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.fln innovative thin filldd69051ti;n technxque\fv#”vsé

theoretlcal dep051tion processes of thlS uethod are A'ffff;jzc s
dlscussed. pouble lpyer thin fxlns of ug and Pb on carbon'jfdf

/| : AR

esubstrates are produced by thlS netfod and coﬂpared Hlth

,;51mllar fllns groun by thernal eva ;ratlon. The;r fﬁ; j;r~'5 ERERE

haracterlstlcs are 1nvestigated by Rutherford o
uebackscarterlng analysxs and 5cann1ng Electron uicroscopy.~~.,7
* E

)/(;gr~v,:The RBS technlque 1s expanded to derlve a proflle of }’ﬂﬂ
| w'}d_CONPOSltlon ratio versus depth ulthln the deposxts and
‘]‘-.;; ;i;applled to a depth analy51s of the double layer fllns.-The' s

fg"present study of fllﬂ éharacterlstlcs shous that a- hlgh

"vilevel of mass select171ty 1s observed from the low energy

'njlon bean dep051ted ug fllms.- he oxldatlon of ug fllns lS
'not llmlted to the fllm snrfaéef: oxygen 1s seen to be
_dlstrlbuted 1nto the Hg reglon rather than staylng omn:. theil

[T .

w'surface._The preferentlal mlgratlon of Pb lnto ug 1s . ﬁ'ﬂd*; 555]}

:'observed and the dlffn51on coeff1c1ent\of Pb lnto Hg at 300

o : -14 ]
f’c lS calculated as’ 1 236 X 10 cm/sec. The 1nterd1ffu51on

© e e

”sreglon between the Hg and Pb f11m la?er ranges from 1000 to ST
. DR S ]

\.‘ ". .-_"’2

s 3000 k\at room temperature.-
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"r,nology and understandlng of thln fllms has i

advanced fremendously 1n?“

F-nt years because of an :

3:311 ‘Industr';l demand for mlcr?ﬁvectronlc dev1ces and optlcal

| rCoatln s.» n 1852‘Bunsen and Grove (*1) obtained the flrst

3;thin fllms by chem1cal reactlon and glow-dlschargebefﬁf
- “sputterlng technlques. Faraday (*1) aisd produced metal

-ff&lms by thermal evaporatlon 17’1857. slnce these lngtza;~f?H'J
U;%geg%;;efforts the techn;ques ofﬂthernal evaporatlon and gl*:?iﬁjifd
v ;;tdlscharge sputterlng haVe been most frequently ud’d for thln
'r'ndwﬂfl:m productlon. Hlth the advent of hlgh pow{’ laeer
' ;technology the need for_f;-V‘”: ' s old materxal rs

japparent. 1;;f:”

The damage to the eptlcal J.ntj"'.face 15 .con51dered{e {uut
.}.*;°f laser performance an‘f,he properties of the optlcal
-_ilgyerface 15 17‘fied by the fllmalgpomogeneltles, non 11near7
: '~or weak absorptlon (*2). Varlous klnds of :”ff

f eem made for laser optlcs._nost of‘these fllms




1ncreases the rlsk of contamlnatlon ;‘The production of thin

‘ films by using a low nergy, mass analyzed metalllc 1on ‘beam
ya .
under ultra hlgh vacuun conditions was successfully

-

demonstrated by Amano et.]el (*3). The characterlstlcs of

ISLngle layer fllms of lead and magne51um dep051ted on the

Y N

carbon substrate by a low energy ion beam technlque was.
»1nvest1gated by Amano et. a1 (*u). o

In the low energy ionm beam dep051tlon method the coatlng

’

materlal 1tse1f 1s converted 1nto ‘an ion beam wvhich is mass

o L

and energy analyzed and then transported to a dlfferentlally

'rpumped chamber in whlch the substrate re51des under urtra

"~ high vacuum condltlons. Fllm growth proceeds when the ion

'beam is retarded to an energy low enough to mlnlmlze .
&

tffsubstrate or fllm damage but hlgh enough ‘to; produce a good

bond to the substrate.} . “
The controllablllty of the 1onlzed beam contrlbutes

,favorably to the dep051ted fllm characterlstlcs.'//detalled

&

‘comparlson is outllned 1n Table 1 1.-
The purpose of thls the51s is to 1nvestlgate

characterlstlcs of low energy ion beam deposrted double

N

,?layer fllms of lead and’ magneSLum ‘and to compare them wlth

those made by a thermal evaporatlon method.g -f}

A Rutherford backscatterlng analy51s method.ls chléfly_
1employed to analyze .the fllms.v?llm surface structure 1s p
determlned by a scannlng electron mlcroscope and the
"{chemlcal comp051t10n of magnes1n;>f11ms is conflrmed by
";v_ESCA(Electron Spectroscopy ‘for Chemlcal Analy51s)

’ X A . n
' - E S AN



'A‘compﬁter program is written to translate the .

RBS(Rutherford BackScatterlng) spectra into phy51ca1 depth

/

and atomlc concentratlon proflles.
The followlng example explalns the convedtlon used 1n

_fthls the51s to 1dent1fy the f11m materlal in order of

_ dep051tlon and the method of dep051tlon;

A number in parentheses followlng a letter 1dent1f1es that
materlal havxng been dep051ted by the IBD/tgphnlque at the .
energy (1n eV) denoted by the number.-The letter T in
'%arentheses followlng a letter 1dent1f1es a thermally 1
'evaporatedlﬁxlm, The order ‘of the'}etters after C (the

~ﬁcarbonfsnbstrate).identifies the’order»of'deposition..”

Cem argmem- (0

‘carbon |.Mg |Pb

‘substrate

CH(Q&)P(T)'identifiesva carbon‘substrate'with'a'magneSiun»

5
-



'efllm ion beam dep051ted at ue ev energy, follwed by a

o

',1theﬁmalhy evaporated lead 1ayer.‘

RN S
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followlng 1s jusb a summary of the processes and they wlll

. ””~Qh_accommodated to the surface cau51ng nucle1 to

. CHAPTER 2 RE

To . . X

2.1 Introduction ,ff'.' SR

44
o

.6

Startlng from the energetlc 1ons mov1ng towards a

a‘target untll the fllm forms on the conductlve target,»the

followlng processes are conSLdéred to be happenlng. The

A

be’ dlscusseq 1n nore detall 1n later sectlons. JIR
AR . S o
a3 The lODS are neutrallzed near. the conductlve

P

ltarget surface before the klnetlc COlllSOD process

) - . ‘;’ B . . ; i .j . 1
‘can’ occur. SRR P O v o \

LR ‘¢

ih ; 'As the neutrallzed atom moves closer to the target,
"c_lsurface, the klnetlc energy of the neutrallzed
matom 1s transferred to the target by elast;c ;
'*Jcolllslons because the 1n1t1al energy of the

'1ncident ion is- low (*1)

¥

,Cr;h:L051ng klnetlc energY. the adatom 3111 be-n-

~

5:form' the nuclex grou 1n three dlmen51ons formlng
Qe LT
- 1slands and the 1slands grow untll they touch. The
~—

nelghborlng lslands coalesce, formlng larger'

:”5slslands. As theclslands contlnue to grow, the_f.

6« . : : o L N



. of secondary electrons.h

- o _\.,‘.

.tendency of malntalnlng rounqness after .

L
S *coalescence decreases.<The lslands becone

“Yu - : . R e

’;elongated and join to forn contlnuous netvorks

,leav1ng long and narrov channe's between them. As ;

'., _the deposxtlon proceeds,»the ch nnels are- fllled
dnd a contlnuous fllm is formed. '
| “d-}f”Durlng and’ after the dep051tlon

, 8 RN
xof the. fllm materlal occurs in thfee dlmenSLOn .

;e:;TaHhen the klnetlc energy of the 1on‘ls hlgher than.
:-_the threshold energy for dlsplaceant of the fllm

'~ ‘material, self-sputterlng adversely affects the
..fllm grovth ‘

. . - .

2. 2 Neutrallzatlon of 1ons ‘on the metal surfacqaand enission

.2

» _ ” o
In con51der1ng the 1nteract10n between an lon and a

i

(.Nc&:;:: ’

'netal atom when an 1on 1s approachlng the metal surface, 1t:
'_1s convenlent to dlStngUlSh between the klnetlc energy andg
il_potentlal energy of the 1on. The klnetlc energy lS provrded
fwby the acceleratlon potentlal ‘usually applled between the:'
ion source and target,‘whlle the potentlal energy lS glven ‘
‘iby the 1on12at10n process.;-'i ”£<; o

'rFor low energy lncomlng 1ons 1nteract1ng wlth target

J”'fatomS-of the latfer can be adequately described u51ng hard

%,

.‘ \‘} .

'rocess, dlfqulOD

tkgmaterlal the transfer of klnetlc energy from the formeﬂ’toﬂ'



ol o o
. 9
B ‘ ‘ )§> DA . - :
sphere colllslon models(*Z) ort hlgh energy 1nc1dent ions
. : . 4 :
. the klnetlc energy transfer is lnelastlc whlch lnvolves the
energy transfer not only 1n nuclear motlon but also in
S \g;'-'excitatlon and 1onlzat10n of the/blectrons of the target
NG - _ B ; . . »
/ ”.atom..-

- The secondary electron em1ss1on yleld is. 1ndependent of ion

f-energy when the ion energy 1s less than 1 Kev and potentlal
"w'_ejectlon predomlnates in thls reglon (*3) At energles ;!~,
J::::::>“fgreater than 1 §ev klnetlc ejectlon 1s not negllglble and
| l'.--the yleld 1ncreases, 1n1t1ally llnearly wlth the klnetlc P
‘energy of the 1on and later llnearly v1th veloc1ty,
‘eve;tually approachlng a maxlmum, before decrea31ng (*4 *5)
"It was’ found bg‘Hagstrum (*6) that for low energy 1ons, the~
neutra};zatlon process occurs Hlth a h1gh probablllty before

S the kinetic process can occur.-The follow1ng neutrallzatlon‘

3 processes of 1ons near the metal surface were studled by

*varlous researchers (*7 *8, *g *10) ; | 'F‘-
\‘:f’/ .?vv-ga _ngesonance neutrallzatlon
| fb»- :Resonance 1onlzat10n t,v o hd*fg‘h érk
;Cfl’ . ; _
.

