I." .

'~]picrystal Accordlng to Clark et al (1980),'an x—ray

p

"d{mlcroanaly51s of a s1ngle crystal, Whach'had recezved a dose e

: fé;fsuff1c1ent to completely fade the d1ffract1on pattern.

'fshowed only a '15% loss of C1 It seems 11ke1y then, that a Qﬂ?ff

lflarge number of Cl ( 45%) were freed frOm thezr parent

"ff_'fmolecule, but dxd not escape from the crystal Th1s would

;? end to suggest that 1n a large 51ngle crYstal Cl atOms are

Q%i

,,‘not able to d1ffuse very far.‘Further ev1dence of thxs short

b

’ d1ffu51on length comes from HREM m1crographs from a study of

4377;damage to 51ngle crystals of ClCuPc (Smlth et al 1986) TheY

L’3show that molecules w1th1n only 3 or 4 1att1ce S1tes of a fffflﬁg

: 'ffdamaged plane ( damage front ) are unaffected. It would seem

” ' RIS

3

‘lhat the Cl ga1n barely suff1c1ent energy from the sc1sﬁaon

1_-process to move past the nearest couple of partlally damaged

'hﬁmolecules,.and are thus unllkely to dlffuse very far 1nAihe

‘*}’damaged (crbss-11nked) regzon. The ev1denc; thus suggest 7%%1:757

j':Q’“‘it:han llkely come from the surface layers only.

Afthat for a large 51ngle crystal the lost Cl atoms more,igiif;f

Fryer (1984) hav1ng;éonducted an encapsulatlon study

'"f?jﬂon ep1tax1a11y prepared zslngle crystal C116CuPc coneluded

fjﬁ(from\d1ffract1on rnformatzon) flrst that the encapsulatlon

1j_ithat th1s 1ncreased the Cl partzal pressure “lthlnhthe

'4-*'throughont the crystal From the 1nfﬂtmatvon+presentedtao
: K s ‘

'crystal apd resulted 1n“an enhanced recombxnatzon rate:

;1ayer stopped the Cl from lgavlng‘the crystal, and secondly o




f'“though 1t does not seem’ to stop the loss.vIn add1t10n the,..

Coa T : A o L :
.reduces the rate at wh1ch Cl escapes from the sample volume

'*prev1ous argument suggests that th:s reductlon 1n mass lossﬂ?ft;ﬂ

.does ‘not. 1ncrease the recomblnatlon rate 1n the bulk but
¥

ﬂi.fonly at the surface from wh1ch the c1 were lost.>51nce the 13‘7FQ

g;surface ‘is: the major damage 51te for the crystal the'ﬁi'“j:
'u;ncreased eff;c;ency (due to c0at1ng) of the cage effect
T,therejwould;increase the rad1at10n re51stance of the entlre};;
"crystal.;ltfwould‘dovso by 1ncreas1ng ‘the t1me 1t takes for172f5

‘tthe 1n§t1a1 ‘damage front' to form at the surface,‘where 1t

BRI must form before it can work 1ts way 1nto the bugk Thus theﬁﬂﬁf‘

Mjrecomb1nat1on rate in the bulk 1s never 1ncreasedl 1t Slmply~}f
.igemalns constant for a longer per1od of tlme. f_{_ .,_.,_Q R

Th1s conclus1on is. further supported by the small

'fstructural protect1on factot o the polycrystalllne sample.f;”

221

3?Only the small f;acthn of the gra1n boundar1es adjacent to.

’fjthe carbon layer are affected by encapsulatlon. Thus no g r;nn

o
e

'.r';, .
o

llgreat 1mprovement 1n the radlat1 n: res1stance of the sample
‘could be expected | j R
'_' It 1s not clqar prec1sely what mechan1sm 1s respon51b1e
ltgfor reducmng mass loss.»It has been suggested that the -
:;carbon layer may absorb free Cl atoms but reta1n them .Mf;l'_y:;
5w1th1n the 1rrad1ated volume (Egerton at al 1987) Shnce W

f.thrs actlon would not expla1n the slower loss of

- 'u;crysta111n1ty, 1t 1s not llkely to be the only mechanlsm 1n,3

q'thlsvéase. It 1s§also p0551b1e tha{/}he carbon layer sxmplya %f;t
*jworheé as a dxffu51on barr1er. The path wh1ch the Cl follow ‘

A. .\:‘ )



fﬂto 1eave the sample volume
-ffwlth the carbon atoms, Th

1ialso 1ncrease the lnﬁetlme of . the crystal structure3:
4 3 3) Conclus1on B R

A rad1at1on damage experg?ent on partlally encapSulaqed’\ “ﬁﬂf;xfi
15P°1ycryeta111ne C115CuPc. Flrst the encapsula£1on«d1d e

;freduce the mass loss oﬁ“Cl by a factor of 2 3 Secbndly,_the e,tf

M

E

4

‘:.