The resonance neutrallzatlon was flrst suggested by Ollphant

and Moon (*11) and the process is wrltten as,

- +

S ¥ : Lo R
_j\‘ BT : ‘Af+ N1Em4f--ff——‘- A +,( N-1 L‘Em'f'f‘ﬂ(Z?Jg
'“jjj§7: 1nc1dent 1on

'ﬂ'fﬁ_; the number of metal electrons

I Y :



A ; exc1ted atom o Tl

The process (2- 1) ‘can. occur vhenever the condltlon eg < Em‘<

-

‘Wa'ls sat;sfled;’v PEE ‘L,i ,_lﬁf"- SR Aeff*
’vnhere
SUTRER .

e§5- average work functlon of the metal Em :

s
electrons 1n the metal

Em.; the energy of metal electron relatlve to the"
Ferml level wl

Wa ; outezjwork functlon of metal =

.The exc1ted ‘atom f may reverse the resonance neutrallzatlon

i

. :srocess cau51ng resonance lonlzatlon. ThlS process is
. " < ' - o o B .- “‘, § . .
‘urltten as, v‘&- v S v o o
P o . + - -
LN ' ,A ~=-s==w-<v=» A + Ep ------- = (2-2)

Also the‘excited atom in eqnarioni(2-1)_may undergolduger

de-excitation . The process is vritten as, .

e N En --—-'4f'—— A+E+ (N-1) Em -—--(2- ,
L Thls process can occur whenever the condltlon eI > ey 1s
fullfilled. ) |
© where o
; N el:g the‘ionizarion energy‘Of,the incidenr

partlcle.i

‘Whenever the condltlon E > e9 1s fullfllled secondary ‘H

-

electrons,zz are emltted E lS ex01tat10n energy 'Thel

Q.

u°‘ ~

T .
max1mum klnetlc enegy of the secondary electron egected ln

i=an Augen de-exc1tat10n process lS glven~by,:gﬁj'_-ﬂ'"'

‘

( Ee )max.? E - ey----‘——--(2 u)

The resonance neutrallzatlon is followed by the Auger fi_r7

- Cay .
R AN 5



S

. de- GXCltathD process to conpletely neutrallze the.;on. In_1~t

]

© Q.

‘contrast to resonance neutrallzatlon, whlch 1s a two step
‘process, Auger neutrallzation 1s a 51ngle step process of
:flon neutrallzatlon on thefconductlve surface; The Auger*ﬁﬂ

e i o neutrallzatlon process is urltten as,,‘ s | ‘
| | | A"'+ N Em r-'--“fé';ff%~j_-» A + E.+ e - 2 ) £ ---(2-—5)
fTwo electrons from the conductlon band of the target ‘ hNy
materlal are xnvolved.'One electron ls‘used to neutrallze.\
’the'incident”ion dlrectly'to theeground:state.and.the;othery.
» electron is ejected by the released energy from the
Z-trans;tlon of the 1on. The max1mum klnetlc energYeof the'ﬂ"‘

; secondary electron from the Auger neutrallzatlon 1s glven

by, )

~‘r

(:Eex)max = el - 2e9‘-——-———--—(2 6)

3It is lower than that of the Auger de-exc1tatlon process. It

found by Hagstrum (*12) that Augér neutrallzatlon 1s-
AR

more probable than resonance neutrallzatlon at low 1nc1dent

3

'on energles. Hagstrum's (*13) e*perlmental results show

_ Lthaj the max1mum energy of secondary electrons ejected from

dMo sub trates 1rradated by4He stays helow ( Ee )max for’

iyAuger neutrallzatlon when the lncident 1on energy is below
h*:uo eV and for greater than 100 ev, the energy dlstrlbutlon |

fof secondary electron was over (Ee)max for Auger |
: gneutrallzatlon showlng resonance neutrallzatlon had occured.

As suggested by Hagstrum (*1&),~the condltlon eI > %ey must

fvbe fullfllled to make Auger neutrallzatlon p0551ble._From
, oy :

’fh the work functlon and 1onlzat10n data of carbon,»lead and



V:j'by 1ead at whlch p01nt the process changes lnto

magnesxum,'lt 1s clear that the neutrallzation pr.cess of a

.51ngly charged low energy Pb 1on depends mostly o the tpo"‘

) step process, i. e., resonance nentrallzatlon and uger”.,

'de-exc1tatlon when the target surface is carbon o -leadvfx

:Hhen the target surface 1s Mg, the domlnatlng nendrallzatxon

is covered'

-

.fprocess is Auger neutrallzatlon untll the surfac'

two step

[N

' l

'one. For SLngly charged low energy Mg 1ons, the domlnatlng

- 1

'y:neutrallzatlon process 1s a- two step process when\the target

7surface 1s carbon or lead but when the target surface 15"5-

. -

”covered wlth Mg, the process turns to Auger neutrallzatlon.
”pTable 2— (*15 *16) shows work functlon and 1onlzatlon :

energy of carbon, magne51nm and 1ead. };ﬂ ,';

, ' o U U SN L
2.3 Collison between the incident particle and a target -
ton: TN

Y i Lo ,\\_ e \
The ion beﬁi energles employed for the experlment are’

‘<less than 150 ev and the COlllSOD between a neutrallzed

1nc1dent atom and a target atom 1s con51dered elastlc. The .
nhard sphere blnary COlllSOD model can explaln the hlnetlc

;fenergy transfer process.vThe totaIQEnergy transferred to the,

rtarget atom from the 1nc1dent partlcle 1s glven by {;17)

o T-au1u2/(u1 £ uzfno sxne/z----fié-——-—-—(z N

- ° oo

Hhere y=*'

The transferned energy gv» '.f; {ri?n'{-‘I’ \f

'ViInc1dent partlcle klnetlc energy




Table 2—1'

wOrk functlon and Lonlzatlon energy
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| 9;ven-b¥v.ef"'

g Z;Hfﬁusleatidﬁ\en

ﬂfs;ﬂt;lﬂz : Inc1dent partlcle and target aton welght'

8 The deflectlon angle of 1nc1dent partlcle '/1

s

reqprsed or stopped after colllson, the mé@iﬁum energy

transfer is glven by, : f- "'t-f-'jz//,‘.;~,-l _ ,..:,"
RS SRR ST
' .'T = 4 m M2 Eo /(/Vr/nz ) ,----------—--(2-8) |

-

‘ﬁg target atomr’hard spheres of radlus R are used to explain

e v

AR X
(*18 *19 *20) dlscussuthe 1nteratom1c potent1

and the energy of the 1nc1dent partlcle. Seve‘al theorles
El but noné is

deflnltely valid for all lnteractlon dlstances. It is

'-7 suggested that for small approgth dlstances, a Bohr f b

potentlal may be reasonably employed whlle 1arger separatlo

f dlstances regulre a Born*Hayer model. Foﬁ examp”e, an

1nc1dent copper 1on hav1hg a- klnetlc energY 0 50 ev and
collldlng v1th-a copper atom wlll have the": ﬁolloulng hard :
sphere dlameters dependlng on the ch01ce f.theory. They ar

AP

O
~l
™~
N
a-o
*»

ifbéhffﬁodeifguf ”

1 26& 3:’BOrn—hayer mdh 'Q
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defined as, ﬂn;uﬁg?ﬁihﬁ/':

A

dkgIt s suggested (*2u) that

o

The process of nucleatldn and grovth of thln fllms was S

Q

1nvestlgated theoretlcally by varlous researchers

(*21 *22,*23) and the thermal-accomodation coeff1c1ent 1s

ﬂ;gd%, ngv - Er)/(Ev = E) ' gmjfa,m;)/(my*fdi) L

=== (279)

vhere 'j'f f”fgf
‘ .7:ﬁy.;l1nc1df t -‘netlc‘energy of the 1nc1dent atom
“”E?'? ene gy of the desorbed atom before S |

:.iegulllbr tlon Hlth the substrate

5Q;E'}_ener.z‘of the desorbbd atom after it has-

i

egulllbrate

Tv Tr. ;. corre pondlng temperature o

1e.,dr1, is- obtalned when the in

"1s less than the actlvaton energy for desorptxon(approx. 0 5

o For thermally evaporated Hg and Pb atoms Hlth kinetlc';jrd*f

energles of less than 0. 17 ev per atom (equlvalent to 2000

i} K); the thermal accomodatlon coeff1c1ent is Unlty and all
e the 1mp1ng1ng atoms are egulllbrated wlth the substrate

tlwlthout any rebounced atoms. For 1on beams Hlth 1nc1dent

klnetlc energy of 50 eV, 1t 1s very llkely that the thermal

_accomodatlon coeff1c1ent is less than unlty because the-"

g'lnc1dent klnetlc energy 1s about 100 tlmes the energy

B substrate and thlS ratlo lS beyond the suggested maxlmum =

1fhvalue of 25 (*25) o Durlng thJLlnltlal stages of fllM'

Y

"g'gnecessary for desorptlon after equlllbratlon Hlth the ?”n‘7 .

ulth the substrate ,f;;;&}fgﬁ”"':""’

”'mplete thermal accomodatlon,_'h :



. ’/ R B Y-
deposition by anﬁion beam:witb'a kKinetic energyaof SOievﬂ a
fractlon of the 1nc1dent atoms bounce. off the substrate |
,cau51ng a lower initial adsorr-*on rate. The adsorbed atoms Cﬁ:
. can elther stlck permanently t the substrate or reevaporate
ln a flnlte tlme. The followlng stages of fllm growth Hlll"
be dlscussed for the adsorbed atoms‘;"’ R _', . | ’t
a:‘v The island °+age | |
'The adsorbed atoms mlgrate over the surface of tbe
substrate and they constantly aggregate ‘and dissociate
juntll th@ cluster grovs to a crltlcal 51ze. Beyond:the
crltlcal 51zed nuclel, the cluster does not dissociate
'but becomes stable and grows to a larger permanent
*1sland. ! |
b r,‘The coalescence stage
The 1slands contlnue to grow, and touch nelghborlng
1slands, coalesc1ng to form 9 new 1sland occupylng an
_area smaller than the sum of the orlglnal two ,vthus\
nl exposmng fresh substrate surface. New 1nc1dent atoms
vare adcorbed on these freshly exposed areas and
dsecondary nucleatlon occurs.
c . - The channel stage' |
’pAs the 1slands continue to grow and coalesce and before
: a contlnuous fllm is made, a stage 1s reached in which
'the fllm con51sts of 1slands ‘a few microns in lateral
.extent separated by narrow exposed—substrate materlal,

T e.,cbannels, just a few hundred angstrom vlde.

d_' The contlnuous frlm stage



- The new nuclei formed in the channel areargrOh and ]Oln‘
- the large islands, brldglng betveen the elongated
1slands and eventually fllllng the channels completely.

ST .
2.5 Diffusion of thin films ‘
23 @ ‘

a  The diffusion mechanisn
lefu51on dsually 1nvolves ‘one or _more mechanlsms
dependlng on the structural defects of the materlal

The_followlng“are the mechanlsms -of dlfoSlOD.