{~4y

; PR [ o
: explained earller. "B = :;{ :
.‘u i Co ..'.‘. TR » " e s ; -
. N S - : « Cal. I

G : . .
« . , pP PR 3%

1
e

"There are a few conclu51ons whzch can be drawa frqﬁ{ghe

e T

.

ilfencapsulablon slzghtly 1ncreased the lafetlme of the'ctystal

'z;st:ucture by é factor of 1 4 Whlle both pzotect10n"values

;}are 1ess than 1deal thew1niormat19higa1ned from the

a - . o




’4;4)A1kali;Halides_T{f‘ -i-:f',"~gﬂ*ng ,7{-;_f---_h{--]£. ”5fiji
“h 4.4, 1) Experlmental Procedure § o
For the rad1at1on damage experzments cond%cted on the R
partlally encapsulabed LiF and Can‘spec1mens,fthe;”5“.,;‘7?
spectrometer was d1ffract1on(coupled to’ the electron

"m1croscope as descrlbedq1n sect1on 2 3 (and flgure 2 6 a)

')

ﬂh1s mode of operatlon was adopted because a’ prel&mlnary ‘5pif~f?.i

1nvestlgatlon showed that the d1ffract1on 1nformat1on was L

amblguous due to the occurrence of ox1dat1on dur1ng
,4 K3
1rrad1at10n.then the spectrometer 1s dlffractlon coupled B

| “'1s determlned by the objectxve aperture.»The value of B was

"-estab11shed'by prev1ous mlcroscope users to be B 12 2

mrad The dfse rates for the experxments were determ1ned as

descrlhed i the prev1ous sect1on (see equatlon 4, 3) Dose f’—ff”

7 ?’ﬁ..
rate of 5 7x10 A/cm for E*F and 6. 4x10 2 A/cm for Can =
- were used to obta1n s1gn1f1cant mass;‘oss w1th1n an
acceptable t1me 11m1t. b.t L :rpz td}?fi«;}r.m;]rfqi,_';'ﬁ?fif7t

The experlments conszsted of complet1ng several

automated runs on both halves of the spec1men Each spectrum”

was ach1red 1n 505 as a s:n“le forward sc;h uxth a dwell
txme of 50ms per channel and an* energy 1ncrement\of 1 eV’per
‘ chan;el for 1024 channels.d¥;;3;ﬁffﬂ t?ffdgff‘;; %d;_»u ;Y
';..Onc; aga1n, in movxng fro‘ the double-coatedfto

: n ] o
szngleacoated port1on of the spec1men the 1ntenszty o£-the

beam enter1ng the detector becaﬂe too great varying the'

spectrometer entrance aperture was found to nge too coarse

W

o e B L . o L . . . A . T . : "
Vo il g T R SR : ST :
s R - . “ L s o . . 5 T Lo P I v a



ﬂa change 1n 1nten51ty. To max1m1ze the sxgnal w1thout
-.saturatlng the zero—loss peak, vary1ng the magnlflcataon of i .

Lo the 1mage vas/f

nd to g1ve a much f:ner control of the
( . .

~»a~1nten51ty ent r1ng the detector.:'f*’:_ o el e
Accordxng to Hobbs (1984), the element most 11kely to |

Lﬁsuffer knock on damage 1n these samples 1s 11th1um (L1) due'iln

',{?to 1ts small atomlc mass. Due to the reduct1on 1n the energy';

' T;requ1red to d1splace an atom at the surface (as compared to B

AQZ. the bulk) and the d1rect1ona11ty of the momentum—transfer,zu

fﬂ as explaxned in chapter 1 knock on damage at the ex1t
'(bOttom) 5urface results in sputter1ng of the atoms (Hobbs’:'h" _
:11984 Thomas 1985) The loss of Li at the ex1t surface shouldgf""i

"create free F atoms wh1ch are then able to leave the sample

];, relatlvely eas1ly. A carbon 1ayer cover1ng the ex1t surface

‘thwould presumably retard the sputterlng rate and the'n; ad*if'

: 7';subseqUENt loss of F whfle a carbon layer on the oppoS1te

:"1runs were cart1ed out..?nﬁsf~”

. '_"‘-A

o gcalculated. The sxgnels monztored 1n these exPeriments_

Y'Aj‘the oxygen K*edge et Bk'532 ev end the £1uorine d

: ffsurface (top) would not To determlne 1£ knock on-damage wasffdff

e of ‘the mechanlsms 1nvolved in the radzat1on damage, runsﬁ-7>
zbgonﬁhoth the double-coated and 91ngle-(bottom)~coated szdes : _
:of the. E\R\specxmen were completed and tdgn the spec;men "ﬁﬂigif
“tturned over; with’ the szngle coatzng on: top, several more i7;;y;

."

As 1n the prevxousfexperxment, after each spectrum was

7;[acqu1red both G and 1rradxatxon txme Tk for eech edge nere

tgfat Ek-GBS ev. Occasionally the carbon u~edge vas meeeured to
o RIS “*Wv* o .




‘ | i ’f_'é:‘ =

L
~ -

“;_’determlne 1f a carbon contam1nat1on layer was bu11d1ng up on.

1the spec1men. AlL edges were analysed as outllned in chapteri

'fé;'w1th P 70 eV,and A 50 eV The cross sectzons, determlned SR

.”";Lby a-'hydrogenlc model';'were ao Q:T 1x10 cmz forgoxygen,n;j
'~and of = 5. 63x10 2gf 2 for F (and oc 5. 48x10 -21 szvfor“"ﬁ’f'
-carbon) ;

Occa51onally 1mages of the damaged reglon were recorded'

);along w1th the1r d1ffract10n paterns.

¢ . v

"‘4.452),Resultsfand DisoussiOns

| Flgures 4 7 and 4, 8 show typlcal energy loss spectra ’d'l
*gurecorded”from 51ngle coated L1F and Can (a) at the start of”ﬁ
'the 1rrad1at10n run. and (b) after 51gn1f1cant mass loss. All:
gbectra dlsplay thelr fltted background curves for the F
)}K edge, to help 1nd1cate the loss 1n 1ntens1ty of the

‘)fég?lnner shell s1gna1 Both flgures show a loss of F and a gaznf~
v;“;% in oxygen w1th 1ncreas1ng dose.“j'a | |
.">“> 7) Fxgure 4.9 shows the number of F atoms per un1t area as‘}(
a funct1on of dose D for (a) the s1ngle-noated L1F and (b)
‘!&the double-coated L1F All 901nts represent ‘the average of

'~' at least 4 1rrad1at1on runs. The dashed l1ne (c) represents

the number of oxygen atoms per un1t area 1n the L

' sxngle-coated sample.
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L0G INTENSITY

a.

4

e

F1g 4 77ﬁ$¥p%talﬁ‘ ng loss spectra of L1F (a) at start of

'1rradlat10n r&gfa

. been sh1fted vertlcaily to allow clear v1$1b111ty of a11

| ,v edges. Spectrometer was dlffract1ogﬁcoup ed thh B-12 Zmradufr

‘ fand dose rate=5 7x10 A/cm ._Flourzne X edge xs sﬁoun thh |

'_fxtted chkground for clarzty Note ga—n yh oxygen edge.J‘;"'”

(b)) after 8 7 C/cm . Spectrum (a) has ”-_fo



LOG INTENSITY '

. ENERGY LOSS (EV).

0

'Fxg 4. 8) Typ1cal energy-loss spectra of CaF2 (a) at start of :}

1 1rrad1at10n run and (b) afifr 200C/cm Speetrometer was : .
- d1ffract1on coupled w1;h B=12 2mrad and dose rate

°ef_6 4x10 A/cm Fluor1ne K edge 1s shown Wlth £1tted,.;"

r‘background Note ga1n 1n oxgyen edge

e
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F1g 4. 9) Measured areal dens1t1es N 1n L1F, as funct1on of wz'

< -
'

“Lj@a exposure to BOkeV electrons. (a) 1s the fluor1ne den51ty i
¢ the sxngle coated sample for whlch the characterlstlc dOSe;>i7‘fytﬁ

[
1/2 was 3 4 C/cm2 (b) 1s the fluorlne densxty 1n the ,%;‘ Jroel
S
double coated sample for wh1ch D1/2=21 .5 C/cm (c) is thb
: SEEREEARIEENES
oxygen den51ty 1n the sing;e coated sample.A,v[f L)

4
i

S - -



:‘p_ layer greatly reduce the rate of F loss but there 1s an

L _only, as well as the top surface only ‘?he lack of any

~-,‘,

Tt Shguld be noted that.not only d1d the encapsulatJOnsﬁ,,,,,

- iapparent delay in the onset of the los% (?l;”ait doSe ')

Y

same def1n1tlontof character1st1c dosq‘as 1n the

}tlon,;for the 51ngle coated 51de D1/2-:3 4 C/cm2 and g
.'_for the double coated 51de (by’extrapolatzon of llne b)-f-* e \

‘1 i
1/2- 21 5 C/cm .-¢hus the encapsulatlon yzelds a protect1on .