T, vVacancy mechanlsm .
AThis'ls the most common type of dlffqﬁlon -
amechanlsm..In thermodynamlc equlllbrlum ‘a
number of vacant lattlce 51tes can be expected to.
bé present ln a crystal Any atoms nelghborln;&on
'a vacancy can then dlffuse by Jumplng 1nto the
vacancy, the result belng an 1nterchange of
‘pOSlthD of an atom ‘and. the vacancy. |

2. Interstltlal mechanlsm (Dlrect 1nterst1t1al

mechanlsm) _

'An 1nterst1t1a1 atom dlffuses by mOV1ng dlrectly
from one lnterstltlal site w1thout cau51ng net
motlon of any other atom.

~>3 ”»Interstltlalcy mechanlsm (Indlrect 1nterst1t1al

vmechanlsm)



~

" The 1nterst1t1al atom moves by: pushlng a. normal
, :;lattlce atom 1n?6‘a& 1nterst1t1al Slte and mov1ng
" into the. 1att1ce 51te 1tself. The":catlon of ﬁhe

. vlnterstltlalcy moves twlce as far aejdo either of
» N s

"the 1nd1v1dual atoﬁs. c “?:-- o 'fri
ut».'Exchange mechanism | |
'Tﬁo atoms-in‘theslatticehmove Simultane%uéifihy
d‘exchangl places ﬁith one another.i |
5{,._Davacancy mechanlsm,_ o T" ) ! \
) / 'éalrs of»racanc1es that are bound together as
o dlvacanc1es move cau51ng dlffu51on.' o
{6: groud:on mechanlsm o |
When~an-intersti§ial.atom is located at”a»site‘
along a close packed dlrectlon the lattxce defect,
- called a crowdlon, ;s generated and an‘;ndlrect
";nterstltlal dlffusion'mechanism_can occnr.. |
T ‘ , = o
”:7;.aRelaxatiAn diffusion_mechanism ' o
‘ e‘fLignid¥like disoderedgregions wherefatone are nc
L treally.bound to?lattice sites maj_be.generated'{n
2‘“11 “the nelghborhood of a vacancy. Atoms located in 'l;
| . A’“'thlsoreglon can move *hrough the crystal.v
‘ ?,‘.»Blng dlffuslon mechanism ;, T ~>:‘.hf»v~

 Threé or mofe'atoms jump simultaneously 'to'th'e_~

next site around a ring.

Z;K'Thermai*diffnsion;‘
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’ . S "
Because of thefmal energy,vthe atoms in a metal crystai“"
are in constant motlon around the. equlllbr;um lattlce sxtes.,
'OCCa51ona11y, an atom w111 jumpﬁto a nelghborlng 51te. The
»jump frequency 1ncreases as temperature 1ncreases; The

'probablllty of surmountlng the energy barrler, thch atoms

' must overcome to move. to the next 51te, 1ncreases as™

L

temperature 1ncreases cau51ng dlffu51on. A summary of .
'dlffu51on theory based on the atomlc Jjump wlll be presented
1n.the followlng. The two dlmen510nal dlffu51on equatlon is
giyen‘by;f _
g } the flux of the dlffu51ng spec1es
*'D‘ﬂfthe tracer dlffu51on coeff1c1ent
c.jlconcentratlon of the dlffu51ng spec1es
hhdc/dx‘; concentratlon gradlent '
‘f'hvpf the atomlc drlft veloc1ty from dr1v1ng forces
-acting on. the atoms,,'
»‘The tracer dlfquIOD coeff1c1ent,lg;, and the'atomichdriftf

.

'veloc1ty v is dlrectly related to the jgmp frequenc1es of

‘ the atoms. The atomlc concentratlon for :he two lattlce
'plane is assumed to be n1 and n2— The frequency of the jump
.from plane 1 1s f12 and from plane 2 is f21 hettotal flux y'

?tof dlffu51on is" glven by, | »
T ,j. g = n1 £12 ~ n2 f21ﬂ ---_‘—--,-l-—'“-"('.z'—'n)

" The local;concentratlon per unlt;arés n fis given by,

]



5 where = - . '.~" R “"<
R e ; concentratlon of the dlfquLng spec1es

‘a ;3 the dlstance between two 1att1ce planes

' The local gradlent in the concentratlon -per unlt area along

_the dlfquth is glven by,

- dn/dx - (n2 - nl)/a “*'f;"'-';(zilitﬂ;b’;’gi;/f;

-_From equatlon (2*10),(2-12) and (2 13),>ve can derlve the

followlng, i”
D*= aff _ -
V= 3 .(f12 - f‘21) ------------ (2-14) |
where |

"fp= (£42 + f21‘§/2*average ﬂumpffrequencyp
:The tracer dlffu51on coeff1c1ent 1s proportlonal to the
average jump frequency while the atomlc drlft velocxty 1s
‘.proportlonal to the dlfference of the jump frequenc1es.-
hExperlmentally 1t 1s vell known that the most 1mportant

varlables whlch affect D. are temperature, pressure and

chemlcal comp051tlon. For practlcal purposes v the dlfqulOD )

v

coeff1c1ent lS wrltten wlth the condltlons of constant

pressure and chemlcal comp051tlon as follows ;
| y D*% Do exp( -E/kT) mmmmmiem=== (2-15)

where - - T e

; " Do ; experimentally deternmined constant for each”.

:difquionfcouple

- E »activation energy

k

BoltzmannFS'constant

T ; temperature
; o



o

.

| "3 If the energy barrler helght is not constant along the

'_1d1ffu51on dlrectlon . sfgrjump frequenc1es of the
~nelghbor1ng plane w111 not be the same and eventually the-
’dlfference of tne ]ump freguen01es contrlbutes to the dtomlc
’vmlgratlon. The dlfference of the jump frequenc1es can be
caused by the presence of one or more of the fOllOWng :h
'electrlc fleld temperature gradlent, non-ldeal part of

jchemlcal potentlal gradlent, centrlfugal force from angular

‘veloc1ty or stress field.



- CHAPTER 3

4

LOW ENERGY ION BEAM DEPOSITION SYSTEM

LThe low energy ion beam deposmtlon systen was de51gned"
”yand bUllt by P. Bryce J.-Amano and ‘R.P. W.'Lawson 1n 1972

' for 1on beam studles and 51nce then sllght modlflcatlons'bf:
.the electronlcs system were carrled out.,The system o -
-spec1f1catlons satlsfy the ba51c requlrements for hlgh o
vpurlty fllm dep051t10n, whlch can’ be summurlzed as’{

':a :tﬂlow ‘pressiure in .the substrate chamber'~':v: ':A‘ o

b :controllable depos1t10n rate; '

e :?Areaqlly'adjustable final energyeof arrivimg beam;

d": .minimum space charge expansion of the ion bean;

3.1 Vacuum system V

The vacuum system consmsts of three 1nterconnected
chambers ; 1on source chamber 1on beam chamber and substrate
.chamber. The normal operatlng pressure of each chamber is.
3'1 X 10 torr 1n the source chamber, 1 X 107torr in thellon
:,beam chamber and 1x 10" torr in the substrate chahber.ﬁThese
pressure dlfferences are reallzed through a dlfferentlal

f”pumplng system.bFlgure 3-1 shows a schematlc dlagram of the

‘ dlfferentlal pumplng system.-The calculated values for the

~



723 »

‘vacuum system are glven by (*1),.-_

- ' ST o -8
_}5P1'= 1 x 10 torr, P2 =.1 x 10 torr,“P3 = 1 x. 10

torr,

St = 0.4 l/sec, sz

-l
1

1oo l/sec, s3 SOO,l/sec,

N

C1, 0'1~l/5901'c23

18 l/sec
The pumps used<in this:syStem‘are ‘as follows;
For the ion beam chamber | o R N
é 6 1nch dlffu51on pump(s f600'l/secf..
‘ b]d:rrotary pump- e
lfor.the'substrate'chamber';
- a turbo molecular pump (S é 70 l/sec)
? b ( Tl-ball subllmatloé pump(s > 1000 l/sec) o t;p‘p'
".C : dlffu51on pump “
a Arotary pump
For- the 1on source chamber |
»'rotary pump used only for roughlng out
- The partlal pressure of re51dual gas in the substrate

chamber 1s monltored by an A E I. Hlnlmass residual gas.

',analyser«vThe_overallzvacuum system'is‘shovmpin Figure"342;

‘.3~2-Ion beam_syStem

=X

The 1on beam system is. d1v1ded 1nto three sectlons ay:.'v

“ion gun, b) 1on beam transportlng system, and c) decelerator
'and substrate holder. The ion gun had been modlfled from the,fr
‘ ba51c Colutron system by 3. Amano so- that it can accommodate

\ . K
materlals wlth a hlgher vaporlzatlon temperature. Thls 1s

.



ION BEAM .~ |SUBSTRATE
R S ’ CHAMBER ~ | CHAMBER
ION . N A
|SOURCE v
. SL_p1, @01 ez
oo N P2 X - P3
52 | ]‘sa r
Ly - ,
Pl = 1O7 Torr
P2 = lO. Torr
P3 = 10" Torr } |
c1, C2 ; Copducténée-ofjholes -
 81}82,53J: Effective bﬁmpingzsb_eds
Flgure 3 -1 : '
-Schematic dlagram of dlfferentlal pumplng
'.system B ‘
: N
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done by ellmlnatlng the problem of condensatlon between thew‘.

furnace chamber and the dlscharge chamber. The schemat1C"

‘._dlagram of the ion source is shown- in Flgure 3-3. One of thel

,major parts of the ilon: beam system is the ion beam transport
system. The Colutron 1on beam system Model G-é-was chosen-

'jfor thlS apqllcatlon. Thls system consmsts of -an

a

-

'»acceleratlon and focu51ng system, vertlcal deflectlon plates

<

" and an E x B veloc1ty fllter. Flgure 3-4 shows the complete

‘beam system from ion source to target

The veloc1ty fllter con51§ts of a magnet deflectlon
'plates and guard rlngs.hThe E fleld 1s normal to both the '

ion- beam trajectory and the. B fleld to counf“rbalance the,'.amv‘
»

2

.Lorentz force on a partlcle of glvg%‘veloc1ty. Under a

balanced condltlon a selected v61001ty of - 1ons will pass\\j

’ vundeflected through the separator whlle partlcles wlth

7d1fferent veloc1t1es wlll be deflected Flghre 3 5 shows the
geometry and mass separatlon in an E x B separator. In the

unlform fleld region of the separator the motlon of an 1on

s ["
wlll be descrlbed as follows when E and B are 1ndependent of»
S X or_z._‘ |

B 1Y

m X

e Ex - evi.By:i’

- . mz=-eByx

~ .
by

- By’ solv1ng the above eguatlons for the balanced condltlon,
i.e.,n xv= 0; m y = 0 ve. get the spec1a1 veloc1ty Vo,' dj , )_‘

'v'The ve1001ty of an 1on enterlng the veloc1ty fllter lSr'
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”determlned by 1ts mass, acceleratlng enerqgy and 1onlzed

- Charge number. The veloc1ty 1s glven by,
I'V

v= (2 e v/ n) ———---——-—--(3—3)

L3

" where .

) mass of ion

B.
-s

-
<
Y

vacceleratlng potentlal

1onlzed charge number (n=1 for 51ngly charged

T ———

-e

lon)

e E electronlc'charge L N ' ) i N ¢
The deflned mass is selected when the spec1al veloc1ty Vo 1s
adjusted to be equal to v in eguatlon 3 3. Durlng the
experlnent Ex is flxed to 5 0. x 10 v/m and only By 1s
controlled It resulted that the overall system mass,

resolutlon is H/AM = 4. 5 and the detectable maxlmum

molecular welght lS 600." Also, the veloc1ty fllter is: used

to focus the 1on‘beam 1nto a 11ne 1mage 1nstead of a spot ln.wh

» rder»to cover a wlde area. Eguatlon 3- 1 descrlbes only thev
ideal section‘of the veloc1ty fllter vhere the E and B fleld,
is 1deal as shoun in Flgure 3-5. In fact the E field 1s not‘j
e 1deally perpendlcular to the Y dlrectlon but soméghai barrel
v shaped, because the E fleld is generated by a long parallel

a plate along the z—ax15 and the spac1ng between the plates 1s"

comparable to plate ‘width. Any dlstortlon caused by thlS’

“

I /

'deSLgn 1s corrected by the use of guard rlngs(Flg.YB 6).._'

A de51red lon beam enterlng the substrate chamber through'

En the exlt slltgbetween ion bgfg chamber ‘and subtrate chamber
A
experlences flrst of all an electrlc fleld ‘for horlzontal

At
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"deflectlon. The horizontal deflectlon field and the

]

vdecelerator( located sllghtly off the undeflected beam aXLS)

“cooperate to ellmlnate neutral partlcles that are created

durlng the 1on bean transportatlon process. Elgure 3-7 -shovs

i

/hls electrode structure..The decelerator plate is. located

"'53 mm from the ex1t sllt and the ex1t Sllt is 110 nmm from f

the velocrty fllter. The mass’ resolutlon for the velocrty
filter is glven by (*2), o . |
| u/Au a 1E / (u vV D) ¥7e4—4;--(3-uy
»where L v : . l
~a } the length of the veloc1ty fllter :":,;
dl 3 the dlstance from the center of the fllter to
target (drlft dlstance) ' |
E 3 the electrlc fleld 1n V/m“

v acceleratlon voltage or ion energy

h, D 3 the dlsper51on betueen mass ‘M and (H— AM)

_Japplying'a-o 15 m, 1=250.5 mm, E= 5.0 % 16 v/m, o= 26 mn

1and ve get the nass resolutlon,.b

'A‘Q,.Qg M/ A = 5.5

‘\Wlth thls lével of mass resolutlon, the ellmlnatlon of Mg
1lsotopes from dep051t10n 1s not llkely to be p0551ble but
'the detectlon of 1sotopes Vlll become p0551ble Hlth a flnelyf..

'focused beam probe ; K Vangde Graaff accelerator whlch has »

He 1on beam prbbe wlth inm dlameter wlll enhance the mass.

resolutlon to 5 tlmes and the detectlon of ug 1sotopes

ﬂbecomes p0551ble wlth thls enhanced mass resolutlon. But " the

{

*detectron of Pb 1sotopes lS not p0551ble even w;th the g"

i
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s
¢ .
| 3l
fenhanced‘maSS resolution.:As shown'in figure 3~él the block |
dlagram of system electronlcs, the whole ion’ source chamber
- is- floated above : ground and kept at a hlgh p051t1ve
fkpotentlal ( +4 kV) The acceleratlng electrodes are-kept. at
"ground potential fhe decelerator plate potentlal is kept at
fthe same voltage as that of the lon gun. An ion beam energy
4'control power supply 1s 1nserted betveen decelerator plate
~ and substrate wlth the substrate at the low potentlal by the |
‘:amount of. de51red ‘ion beam energy. Ion beam current on the
b,substrate and decelerator plate are monltored separately and.

'substrate current is lntegrated to control total charge of

deposition.
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s
~ decceleration |

- vertical - 'f-fiﬁél’f
’ jgpstrate

g | : defyedt' n
;__“velodit ¢,
' vfilter '

i

: Ion‘QOurce.anOdé poWer supply

RLHIZQEED QTR

Acceleration power supply

: Einzel lens power supply

. Ton source filament ‘power supply -

Ion source. furnace power supply

. Vertical deflection power supply

: -Velocity filter E field power supply
. Velocity filter magnet power supply

: Final deflection power supply -

Ion“beam,energy.pOWer-Supply

: Electron filament power supply. = -

Figure 3-8 T e ’ L
'Block Diagram of System Electronics,

.L.‘:1  | S ;  |
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~ CHAPTER 4

RUTHERFORD BACKSCATTERING FOR THIN FILM ANALYSIS

| since E. Rutherfor%\s\nuclear scatterlng experlment uas
‘reported in T911, an extensine range of partlcle scatterlng
',experlments has been studled by sc1entlsts. Hhen an 'j' ,.~g
renergetlc p:itlcle beam lrradlates a. target, a, fractlon of
he 1nc1dent partlcles wlll be scattered back from the‘
1.target by the Coulomb repu151on-of.the atomlc nuclel
(Rutherford scatterlng). The appllcatlon of Rutherford
.backscatterlng to ‘thin fllm analy51s was begun in early 19%0»
:jby Chu et. al (*1 ¥2,%¥3). One’ outstandlng feature of thls

-“7technlgue is the capablllty of depth resolutlon as well as

mass, den51ty'and‘compos;tlon_resolutlon.
4.1 Mass resolution

:', The mass resolutlon arises. through the energy loss
’fincurred by the small fractlon of 1nc1dent‘;ons whlch are
‘Vbackscattered elastlcally by the Coulomb repu151on of atomlc
‘_nuclel. The energy of the 1n01dent ion after backscatterlng

:bls smaller than 1ts lnltlal energy Eo by an amount whlch

e_depends both - on’ the scatterlng angle and on the mass- of the‘:’n’

T1nc1dent 1on and a target atom. The relatlonshlp 1s glven
| * ' © R o : ST



lg?h:.
bye e 5

. E = Kn Eo ’;’f"'f;;(§*1)e-r‘i
' ' : L 2 e . SR L
..Km=(mcose+(Hfmsine§)/(m+ny[—--——-é—6~—-——(uf2)4
- where '

E‘{ the energY4of-backscattered:lon -
Eo;; the‘initial energy qfvincident'iOn‘ |
' Ko ; kinematic’recoil@faCtor:' |
mo; the nass of-lncf&ent'ion.
Mo the mass. of target atom
'ef; backscatterlng ahgle |
Knowlng the parameters Eo, o and- e, and measurlng the energy
of the backscattered prlmary partlcle, the mass of an |

unknown targetjatom may be‘found,
) Depth.resolntion'

Most of the 1n01dent partleles undergo small;angle
'deflectlons, penetratlng deeper wlthln the target. In the
process of penetratlon, the 1nc1dent partlcles lose energy,
the backscattered energy of a partlcle re-emerglng from
'1underneath the surface after under901ng a large angle
"_c011151on lS smaller than that from the surface{ because of
'1ts 1nteract10ns wlth target atoms. The energy loss rate of
'1ons 1n absorblng materlal is glven by (*4 Yy |

| -dEzdx =Nz (logzmv/I —'log(1-B )‘— B) z o /(umeo'x

‘mv) - R
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é,e ;eleEtronic mass and eharge
‘~ze)v‘}vpartiele<charge;aﬁd velocity
2 ‘f_:lz_; rﬁe"aromiC'number ef'absorﬁer
'Nr; the number og,atoms /cm |
‘i7£'the average 1onlzatlon potentlal of the ions

B3 thesratloAv/c o : p_' - | o

- the negative sign inﬁfront'of'dE/di signifies an

~ .

,eenergyiless,‘
'-Fromﬁa trigonometric analysis of Figure 4-1 3 o
“‘EIj A=LKﬁLEo‘>> o 7
E2 . = Eo - aEjax t »
E3 ”=rkm E2
| Eur'f¥'33'o dE/dx t/cose
' "‘=-Km(Eo-dE/dx t)— dB/dx t/cosb
' %‘Km Eo -dE/dx t(Km + 1/cose)" .
'Hanerefore.the energy loss P .
jjﬁ = E1 - B4 = = (dE/dx Kn + dE/dx 1/cose )t‘*(S) t
- where . - - ‘;‘a"l‘ R
- (S)'= Km dE/dx)ln + 1/cose dE/dx)0ut -~;;-4-~(§-4)

L “(S)-lS the backscatterlng energy loss parameter(*S)' If'ref‘

. \' ‘
deflne (SL for E =E1 and (S)3 or E —E3, the ratlo of (sg to’

' (SL }s given hy,  ’-/.“ -
~,'(Sb‘/(S)\-(Kde/dx +1/cosedE/dx )/(Kde/dx +1/cosedE/dx§)
‘a—(Km +1/Cos@€3/ € )/(Km +1/cose €, /e )

_where €,,€ and €,are stopping power at energies E.,E,

| and;B3from'Pigurefu—1;



For Hg film, the . ratio is calculated by applying. therli
fOllOHng condltlons-

-:9—170 ,'t—SOOOAQvKng=0 5171' E,=2. o‘uev.E‘=17o342
nev,E,=o.9eu’uev; €, =45. 11 x1b‘y e'—ss 52 110 and €,
=ss.36 k100 . -
| 5) /() = 0.995 - ‘

For Pb fllm, the glVen cvnd{tlons and derlved ratlos are {
| ~9=17O pb 0 9262 E, =2. 0 HeV €,=125" x10 E =1.8524
e x10Mev, € =127. 7 x1og o - ._.}
. when t= 1000A, - '~‘ .
CoEy=1.8142 HevV, e,-128 65 xiu‘g
(5)3/(5)\-1 022
when t= ZOOOA, A
Ey=1. 776/Hev, e -129\14 xﬂ)"'f.. L
~ (S)5 (s), =1. 1055
From the above calculatlons, itvie-eoncluded that (S)'cau bef
t treated as 1ndependent of fllm thlckness wlth less than 2. 5%
‘etdev1atlon when the fllm thlckness is less than 50008 for Mg
fanﬂ/HOOOA for Pb. The above results are cowpatlble Hlth the

reported dev1at10n of 5% for a SOOOA thlckness in SlO (*6)
4.3 DePSifY resQlutiohi“ /.’~~ﬁ

When a number of incident’particlesfirraaiatefthe
.target, only a'Small fraction of‘theu are backscattered; The
'p0551b111ty of an 1nc1dent partzcle being backscattered Hhen

‘t”'pas51ng through the target materlal depends ‘on the number of

LA
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Flgure 4 1 : '
Particle energy 1n the process of backscatterlng
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target atoms per unlt volume and the cross sectlon of the

target atom..From Flgure 4-2,. lrradlatlng ‘the target of area‘

a and thlckness dx, the totaL nunber/of backscattered
vpartlcles N 1s glven by(*?), .