'factor of\ 6 3 for reduc1ng F loss from L1F

< {, L1ne (a;'conta1ns poznts measured from the 4y?f;
. . '0

s1ngle coated L1F when the~carbon was on the bottom surface i '

P

e A‘ - - ’ N
Ceemkmedt T e e

:g,d1fference in- the klnet s,’as dlscussed ih exper1mental
:prpcedure (sectlon 4 4 1) 1s ev1dence that knock on damage.

_ff wds not the p edom1nant mass loss.mechanlsm'for the alkalh R

, ha]_ides, | | \ ) ? ,. ; ' ', . ' "‘,74‘

Con51der1ng*the ga1n in oxygen, llne (c) shows that the ;,~~
lnumber of oxygen atoms per un;t\area'has 1ncreased by hf_ |
%japproxlmately 4x401§ cm ,_whmch 1s half ér the total areal
v'idensxty of 11thium/atoms ‘in’ the sample'Volume. Th1s shows

'.:that the L1F is almost completely oxldized to L120 due to

. v

S 1rrad1atlon 1nduced oxygen absopt1on. *-_,‘ ;J;;‘»«_’a

Vf7fat leaSt 4 1rradaatlon runs. The dashed 11ne (c) represents 2

Y. ;
R )
Flgure 4 10 shows the number of F atoms per un1t area

“rﬁas a functlon of dose for (a) the saggle-coated Can and (b)

'.!the double coated CaFZ. All p01nts represent the average of‘

'5the number of oxygen atoms per un1t area’ 1n the f:;~
',s1ngle coated sample. .

-l



”1n t e sxngle coated sample

100 150
DOSE— (C/cm2 )

n . -;;1
F1g 4.10) Measured areal dens1ty § in Can, 'ag functlon of

-

\.\
exposure to. 80keV electrons (a) 1s the fluor1ne den51ty 1n_

the s1ngle coated sample and has character1st1c dose D1/2 of

168 C/cm (b) is the fluor1ﬁe den51ty in the double coated*

&

sample and has D1/2a17OOIC/cm : S (e) is the oxygen denszty

A



Once agaln the-encapsulatlon greatly reduced the rate

“at- Wthh the F was lost from ihe sample volume.:The

N

character1st1c dose for the szngle coated‘s1de was D1/2= 168T"ff1

C/Cm " wh1le (by extrapolation of 11ne b) for_the ,Tﬂf

gave a protectlon factor of '10 forpthe reductlon 1n mass

loss of F from Can. . “@

-

flgure 4 10, the 1ncrease in the number of . oxygen 1s ' f}r

;;ov‘double coated 51de D1/2 ~ 1700 C/cm . ThUS the %ncapsulatxon:ff_f‘

. :} Cons1der1ng the ga1n 1n oxygen dlsplayed by 11ne (c) in”;?;‘

'}; approxlmately 23 5x4016 cm 2 ﬁhlch 1s equal bo the areal };tﬂx{

hii“‘.half of the 1n1tial F ).,Thus the'ﬁample'zs approachlng

.

den51ty of calc1um 1n the same volu (number of calcaum 1s CRES
L\

complete oxldatlon as CaO due to the 1rrad1at1on.

S

e

&
aFurther eV1dence of fhe extens1ve ox1datlom of damaged
’Z .

d1ffract1on pattern~as dlS

(a) and (c)uare d1ffract1oﬂ‘patterns from £V

e —

' undamaged s1ngle coated L1F and Can respect1vely. J;,ﬂ

M1crographs (b) and (d) are dlffractzon patterns from the
> -."v.\\

damaged reg1ons of L1F and CaF2 respectxvely Flgure 4 11

@ NERE
yed 1n flgure 4 11..M1crograp

shows the effects of permanent alteratxons 1n crystal -?:'fhf

structure by the fad1ng of the rings belonglng to undamaged.
Sample and the creatlon of rlngs belonglng to L;zo and Cao

crystal structures._

Due to the nature of the encapsulat16n experiments, 1t |

was necessary to take all poss1b1e precaut1ons to ensure

' o that carbon contamu;atxon Ofo the smgle-coated sample volume

f \ - : . . . . B . PR

7 reg1ons ih both of the specmmeﬁs is g1ven bY thezr :]hr;fQ}?FV-&
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* Fig 4.11) Typical diffraction patterns observed during.

TR SR
-‘IN_D'I,CES‘(h‘_kl) |

the experiments.
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; .',"_';'.dld;_:not adversely affecb the outcome. To thls end

'.;iant1-contqm }atlon dev1ce was employed to reduce the rate of

fffgcerbon buxld%hp.:Another precautlon was to 1:nad1ate a R
'-ﬁihflargfr area than was sampled. An example of how th;s helped

“fls shoun “uffrgute 4 12 The area to the’left marked A,

seledn e

"undamaged spec1men and }he crystal,rtes appear_as small dark
‘fspots. Thefatea to the rlght, marked B _ __':ed spec1men IH:fA
. & Ve » cei e
© o land; shows an‘abscence of spots.xThe regrohf‘e_ween the if;;ri"

A

Lo

:;dashed 11negq' ':ked C shows that the car _nfcontamxnatlon,:it

\

o *.due to the polymerlzat on of hydrocarbons by the‘electron

-

;?ﬁbeam, was concentrated at the per1meter of the»1rrad1ated

.preg1on S1nce the sampled area s d1améte‘ was only the ,‘ff:_u%
~lcentremost 1/5 of the dlameter of the 1rradxated regloﬂ\\

‘°(B+C)p the carbon contam1natlon should not. have effected the;”yE”

\\ i h

-._;expen;ments. Proof that‘these precaut1oﬁs worked 1s,ghven by

'h-f1gure 4 13,.wh1ch shows the areal dens1ty of qarbon as a {f
) i RN A : -

‘_ﬁ,ﬁffunct1on of dohe fon (a) the 51ngle-coated LxF and (b) thg

double coated L1F The iact that netther 11ne shows any

,"ihcrease 1s ev1dence that carbon contag1nafron d1d hot ‘ "7g?7
C o r . ',l\ . L - . :\.l
n,effect 5/e-exptr1ments. _qi,ngﬁﬁ_ TR A R

: j& : . R ST I . ol -
Tl . } ! .. . ~}» . - "'. ST \ U ’ N . L o

i ;‘ | As explalnéd in chapter one, the .maJor damage mechanism

A’TN)\xn the alka11 halldes 1s rad1olys1s Whlle radxolyszs
fhexplazns the creatlon of Frenkel p01nt defects 1n the
".\-fcrystal 1t does ndi d1rect1y account for the mass loss of

fhalogen atoms fnom the crystal surface (HObbs 1984) The

»ma§3floss medhan1sms for s1ngla crxstals may 1nc1ude ‘;;,_[jiiw'¢
L '* S‘M/"' DR R o Sy I



ayhlch shows. very few crystallltes.b_'reg1on of carbonf

:.»contamlnataon wgth some k\nd of structural bu11d up 1s

:1:F1g 4 12) Transm1551on electron mlqrograph dlsplaylng an 7'_

<”undamaged reglon marked (A) .1n whlch the crystallltes

S

,[appear as. smail black dots._A damaged reglon marked (B)

’marked (C).. . e

e - \ : ‘
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i:_. pazsenear the surface (Szymonskd agd de Vr1es 1983) and the £5

.

“{Hobbs 1984) The N _'

p0551b111ty of knock on damage

polycrystall1ne nature of the samples sl1ghtly modlfles t@e

90551b111t4e51ﬁor mass loss; Wh1le all the mechan1sms can '

stlll funct1on at the specimen surface (Sz%mon§k1 and de }'Q;klf

- Vrles 1983) they can also functlon at 1ntérnal crystal

s

surfaces where gaps between crystall1tes occur,-thus _
releas1n§ F 1nto the gra1n boundar1es where 1t ¢can daffuse e
to the surﬁace and escape. .

. i —

Ig has been found in ultra-h1gh vacuum expeﬁlments that

“Y

>

5

the loss of halogen froq’the surface can result 1n the

.rres1dual materlal formlng a conta1nment layer wblch retards ef

*(and can even stop) the sputter1ng rate (Szymonskl and de

!

'”V ies 1983) For the two experlments descrlbed 1n th1s ]

.btlon, the 1rrad1ated portlon of the 51ngle coated half of
P I
the speC1men'became oxldlzed It 1s not known to what extent

[

\\{u- this slowed the rate of d1rect sputterlng, but it clearly

hnot stop the loss of F. The L120 and Ca0. crystals wh1ch

fkse to the d1ffract10n rlngs d1splayed in f1gure 4.11



The encapsulat1on layer must then have effected the e,
mass loss 1n a couple of ways. Fxrst, sznce the ene:zx 1t—~* =
| mvailable for the sputter1ng process r€ not suff1c1 t to

;/sputter through th1n contam1nat1on layers (Townsend and Lama |

1983), the encapsulatlon layer could certalnly have stopped

'dﬁ]y,éll dzrect sputterlng from the surface._Secondly,;lt could

i

havé reduced out- dlfgus1on from the speclmen 1n one: of/two
B wéys. It co@ld hate(%cted as a dlffu51on barrler, slo§1ngv

the departure of F by lengthen1ng 1ts escape path (as ,h
descrzbed in sect1on 4.3.2) . Or 1t could have\acted as an
absorblng layer', bonding the F to the carbon for some h

f tlme, thus keep1ng the F w1th1n the 1rrad1ated sample
_.fvolume. ThlS latter mechan1sm mlght expla1n the flatent