‘N

0/(28) & (Fp /A)dx =-msmmzmmcm=(um6)
‘éhet? TR T P
:  0,: the total 1rrad1at10n dosage of the 1nc1dent
:epartlcle in- Coulomb B m:t
_Wzlf the number of lonlzatron of the 1nc1dent
’-_fpartlcle | | |
e ; electronlc charge . .'_ e ‘v_”']‘s A
Q/(ze) ; the total number of 1rradiat1ng partlcies
N .: Avogadro's number - déi N
.'epf,1dens1ty of target mater1a1
ey BLE atomic Wexght of. target materlal
va‘: total cross sectlon of target atom.
Fromyequatlon u 6 it is clear that 1f the den51ty of the
‘target mater;al changes, then the backscatterlng yleld Hlll
.be changed ‘In practlcal cases the backscatterlng yleld
-' measurement‘Ls done only for a small SOlld angle, hence the'
. yleld expressed by a dlfferentlal cross-sectlon, ratherlthan
aa total cross—sectlon,vls more useful Eguatlon 4 6 then
becomes : ' | ‘.J w o , ) o . .
_NF-' Q/(ze) dﬁ"/dn (Np /8) dx ami-~*~,*'-¥?f.(u-7)" S
\?t*And the dlfferentlal cross-sectlon glven by the Rutherford

formula is (*7),'

dé'/dp;- 1/4 (e 21 z2/(n1 v1 ))1/s1n(e/2)
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“““““““ (4- 8) ‘ s
uhere

X Z1 M1, v1 : the atomic’numhér,smassvand~Velodit§-of

1nc1dent partlcle

‘.:

'ZZ'; the atomlc nunber of target atom | 5
;o ' ;e.;‘electronlc charge.v *%‘ ‘
'B‘; backscatterlng angle L <ﬂ_:‘§; S d:_, -f.-5

“1
'

‘;»“ Equatlon 4-8 is expressed convenlently in terms of energy in

iﬂev, as foilous-v o - o

f dO'/d.n.— 1. 296 x 1o (z1 22 '/ E ) 1/s1n (e/z) (b/sr)
———— (u 9) vz.. i . e i

From equatlon 4-7 and 4- 9, the den51ty of the’ target )

i materlal can be determlned by measurlng the fllm thlckness

/

~dx and thevtotalbnumber of backscattered par?&cles at glven'

4.4 Composition resolution ;
i;; l.5_ ;,5; Compos;tlon ratlo can be determlned dlrectly from RBS |

‘ausgectra._The total counts under each peak are dlrectly N

'”'1ated ‘to equatlon 4-7 The ratlo of the dreas under two :

g%ks is as follows j ﬁ‘y'sy'devf‘f' E %%dfl , o l,
SNt peN2 = (a0'1 /dn. Np1 /A1)/(d0'2 /da sz /&2) \

_The'rat%o of the number of atoms 1n ‘a unlt volume 1s,”

S @eansdeoan e
. : : o =N (a0 /dn.)) /- (N2/(d62 /de)) | -;, !
O T=(NTOUN2) (zz/z1) ;’_;—7ff*f"‘5"f‘f=-f-(us11)‘f_
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N1 N2 is the total count‘under each’ peak From 4- 11

—

measuring the area under each peak from the spectra, the

- ratio of the. number'of.atoms is defined. In practlcal cases, o

the spectra 1s d1v1ded ‘into certaln energy steps. The ' o E _{

¥

backscattered partlcles that fall 1n an energy step are '

.recorded as the number of counts in that channel. Then the;*
number of counts in one channel is, ' - ; o ' AR
‘ ‘ 3 :

= 0/(ze) a0 /aa (Fp /h)da Ax 4 S
.= Q/(ze) dd/dg.(NP /b) da AE/(S) f---ff(u-jzj
where (5) ls backscatterrng energy'loss parameter.qiven in
equation a-uland E is the eneroy ﬁidth of‘the.channel;vln a-:
51mllar way, the ratlo of the number of atoms in a compound
is deflned by the ratlo of the number of*counts 1n the peak'K
channel‘as follovs, S e e S
L @p1 AN/ (Gp2 A2 = (Emi/ER2) (32/21)° ( B2/

'The enekgy v1dths of each channel are all the same

AE1 : AEZ ) . : oo Y . o - | ..lr,.

‘fherefore, N1/N2'= (Hm1/Hm2)(Z2/Z1) --ee-é4¥(4¥1uy!
- N1, N2 is the number of atoms of comp031t10n 1 and 2 1n unlt | r

volume. Equatlons 4-11 and u-1u are valld only if
comp051t10n is homo?eneous along the 1nc1dent partlcle

| passage.,If the COMPOSlthD is 1nhomogeneou= and the
comp051tlon ratio is changlng from one domlnant element to l
: another without clear boundary rémlons( llke the 1nterface

of two fllms d1ffused into each other) spec1al consxderatlon"

for the calculatlon of : comp051tlon-ratro is requlred.

‘

‘.




£
u;S,Composition analysis of multilayer‘thin»film

1 N . i ." .
~\,’. It 1s very p0551b1e that the 1nterface reglons of -
"multilayer: thin fllms consrst of several elements maklng a
xtransition’reglon rather than a clear boundary between tvo-A
ﬂfllms. The tran51tlon reglon may range from several atomic

-layers to several hundreds of atomic- 1ayers dependlng on the o

fllm productlon method, ‘the treatment after and, or durlng

fllm productlon and the film materlal comblnatlon. Hlthln
the 1nterface reglon lt 1s very llkely that the composztlon
,ratlo varles along the depth from one domlnant element to
'another. In the process of the appllcatlon of RBS thin fllm””
analy51s technlgues to the 1nterface reglon of a. multllayer
film, the problem of stopplng power and comp051tlon ratlod
vcalculatlon is conSLdered. By measurlng the fllm thlckness
bof each of the constltuents in a multllayer fllm, the',
overall average energy loss parameter (S) can be calculated'
from the E&BS spectra./ﬂhen a certaln depth range wlthln the'
‘fllm contalns more than one element and the comp051t10n
: ratlo has a gradrent along the depth axls, " the procedure of
| flndlng (S) by measurlng thlckness is not appllcable because
the- stopplng power dE/dx 1n the compound reglon 1s varylng
-_;all along the depth ax15. The stopplng pouer for the
multl—element reglon can be most precmsely determlned by -

"jmeasurlng the energy loss and the fllm thlckness but thls lS:'>

effective only when the comp051tlon ratlo 1s constant

e
- - o
- : Ry

everyuhere in that reglon‘ Heasurlng the composatlon ratio

©>




S . ‘,‘L- . C o O ue f

- in a certain depth .increment, the stopping pover of '‘each ~
'inCrement'slabucan-be'redefined. Redefining dE/dx and
: comp051tlon ratlo for each depth 1ncrement can be considered

‘as ‘a probable method for determlnlng the comp051t10n ratlo‘ -

proflle along the depth axls. The whole process of

’~_redef1n1ng and recalculatlng dE/dx and comp051t10n ratio 1s

done by the help of a computer. It 1s known that the only

vay to determlne the energy loss parameter (S) when stopplngr
. power dE/dx 1s ‘not avallable, 1s to measure the energy loss

.from the spectrum and the phy51cak film thlckness t (*8)

‘ijThe‘determlnatlon of (S) for- an arbltrarlly q&mblned '/ .

:lcqmpound of 3 or 4 elements»by the above method is not-

.
¥

Asuitable'for'composition‘analysis because‘thé“measuredf(S)

4

represents the overall average value of the measured

thlckness, vhlch is usually measured from one Slde of the

,fllm to the other. Thls problem is sOmewhat allev1ated by;

employlng Bragg's additive rule of stopplng power for a
E

compound(*Q) Bragg and Kleeman flrst postulated the llnear

<

'addﬁ%1v1ty of atomlc stopplng power in 1905. Equatlon 4-14

o . ¢

shows Bragg's addltlve;rule wrltten ﬁor a compound made up

iE

'I

dof three element= x y,z hav1ng a+ comp051tlon ratlo n1 n2 n3.g

. / ( “

The new stopplng power for the compound lS,

€(x,mpz) =.n1€x +}n2€y f;n3€z

wherd,"
A S o : .
R f'%xx,y,z) : the molecular stopping power of the

E

- 4 ' ..compound.

. P
ST o4 1
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€x Cy,ezf atémic stOpping power of x,y,z'element.
The valldlty of thls equatlon has been’ checked by sc1entlsts
vfrom backscatterlng experiments. Feng et. al (*10 *11)

~ -

~showed that the energy loss 1n Au Ag mlxtures was able to be§;
'predlcted Hlthln 1% acCuracg by Bragg's rule and Au;Cu |
alloys vlthln 2% accuracy,_aud they proposed Bragg's’ rule is

' valld for all metal alloys. They also checked the stopplng

i»power of solld or;des and concluded that the stopplng power

fr,hof solld oxygen ls 6 - 22 % Lower than that of gaseous

‘oxygen. In the process of comp051t10n analy51s in the
5 v'. .‘é . -
‘ followlng sect;ons of thls the51s . the-stopplng poverJforﬁ;

\

: solld oxygen 1s con51dered to be 85% of that of gaseous

'joxygen as proposed by Zlegler et. al. (*12 *13)

"

e .

. L]
o

»u 6 CompOSLtlon analy51s applled to Pb Mg—o C comblnatlon
Sl T )« o w,‘ S,
'_The‘atOmic concentration;profile“ofla conpound ofﬁfour'H"
elements i e., Pb Mg 0 C,,1s obtalned through the follow1ng
procedure. Thls procedure, however, is only valld when the
spectrum peaks from each element are sepaqated. The RBS
pectrum from Pb Mg-0~c by 2. O MeV He : glves four,. ' _“"ﬂ:”.
n;well-separated peaks and 11 glves one reason why the fllm |
.naterlals of’ Pb Hg, ‘and the carbon substrate are chosen fi
oinitially;'The‘definltlons of_allwterms useduln thls section
are’glven below {. R . |

depth in. cm(t =0 deflnes the surface)

e ‘At depth 1ncrement .-: N



. o . ' . ‘ ‘ R , o s, S ;‘_ 1 I
. . ., . - N ' . l‘. v "" “-r ’
- - v LL T ST A
(s) backscatterlng-energy loss parameter in ,”1f.a‘ﬂ”
eV/cm (see equatlon 4- S),f' L »f" 7m o o

:dE/dx ;‘stopplng.power rn eV/cm'
. D .. . 2 T , ‘
€ ; stopping power Im eV-cm/atom . -~

. . . ,.v . ) " L'. . ) .
€in ; the stopping pover 1in ercmﬁarom for - -

parﬁiélerenergy‘of Ein ,ii 1';¥-;?w;?1,
€out ; the stopplng power in eV-Qm/atom ror ' ‘ffv
particle energy of Eout 'W-_ y ,'{ f'i_ef;.m.zk
E1n Eout - E for 1nbound -and outboaﬁH partlcle ’
Hm‘; ‘the numher of counts'ln a qhahnel
. do7da : dlfferentlal cross sectibn in b/sr
.subscriptb1—4 : desmgnates element Pb Mg,O and C'
- reépeéti#eiy . s Ealh |
'z aeomlc number“ - ?, o SR O
'vzif the number of 1onlzatlon L ;'uﬂ | ":_ ‘f,“A' e
Q3 ;he total 1rrad1atlon dosage of the 1nc1dent
‘partlcle . jia>,” |

AE the energy width of one channel"

O S ‘ _ l “ Co
e ; electronic charge .. T SR \
- ' dao ; the solid angle’ of detector'effective'surf\

meaéured'from.targetL

‘N ;.Amogadrdis'number.“
'ﬁv; nr.>of atoms in a‘unlt volume(atomlc dens;ty)
Km ; ‘kinematic rec01l factor,

The detalled procedure wlll be dlscussed in a later sectlen;

a summary follows ;-':‘- - “_' -

a. , Assume. dE/dx for the surface of the fllm. if the,

N



" s gy vy 4 e Y s it + i

major elements of the surface are knovn, assume_

dE/dx of one of the major elements.

_Calculate-the comp051t10n ratio of the surface
using'dE/dx'obtained in step a . The cdmpositicn"

_ ratLo will be determlned 1ndependantly from the

_error of the dE/dx for the sugface assumed in step

A

g%recthE/dx for theuSurface'using the
composxtlon ratlo obtalned 1n step b.

Recalculate the comp051t10n ratlo of the surface

using dE/dx obtalned 1n step C.

Recorrect dE/dx for the surface us1ng thev

_ccmp051tlon ratio obtalnediln step d.
Increase depth by At. Find out the backscattered

energies for the each element located at:At'underc

surface. )

‘Assume dE/dx at the depth At is same as that of
the surface. Calculate comp051tloﬁ ratlo at At
vCorrect dE/dx at 4t u51ng the result of step f.
:”aylncrease depth by 4t now t 2 At Go to precedure

",;.:“vg and h for. 2 At. R ,_ o

3

Contlnue to 1ncrease depth by At each tlme ln the.

. .’same way untll.the.de51red depth 1s;reached..

5.

4.6.1 The calculation of composition ratio

-
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.The: comp051taon analy51s from RBS data is dlscussed by
Chu et al. (*1& *15).?It is 1nd1cated that the compos1t10n
gratlo obtalned from an. RBS spectrum is relatlvely
‘lnsen51t1ve to the errors 1nvolved 1n the values of stopplng

. 3 Q(.’V

"power dE/dx used ‘in. the calCulatlon (*16%’ From equatlonl.

,u 12, the atomic denslgy of each element is glven by

| SN L Hn1 (5)1 K /(a0’1/do,) , N2 = Hp2 (5)2 o

Sy 'K/(ddb/da)' o ,1_;§/)7 "

N3 =3 ()3 K/(dO’B/dn.) S = Hod (S)4 S |
B YT Lot I

0 K= ze/(Q4E da) o e

‘The’ratlofof ﬁ1'throu§H:N4_is,

N1:N2: N3 Nu

»

Hm1 (S)1/(do’1/dn) : Hn2 (5)'2'(&62/’99_')_*

Hm3 (S)3/(do”3/da,) . Hm4 (S)4/(d08/dQ)"
- e N b
,The ratlo of dlfferentlal Cross sectlon of each element at ’_'
the same 1n01dent energy is glven by equatlon 4~ 9 and '
-~equat10n u 16 becomes, '
N L e T L

a R S
Em1 (S) 1/21 3 Hn2 (syz/zzw

i

Hn3 (5)3/%3 : Hn4 (S)u/za .-_-_-.‘--’,--—-7-:,—-‘-—' (}u—1'7) Y

. (S) 1s deflned by equatlon 4-u . It cannot be determlned

unless the ratlo of compound element is found because

_term dE/dx of eguatlon u—s is lndetermlnate. Equatlon 4—5 <

~*Hlll be rewrltten as, o ', '; f,
& - L

(S) = Km N Gln + 1/cos6 N Gout

K4
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s, = srn N(Kn + 1/cos6 €out/€ln) --———;-——-;---(4-18)

'Flgure 4-3 shows the backscattered energy from dlfferent
scatterlng centers in a compound target The energy loss

.parameter for each elementwwn the compound is deflned from

th;s.flgure as folloys~:k

L (8) 1

5';E1i% E1)/t'd .
(s)2 =.(E2?-_Ez)/t L ‘
(5)3 = (23 - %)/t
_(S)u =‘(Eu:f Eﬁ)/t

Eguatlon 4- 18 is extended to a compound of four elements and_

‘the energy loss parameter for each element in the compound

-

is glven by ;. A

(5)1 = €in N (Km1 + 1/cos@ €1lout/€in)

_ - D A
(s)2 = Gln N (Km2 + 2/cos® €2out/€in) -
RS E (5)3 = '¢34-1/cosdle3out/€in)
C(s)h = “+ 1/Cos® €fout/€in)

Cin’: the molecular stopplng power of the compound

5 for the particle energy of Eo

. Cout : the molecular topplng power of ‘the

- compdund for- the part'cle.energy‘of Kmn Eo

lN': the molecular'den 1ty of the compound

: Kmn : the klnematlc T c011 factor for element n

' The ratlo of (5)1 and (S)2 is w ltten as,

L3
tg

(5) 1/ (s)2.

(Km1 +. 1/cose €1out/€1n) /. (Km2 + 1/cosO GZout/eln)
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C

X

1 compound ms

2
¢

Figure 4-3 &:'- L
Backscattered particle energy from different
~* ..~ 'scattering centers in compound target..



: From eguation uezo it is understandable that the'ratio of

(S) is 1nsensxt1ve to the systematlc error of stopplnggpower

*)

€. Flgure U- u shows the stopplng power e VS. energy (*17)

'vfor the four elements con51dered in the experlment. When 2. 0'

Mevqﬁe bean is lrradlatlng 5000 A thlck target, the energy
vrange onHe and the stopplng power range of the target
‘element is also shoun and Eln, Eout represent the energy of

‘ge in the path of 1n901ng and outg01ng in the target. The - :

energy range of oxygen is calculated by assumlng the atomlc

A

denSLty of oxygen is the sane as that of the molecular.
_ denslty of.HgO. The term eout/sln in eguatlon 4 19. 1s

’derivable from Flgure a—u 1f-the fllm is not comp051te.‘lf

the fllm materlal is comp051te, a new € ¥s. energy Curje can

be drawn for a g%rtaln comp051t10n ratlo of the compound by

the help of Bragg's add1t1v1ty rule ‘and eout/eln from the :di

:comp051te w111 be found from the new curve.v

. 4.6.2 Depth prcfilenof compositiondratio

oL

'

The stopplng power €& for the surface of the compound is

dlscussed in the prevxous sectlon The backscatterlng
energy loss parameter (S) can be obtalned if the atomic
»den51ty, N, 1s glven. But here we have an@ther dlffculty 1n
'ihandllng a compound and 1t 1s to determlne the atomlc
'_den51ty N at each depth 1ncrement. The atomlc den51ty for'

'pure bulk standard mater1a1 of Pb, Mg, ‘0" and C, is glven by

2,
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»

. Tableﬁ&:t‘ Measurlng the phy51cal den51ty of a compound the
F

,atomlc den51ty can be determlned but it.is almost lmp0551ble '

/

to measure the phy51cal denszty of the arbltrarlly comblned
s compouﬂds in- the depth scale. The depth proflle analys1s of
an R S spectrum is done by assumlng that N for a pure

¥ _
‘element wlth standard den51ty is Stlll appllcable when the

'element cdntslns minor 1mpur1t1es 1n 1t. Th error 1nvolved

. in the assun tion of N will cause an error in the depth

h\scale because the stopplng power dE/dx (e./cm) 1s glven by,
[ . : L L U
’k“’ , dE/dx = Ne,qu--—f---—:---o S ee——e (&-21)'

".'I

verror.ae

RY;
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TabL@'u-
Atomlc den51ty for standard bulk materlal
. - " S
phy51ca1 density | atomic den51ty‘ R
| (atoms/cm ) |
====;=========-=====.|‘<==Q===;:============‘
‘ R o] 3. 3 x 10 C I
f“”"“f”f"f‘f‘[“’f‘f“”*"‘k"f"|‘
' - . S AR " ﬂ“ S l,
{ 4.3 x 10 R
et it bl b deded Shdad -*”—---."'-,'"‘""P_-'_"‘-I'
P y : Y
N N - { 2.67 x_10 _(%1) |

. . . L
_-c-,----‘—-aqb--bd--—-—--—-,—l-

P Rﬁ
f 11.3 x 10

] .
- o
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 CHAPTER 5
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[

i,

EXPERIMENTAL RESULTS AND DISCUSSIONS

i'5m1‘§roducti0n.ofhthln'filmf

- Both the low energy 1onvbeam dep051tlon and‘thermal

- evaporatlon technlgues are employed to produce thln fllms of
hug and Pb on carbon substrates. Durlng the process of low |
menergy 1on beam deposmtlon, thea§arget chamber pressure 1s_.
"malntalned below 1 x 10‘torr to avold possmble lmpurlty

..<A .