'bdose effect ‘shiown by L1F in flgure 4.9 (l1ne b) 1.; :fifl :t_f)

Also worth d1scu551ng 1s tﬂ! apparehtly superlov ‘

'ire51stance to 1rrad1atlon damage d1splayed by ﬁaF B Thelgf‘r. i
' rat1o of the character15t1c doses forxthe1r s1ngle-coated '5”39??
=s1des was close to- 50 There are two factors that m1ght help ‘l_

expla1n th1s phenomenon."i37 s

One of the p0551ble explanat1ons 15 that the Can
”specxmen conta1ned larger crystall1tes than the L1F Th1s
. qould have a number of effects on the rate gf mass loss. yv”

ﬁ“jLarger gra;ns mean fewer graln boundarles xor the free F to’

i

'rc“dlffuse through In add1t1on, 51nce the defects created in ;_.Ifﬁ

RRTI 8 il
"the 1nter1or of the crystallltes have furthar to travel o

_'w1th1n the crystal before they can escape, they are more d:hi$ff

i-'l1kely to recombxne to form a proper 1att1ce. It is also



B
~ .

'pOSSlbke that th1s lon@bc/ﬁath allows :j

F to aggregate and
L P LY
4"form drslocatxon loops or even gas po ts (Hobb511§84)

thns.holdlng the F w1th1n the sample volume.

-

Another p0551ble explanatlon 11es w;thln the damage ,g‘ﬁ*“ld

_'process 1tself f.ccordmg to Kabler and W1111ams (1978)

“there 1s ev1dence tofsuggest that the rad1oly51s process B

;?1ncludes -a: rotatlon translatlontbf arhal1de 1on pa1r (boun&
V'y"a self trappeﬂ hole) into an F H ;onf1gurat1on (Frenkel
S fdefects wrth small separatlon) w1th spec1f1c orrentatlons -
v-gw1th1n the lattlce. For L1F these reorlented sﬁates are
v;short l1ved and result in separated'F “H. defect parrs. ;ut
_»l%:ﬁ for CaFZ, one of the reorlentatlons is metastable and .
zﬂexc1ton decay) whlch restores the o/;fect lattlce. If thls ”

'74% true, then Can'would seem to have a falrly eEf1c1ent'

*method £ relea51ng 1ts energy rad1at1vely rather than_

. . -
o '
-

o v
. - e

resultS'ln rad1at1ve electron hole recomblnatlon\(radaatiVei‘

,k1nemat1cally, thus 51gn1f1cantly reduc1ng 1ts rad1atlon L

e .

'.sen81t1v1ty.

':4,4.3) Conclusion:

TherP are a few conclus1ons whlch can be drawn from the
— - -
;rad1at1on damage exper1ments on partrally encapsulated

_.polycrystallrne LiF- and CaF specimens. Flrst and {°femOStJ‘ :

1s that encapsulj‘ﬁJ
‘of,E from the a;;

-respectiVely‘aré”skp 'enough to srgnlflcantly 1mprove the

‘.

'eat1§ reduced the rate'of mass loss j



e ‘v " ST e
_prospecg/”zbr hzgh—spat1al resolut1on mlcroscopy and
v,‘m1croana1ysls_,t‘: . j”“’ |

y
S

5

The encapsulated L1F shoved a. delay 1n the onset of -

v

~:mass 1oss (latent dose) though 1t 15 not known to what ERrh
f:hextent the crystal structufefwas compromlsed durxng that

}?f; Vt1me perlod Nevertheless, the phenomenon is encourag1ng ,f.ﬂ
L Lo 1 A . -
_s1nce 1t means the sample retalned 1ts stolch;ometi;c

-

B )

h 'comp051tlon even after a dose several times that ne essary *
SR &
. \ .
B r\to acqu1re an energy loss spectrum'or to take several K
' plctures. Tt 1s qu1te p0551ble that other samples may show j,;l/;z

.,-the ‘same’ latent ﬁose effect. TR -'__t._ b T
: ;l R It 1s “also poéslble todconclude that the‘téF speo}men
= was/m;;h less sens1t1ve to radxatlon damage thah the LiF ,”.~

'speéxmen, though the exact cause of th1s dlfference is. not

'nTknown. It 1s also wofth notzng that the encapsulated CaF§ ‘ ?jw)g
_ e’ ' . L
showed almost no loss o{ F\over the ent1re-extent of the A
|he;-fexper1ment{,;¢,w'ﬁ B | |