"lnvolvemenf durlng fllm growth. The 1on beam is: mass and

',charge flltered to exclude ioaned 1mpur1t1es generated by
the ion s@hrcel and tke neutrallzed or multlply 1onlred
| /partlcles from belng depos1ted on the substrate. Thev
selected 1on beamn energles for fllm dep051tron are 2u 43i:'7
72, 121ev for Pb and 24, ua- 100 150ev for Mg. Thej |
comblnatlon of these energies makes 32 samples of double
layer fllms of Mg and Pb.on carbon substrates. From the RBS.A
E aspectra of these samples, the most eff1c1ent fllm growth is:
observed at an energy comblnatlon of aeev for Mg and 48eV |
ii.for Pb 1on beams 1n "both fllm structures of carbon-ug-Pb and
carbon—Pb Hg.»(Under constant 1on beam deposr};on dosage of

0 22 Coulomb maximum - fllm thlckness was obtalned at the

'-_above energy comblnatlon) The optlmum dep051t10n enérgy for

r
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double layer fllm of Hg and Pb is conflrmed to . be the same

- as that for 51ngle layer fllms of Pb and Mg. An 1nc1dent ion

‘
~

—

beam energy of 48 ev, was found to be the optlmum for
produc1ng thin films of~ng and Pb(*2). The 1nvest1gatlon
focused malnly on fllms made at~the optlmum depos1tlon

energy of ue ev. Tn addltlon to the above 32 samples of low

+.

energy ion beam dep051ted double layer fmlms, 4 samples of

ﬁouble layer films of Mg. and Pb on carbon substrates vere

produced by a comblnatlon of thermal evaporatlon and low

energy ion beam dep051tlon wlth ion energy of 48eV. Also, 2

samples of double layer Mg and Pb were thermally evaporated - *\%
onto carbon subst ates. The carbon substrates were all o
pollshed mechanLCully before being 1nstalled in. the target
chamber. The thermally evaporated fllms of Pb and Mg on
carbon substrates wéﬁg made in a vacuum be€ll jar kept belou:
5 X 10 torr durln< dep051t10n.;The shapes of the ion beam
dep051ted fllms were controlled to produce rectangular

dep051ts of 1/4 ‘inch wlde and 3/& inch., hlgh. Another

. dep051tlon vas. carrled out on-the top of one deposmted fllm

' so0 that“the two d‘pOSltlon patterns formed a/cross. The

S

/

center of- the cross constltuted the &ouble 1ayer film whlle,
_each end of the bar comprlsed a 51ngle layer fllm of each - -

materlal. The total dosage of dep051ted ions was set to O 22

‘Coulomb and the expected thlckness was 3700 & for. Pb and h

¥

~.2800 L for Hg prOV1ded that the dep051t10n was made very

'_uanormly over the 1/u x 3/4 lnch rectangular shape,_no

sputterlng occurred and the denSLty of a depos1ted fllm was..'

a
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9‘.‘

’the same as that <f rculk materlal. In practlcaLwcases,vthe

dep051tlon shape changed as the ion beam energy was'chaﬁged

v o

because space charge expans;on 1ncreasqﬁ as the ion beam

:-energy decreased CauSLng nhe dep051tlon pattern to broadéﬁ,;

coefflclent cf unlty»vas observed at'an xn01dent energy-of

‘The film thlckness therefore varled frd%;the center area

where the thlckness was the hlghest to tpe boundary area xﬁﬁ%
/ ax R 4

where the thlckness was the lowest;V
f

e 7Y
than 200eV(*1); For Hg 1on beams a self sputterlng %

approxlmately 500 eV. The threshold energy for

:self-sputterlng of Pb and #g was reported as\belng

.approx1mately 2u eV’ (*2) If the ion beam energy is below,

the optlmum deposxtlon energy, sputterlng yleld becomes

fsmaller wvhile space charge expan51qn becomes larger. If the

_ion beam energy is above the optimun, dep051tlon energy, the

former becomes largervwhlhe the latter becomes smaller. In

R B

fthe both cases, the film grOVth rate'iS‘reduced.:The maximum{

!

growth rate is achleved only at the optlmum dep051tlon‘

energy, i.e.jat the energy whlch has balanced sputterlng and

spaCe.charge expansmon./ - . - A SR RN
TR T / ) » )
T [ o

[

!

5,20 Van de Graaff acceLerator preparatlon for Rutherford

backscattﬂrlng analy51s i ‘»w» f o | ‘i'
. R ’ f o 'f o ' T B

A He beam energy of 2 0 MeV was chosen because that

B

energy 1s well below the p0551b1e resonance energy of low

hc8

7'( 5 A Dt

‘dep051t10n vas negllglble at Pb lon beam energies hlghemy«
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»;atomlc number elements {oxygen .and carbon) 1nvolved’1n the
'experlment. The maximum stopplng pover and maxlmum cross
',sectlons are obtalned around thls energy, givrng the bestv
depth resolutlon. Flgure 5-1 shovs the RBS data handllng
system»vThe RBS spectra collected durlng the analy51s was"
stored on magnetlc tape and transferred to SDS 940 .
mlnlcomputer for further study.vFinalndepth proflle analysrs
was carrled out by computer program wrltten for the‘ v
'Unlvers1ty s Amdahl u7o V/6. For backscattered partlcle'
detectlon, an ORTEC s;llcon surface barrler detector was
’,employed and its spec1f1catlons are as follows(*B) ;

actlve area ‘: S0 mm

@
~ ¢

- alpha resolution at 5.5 MeV ; 22 KeV
‘ rsensitivevdepth:; dOOO micron )
"ynoise resolutionbt'derer'
operating bias ;A-QSO'V’"
Con51der1ng the dependence of energy resolutlon on the root
mean sguare of energy, the energy resolutlon at 2. 0 Mev is

13 3 KeV.‘The secondary electron emlss1on coeff1c1ents from

. Pb and Hg for 2 0 Mev He 1rrad1at10n were measured as :.

¥ Pb 3 93 (electrons/lon)

K'Eg = 2 25 (electrons/lon)
HFlgure 5-2 shows the effect of suppressor blas on target
_ dcurrent durlng 2.0 Mev He lrradlatlon for each matermal. The

_energy dlstrlbution of the secondary electrons ranges from 0

|
J

v, wlth 85% from Pb (and 78% from Mg) havxng

energles be ow. 5 eV These flndlngs are con51stent wlth
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those of klnetlc emission of secondary electrons reported by‘

'Kamlnsky(*u). The mlnlmun target current is observed Hhenq

the suppressor b1as is between -20 and —50 V. as the

'suppressor b1as is 1ncreased to about -100 Ve the target
:current sllghtly 1ncreased and. then remalned constant beyond

- a suppressor b1as of -100 V. It is postulated that thei

mlnlmum target current obtalned at a bias between -20 and

-50 V could lnfer a maramum energy of secondary electrons:

'_lylng wlthﬁn thls range..Flgure 5-3 shows the detector

geometry 1n the target room..ORTEC srlrcon surface barrler

'detector is placed at the one end of the cyllndrlcal

colllmator to 1ncrease the dlrectlonallty of detectlon.,The

<

-resultlng SOlld angle of the detector is calculated as 3 25

X 10 sr. Theoretlcal backscatterlng ylelds of He from Pb, Mg

- 'and C are calculated by eguatlon 4 =7 and 4- 8.,The

v experlmental backscatterlng ylelds measured from RBS spectra

Y

Qspectrum is less than 5 %.

5.3'Stopping pohegsand'energydstraggling'data

-

of Pb, Mg and C are compared wlth the theoretlcal values.

/

The ratlo of experlmental to- theoretlcal is O 99 for Pb,

"1 O3»for Mg and 1. 04 for C. ThlS result explalns that the

comblned error of He total dosage, detector settlng, the

'aapplled stopplng power and the enLrgy readlng rom_the_'
| _“ .

L

}

Sy

One of: ghe most lmportant parameters 1n the analys15 of

: RBS spectra 1s the correct stopplng power data for each

N

2 Sra



6l

 HOIVNITTOO

LU om VENY: N\
| TOVIYUNS ¥OLOAIAA

¥0L0aLAa

-

.M,:w,ww_aﬁ;pmloa xamm.m;

) - T
=, -
) ar -
L
N S =
,14
noo-

"By uw : mﬁ.ﬁ

5T

,._,.

hp#msoou ho;ompmo mmm.

..MB - . | m m wh%.ﬂm

,.wﬁwc<_nawom,popomwmo

.momwp:m.m>apommwm Movompwm,

" )!7

El

-

FH® AW 0°2.

-

LADUVL



: target element.‘The stopping power data adopted here are

contalned 1n the Atomlc Data and ﬁ“@&ear Data Tables of
zlegler and Chu(*S) The adopted unlts/cf stopplng power
were takéﬁ as e (ev-cm/atom) unless otherw1se spec1f1ed
(e. g- dE/dx (MeV/mm or KeV/AJ

of dens;ty of the target materlal and prov1de a convenlent

calculatlon of stopplng power of the compound Table 5-1

.The energy straggllng theory of Bohr is modlfled by Llndhard;

1

' shows the stopplng pover‘data for alpha partlcles of between

¢

| 0 4 MevV - 2. 0 MeV energy in Pb Mg, 0 and C.

penétrate lnto target materlal is called energy straggllng.~

et. al (*6) ; Chu has calculated energy straggllng for He

ions 1n various medla u51ng these modlfled theorles. Figure
‘5-4 shows the energy straggllng for 'Pb and'Mg 1ﬂ’the
' backscatterlng experlment wlth 2.0 MeV*He (*7) .\The 1n901ng

'-gand outhLng paths are assumed 1dent1cal and the 1n901ng He

energy is assumed to be 2 0 MeV. The outg01ng He energy 1s

‘,assumed to be" 1. 8 MeV for Pb and 1. 0 Mev for Mg because the

d‘}approxlmated klnematlc rec01l factor for Pb is 0. 9 and for‘

'Q

';Mg is 0. 5.’The energy straggllng for low mass th1n film

:'materlal wlth 1ess than 5000 A thlckness is not serlous..