G e L SR TU TR e

ca |
=’i§, ,

#



-

« and .how much is due to the fact that %he element (whose

g It is an alka11lhal1de 50’ it damqges llke the L1§ and CaF

’hquantlfatlve ev1dence of‘the effect of encapsulatlon on(the B

5 Y _

 rate‘of mass loss. The experlment dlscussed 1n s ctlon 4 3

fshowed that the enCapsulat1on reduced the mass lo - of Cl

' 1from ClCuPc, by a factor of 2. 3 The experlments d'icussed

'“1n sect1on 4 4 showed that the encapsulatloh redu;ed the:

'mass loss ofLF from LiF and CaF2 by factors of«G 3 andﬁAﬁ
Jx > : o ’ Coa o s ’

respectlvely

C .o

Th? protectlon factors g1ven above 1nd1cate that

"encapsulat1on was several tlmes more effectlve on the alkal%~

fhalldes than the orgenlc sample. One of maay p0551b1l1t1esv.2

_for further study would be “to determlne how much: of thls
\- fé

vphenoménon 1s dFe to the dlfference 1n the damage mechan1sm

g

e

‘escape ts belng monltored) 15 dlfferent A su1table spec1menv'-—

J 27
mater1al>for sug”

a study would be/sodlum chlor1de (NaCl)

o
«organlc sam-le. Such a study could lead to a greater

o

understandfng of the mechanrsm by/\hféh encapsulat1on N

reduces mass los\h ) i

If the argument for a structural protectlon mechanlsm,v

expressed 1n sectlon 4 3 15 correct, one of the

'

-»mvj;ﬂ ax "tgi) 'T'F?‘tﬁ.'.“ﬁn L t "B%HJ‘-

)

ConcIudlng Statements and Suggest1ons For Further Study o
The experlments were successful ine accompllsh1ng the-
f"goals wh1ch they were deajgﬁ“a,tozachieve The;bprov1ded Vv,ﬂj,;

2’
Vﬂbut the’ elemeft whlch suffers the mass Toss-ig Cl, asuln the



L i o - . *,
'1mp11cat10ns would bg@that end(asulatIOn should prove more R
‘ ;;' effectlve at reduc1ng the structural damage to s1ngle ’ :*'_;ry

. y &

ticrYStaIJClCuPc samples, as opposed to the polycrystall1ne
: _'grsample tested here. Test1ng thls pre§1calon experlmentally
,:WOuld be another avenue for further study. Slngle crystal

f ClCuPc spec1mens coﬁ{d be studled to determlne 1f the f*he]v,'Fd
.structural damage’ is . truly reduced ﬁykensapsulatlon, and to R

R T

;;what extent there 1s a neduct1on 1n’mass loss.:;”"

- { . 4 R I_- . 'v

Also worth further 1nvestrget1on is th%,'latent !&se ’}**;“
et

effect dlsplayed by the éncapsulated L1F 'Experlments could H.:#;
o

By .
be carrled out, at 1ffereq&ldose rateg to d termlne '1’..

e
<1 e

'g~wmether or not th1s phenomenon is due to a 11m1ted d1ffus1on"

4 e

rate through the encapsulatlon layer. If that prpves to be

’-

A{the case, then hlgh-resolutlon m1croanalysls should be o

o carrled out at hlgher dose rates,.rather than at lower ones.;'
i.. Poss1bly the most s1gn1f1cant suggest1on for further o

work would bqka;study of the-effect of the encapsulatxon L
layer s thlckness on ks protectlon factor. Fryer (1984) .v Lt
Qtfound no change yq the structural protect1on factor forj;' -
s encapsulatlon layers as th1ck as _24 nm“pd as. th1n as’ "8
| nm., S1nce it is ﬁ“t known whether or not the same can be
sa1d for. the reductlon 1n mass loss, th1s d‘Eerves further

4

bv;.‘,

. | igestlgat1on by EELS. In pract1ce, the th1nner the
e

~en apsulatlng layer, the. less 11ke1y 1t 1s to anterfere thhr S

) 8 & - ‘5' "&__' o
m1croscopy of the raﬁ:atzon sensztzve mater1ai.:$o;the SRR
] .v 4 i R

quest1on of Just how thxn an encapsulatlng léyer cam be,-.




‘e-‘ &

Ljﬁbefore the protectlon factors are adversly effected Stilli

*remalns to be answered Such‘a study would requ1re that each

N

':test spec1men be prepared wlth a 51ngle coated and several

;of d1fferent thlckness.'

] . . . . e
It should also be mentloned that wh1le the exper1ments

-

‘1_.fd15cussed 1n sect1on 4.4 d1d extend the 115t of materlals on

‘that magnltude would ‘allow hlgh resolutlon m1croana1y51s of -

’feven h1gh1y sens1t1ve materlals.ih

wh1ch encapsulatlon has been tested 'the method 1s

‘7suff1c1ently new that many more radlatlon sens1t1ve

[ - —— . ¢ . «

_fmater1als remaln to be tested It would also be -of 1nterest

J

u:to determlne if ‘the encapsulatlon s protect1on mechanlsm(s)
'vfunctlons at low temperaturas. If encapsulatlon comé&emented
- fthe cryogenlc method the overall reduct1on Ln mass loss

’ could be as hlrn as- 1000 Obv1ously a- protect1on factor of

\

R

id(perhaps two) double-coated reglons w1th encapsulat1 g layer
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'_some is reflect at an angle 0. to the planes. The f

1construct1ve1y only if the path dlfference between the two

,bc) 1s equal to 2d51n9 Hence, Bragg s. law is -

Lo V,it_v\l4ﬁ”AerndiX'ﬁ‘:< R .
v Blectron-Diffraction

For»crystal spec1mens 1n the electron m1croscope, Bragg:

. scatterlng is respon51ble for the electron d1ffract1on

'vpattern (Thomas and Gorlnge 1979) Flgure A 1-1llustrates

PRt

LBragg reflect1on for close packed crystals (®~ 1°); Consider"
rxthe 1nc1dent beam of wavelength A, as it str1kes succe551ve
'parallel planes of atoms (of 1nterplanar spac1ng d) at an..‘

.1nc1dent ahgle @ Some of the 1nten51ty 1s transm1tted and

f'd1ffracted:waves‘ marked 1 and 2) w1ll 1nterfere

' waves 1s an 1ntegra1 mult1p1e of the wavelength For the

's1tuat1on d1splayed in flgure A 1, the path dlfference (ab +,

N

PO

e

2d51ne = nA : S ;.’. I A
. - . . . . " ! I’" N L
where n is. the order of the reflect10n.

If the spec1men 1s a s1ngle crystal the dlffractlon l

pattern cons1sts of a regular pattern of spots whose f.f
i

fgeometrlc de51gn depends ontthe nature of the crystal and

: the d1rbctlon of the the 1nc1dent electrons. If the spec1men_J

is polycrystall1ne, however, the selettlve reflectlons form

_hollow cones, of semi angle 9 wh1ch produce & pattern of

concentrlc r1ngs.
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In e1ther case;_the spots or rlngs can: be 1ndexed _”L R
Haccordlng tp the1r Mlllet 1nd1ces4(hkl) whlch refer to the o
‘refleét1ng planes thch gave. rlse‘to thep. The rec1pr1cal |

latflce Vector;g, whose magn1tude ls 51mply equal to the '

ﬁ?“ n(~£se of therlnterplanar spac1ng d, orlglnates at the

- transm d (unreflected) beam and ‘ends at a rec1proiali.
lattlc:§:§1nt (hkl) on the reflectlng (Ewald) ‘sphere. (a"\
vvsphere or radlus 1/x 1n rec1procal space) as d1splayed in

. flgure A 2 e .““lg N i =

3 ) when the mlcrosco;e 1s in dlffractlon “mode, hé;

s 'A‘ .
dlffractlon pattern 1s pro;ected onto the fluorescent screen,”

—

P

o

lor onto a photognaph1c plate. The m1croscope 1s thus sa1d to
have anieffectlve camera 1ength E. thl is Just the vector
301n1ng the transmltted spot to a partlcular d1ffract1on'

P

spot (hkl) ‘in the d1ffractlon pattern. (or in . the case of

£

polycrystalllne samples, it is “the rad1us of the (hkl)

rlng)
H By u51ng a standard spec1men of known lattlce constant
(1ron, for example) 'so that d can be calculated -dff ,
theo:etlcally, it is' p0551ble ‘to” determlne L. 8tart1ng w1th B
Bragg,s-law and maklng the 51mply1ng assumpt1on that A

i 51ne§tan6:9 (for 9517mrad) it is 90551ble to replace sineld,

w1th R/2L Thus for n- un1ty, the equatlon'becomeSh‘;'
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In the case of an 1ron sample, a//- (whexe a=2. 87 A
2.2

the b.c. c..lattlce parameter for Fe,[and N = h' +k +l ) may

4
be substltuted for d. It 1s then poss1ble to. rewr1te the.-i

equat1on as A
- e Sy
{ M ‘ -

. _ B 3\

& (RZ = (EY2 .

T T Ya
v S
;b R

The thl were measured from a photograph of the dlffractlon

pattern and the s@hares of the1r.values were- graphed as-a

:are root: of: the slope of the resultant

functaon of Q The

1 llne, mult1p11ed by a/k (for Eo BOkeV A= 041%KA) ‘gave

Nj

© the camera length-to.be L = 429mm 4'. o
’ 9, a
~ oo ‘ > -
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