5

'lCOmP?red with’ the detector resolutlon(13.3 keV),

.)5;4aAnalysis’QrCRutherfordfbackscattering7spectra-‘

oY

N R L L .?‘21" L S S . . _— . § “ o
' B0 N A S

/‘ i

) <. The unit of € 1s 1ndependent'

The fluctuat1on of energy loss when energetlc pantlcles

‘ Rutherford backscatterlng experlments were carrled Oht uderl e]
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Table 5 1
stopplng pover data ( He' ). - (*5) s R
----------------- f-—----—------ ( x 10 ev-cm/aton)
. g ‘ Y N | . .,| W
... energy . |- Pb . t Mg {7 0. =~ C
R N ( MeV ) 1 l _ 1 o l
» | ===,=:=::======‘= | ======='===~| ==========| ;: ========.| Exs=sS=====
P [ R o N IR | :
I 2.0 ,1.125.0 f 45.11 4  35.84 | 25.97
T P Vo | (30.u6) |
| ======mmm - R i e B R
i v . I o N i
- 1.8 | 128.7 I .46.85 “1-."37.91 1 27.68
;| : : R I | (32.22) 4
e B [ remmmrm s s e e | m e e
I | N R P N
| 1.6 1 132. 4 | 48.82 i 40.27 | 29.72
1 . B I - (38.23) | o
| == mee—— l'-—-"} °°°°°° |:‘—---°--?-.',l;-'--.'r"-,'"-'---_,l e ———-
| . | - - L i !
% K BN [ 135.9 | 50.99 ) 42.81. | 31.99
| == =mm e R aad e B e B D
e S L S N T .
A N 1 139.1 1 53.21 {  45.29 1 34.27
{ o B ‘ |- T " (38.50){ -
B et e e L R T
I - AT L ' !
1.0 S 1.141.6 | °55.26 | 47.34 | 36.19
o I S . b (028
B R el B et et ettt |=m == | ===
{ S B AR B - N ‘ | .
1. 0.8 S 1.9 56.78. | 48.39 | 37.21
P A B o (1.13) - _
S mmmmmm e [mm—mm————— Jomm e e | m e n e jmmm——————-
B N A B ' i : N
) ..0.6 1 138.1 . 57,%?« |- 47.72 { 36.58
R IR |- 2 1 (80.46) |
N it bed b inintnll Rt iedeiindetod Bl ————— ===~ mm o
1 0.8 I 126.4 { 56.04 . | ~44.34 | 33.32
N R | | 7 (37.69 1 -
I - 1 i S P I

. % the value in parenthesis is for oxides
“‘ . “l\‘ . . ) i . N . L | . :
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the following machine‘conditions@

5)&,1'Background'le6el elimination

'av01d plllng up of data. nor ally for Pb 1 -5 nA,

e e e - iR

68

- y . . N . 4

-

Ion beam energy : 2.0 MeV. He.

' Secondary electron suppressor bias : -200 v

Ion beanm current : adjusted in the range of ‘1 x 10

1 X 10 amp., dependlng on the target material to.

L

‘,i’ug 50 = 100 nd
~Total ion dosage :~10’— 60;micro_Coulombs.
"Backscatterlng angle,:‘170 degree

iTarget anneallng and coollng :Atarget holder is:

heated by an electrlc heatlng element 1mbedded in’

‘the target holder. The target chamber pressure is.

.malntalned in the range of 10 torr durlng

annealing. An iron - constantan thermocouple is

‘used to monltor the target temperature. Argon gas‘

N

115 used to cool down the target to roomn

. temperature after each’ anneallng " ERE -

V‘Initially the-backscattering spectrum is recorded into 4096

» channels by a Honeywell 516 mlnlcomputer and later the

1.vchannel numbers are reduced to 102u by averaglng each four

'-channels. Before the spectrum is used as input data for

a

depth and atomlc concentratlon analysxs, the background

PR



- L Y T e b WIS NNV SRR S

!

level should be removed otherwlse the background srgnal
vwould give falsevlnput 1nformatlon for the analysrs. The
Abackground 1eVel removal is done by the follohlng peak

flndlng method (*8) t -

The 1n1t1al spectrum rs assumed to be Gau551an and the -,K'

spectrum is smoothed ﬂy usrng a Gau551an welghtlng functlon.”

‘The Gaussran welghtrng.functlon has K tlmes larger standard

deviatiOn than the initial spectrum.vThe value of K 1sv.‘

emplrlcally determlned and in thlS experlment K 6 is =

R selected. A new spectrum is made by convolutlng the 1nitial '

/
spectrum with the welghtlng functlon and the background free

spectrum is obtalned by deductlng the new spectrum from the’r'
lenltlal one. Flgure 5-5 shows the procedure of the
background level removal. |

From Flgure 5-5

A 1n1t1al spectrum wlth background

B ::background

-

S neu\spectra obtalned by welghtlng functlon

.D

fbackground_free spectra
' The new spectrum is given bY} '

D:h Ak ) W, wHere k= i+3

A S:,L.' = S Nere » ‘  | - 2 :/
Di = Ad - Sr T '
. where - - w
| ‘_hi': ith datatof-initialispectruml
Wj : jth data of welghtlng functlon v Vj'= ﬂ(j{‘?
| ‘}/Ao:‘ : | |

‘16w : the'standard deviation ofwueighting function_e
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,si the standard dev1at10n of the 1n1t1al spectrum

5'6' K\Sg, (whene K 6 is. chosen 1n thls experlment
o Ns e :

By adjustlng the value of K, the ellmlnatlon level"’

' can be adjusted and set to the predlcted channel'

' a11s zZero 1ntercept1ng p01nt.

/7
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' ;5 - Channel -

3%

Y Y ."2,’ T had L L X )

.j; T _"'3.,”? ..“' ' Channel
ﬂAfter backgrpuhdgsignal_isfelimidatéd,‘

T . K

Flgure 5 5 : ' ' ,
Background level removal L

.

'-re background 81gna1 is ellmlnated._v;
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RBS spectrum of magnesium

','chamber have to be transported at atmospherlc Y

72
5n4,2 CM(T) and CM(u8)

Figure 5-6 shows a portion of a complete

/7spectrum for magnesium from CHM(T) and CM(48). The

;leadlng edge of cH () lles ahead of CH(UB) by

- about 50 Kev and the half max1mum p01nt of the

front edge. of CM(T) is 28 KeV ahead of CM(QB).

' Thls energy shift is explalned by the 1sot0pes of

b .
;Mg Table 5-2 shows the ! Mg 1sotopes and thelr

abundance. The calculated value of the energy

) shlft between mass 23.985 and 24 986 is 28 i Kev

',and between 23.985 and 25 983 is 55 KeV. The

'thermally evaporated Mg fllm cons1sts of méss

'-23 985, 24. 986 and 25. 98? whllst the low energy

",1on beam dep051ted Mg fllm is made of s1ngle mass

?2§ 985..

1@&% oxldatlon of CM(T) and CH.(48) - a

The complete RBS spectra of CM(T) and CM(QB)

from}whlch flgure 5 6 are extracted, show an.
\

oxygen peak 1n.both cases. Mg is chemlcally very

o~

reactlve wlth oxygen and unfortunately the ion.

beam dep051ted fllms fr&m the ultra hlgh vacuum D

-

' preSSure to the storage bell Jar, or to the Van de

i

AAGraaff for RBS_enalys1s. The oxldatlon o% Mg has

/oA
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Table 5-2

topes of 'Hg)'

1s0

a

o P W - - - - - -

The

-

o

— —— S — S VD D WSV ) S —pp " www

[

Ty

I
I

hatural ‘abundunce|kinematic recoil factor

]

(%)

= 170", _He®

0.5123

78.7

0.5265.

o

A

/

0:5398

’l

10.1
11.1

v

u
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been‘investigated bf many scientists and the
measured oxidationnrate of Mg is given in Table
5-3 (*9“*10) If ve assume a magnesrum ‘oxide layer
1s formed on the surface of the Hg film and the

.slab of . HgO grows thrcker as. oxygen is taken up,

the oxlde layer growth rate can be calculated from.

the above data.-The ox1dat10n rate of Addlss(*9)
is" equlvalent to.2 A /m1n. - 4.7 A /mln.vand
‘Cohen's (¥10) data is equlvalent to 0.4 A /min. -

2.5 K'/min. prov1ded that the magne51um oxide has

‘the standard value of den51ty. Accordlng to the

above data, theVStoraqeaof pure Mg films in the

L ' . ) o . : -~ ~é .
vacuum bell:jar which has about 13.— 10 torr

-

oxygen partial pressure, cannot keep the sample_*

”from ox1dat10n»beyond several days. The 5000 A

“.thlck Mg film takes only about 30 - 200 hours to

\

be oxldlzed 1n the vacuum bell'jar at room

-’temperature;‘Experimentalﬂresults of the oxidation

-rate/of Mg*(*11r)VShow that»the sticking

probablllty of oxygen does not drop when thzéker

o oxlde 1s present. Thls flmdlng 1s not expected on,‘

the bas1s of the usual concepts of ox1de fllm

‘,forma 1on..Thls phenomenon ﬁs explalnéd by ' a

; Landsberg (*12) who assumes that oxygen rs

oty

A deactrvated, but create at the same t1me new ones.

Flgure 5 7 and 5-8 show the derlved depth proflle

o



o

and atomlc concentratlon of CM(T) and CM(48).
Landsberg's assumptlon is very compatlble with the
oxygen and magneSLum concentratlon profile which
shows fresh Mg on the surface and no oxlde surface’
barrier vhlch vould block the 1ntake of oxygen.
Oxygen is evenly dlstrlbuted in the Mg region,
rather than formlng a hlgh oxlde concentratlon'

reglon in- the surface area.
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5.4.3 CP(48) M(48) and éu(ué)P(ue) *?»” ~ |
Flgures 5~ 9 and 5-10 show. typlcal RBS spectrad

| and Figures 5-11, 5~ 12 show the derlved depth _

‘f;proflles,of the cu(ue)p(ua) and cp(ua)u(ue) film

.;, ,‘ system. From both depth proflles, no sharp-

o iflnterfaces exist between .adjacent materlal. The

: ,ﬁcomp051te reglon between the Hg and the Pb layer
‘ranges over 1000 K wlde « The comp051te reglon'
‘between cagpon and Mg‘or‘ﬁarbon and Ph layer~ls~
”much narrb%gg than that of the'ng-Ph lnterface.
1The penetraﬁ@pn of Pb atqps 1nto the Hg layer is

4'more notlceable than that of Hg atons 1nto the Pb

tlayer. The probablllty.pf preferentlal dlffu51on,y”
| ofle 1nto-ﬂg is’ see' @om the surface topography -
ofbbothlfilMS;,Pigur 5
CM(“B)'andACP(Q8). :
‘ gralns whlch are much‘larger than . those seen from
.J;the surface of CM(48). It is suggested by Shewmon-'
",ﬁgiéﬁa(*16) that the major atomic mlgratlon route s v1a Ei
‘grain boundarles when the temperature is helow
- 0. 75 T(melt) K. Camplsano %tJ%l._(*1ﬂ) p01nted out J
1that the. preferentlal dlffﬁSlOD dlrectlon was :
controlled as the graln 51ze of the host flln and n

~

' recelvlng fllm was altered.‘The preferentlal

kdlfoSlOD of the f11m with 1 rger grain 512e ;nto
the fllm Hlth smalIer graln 51ze is ohserved and

‘ it is explalned by a longer gralnboundary path "p'
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film surface.\These hole

characterlstfc x-ray com

existing in the film hav
The surface topographies

considerable amount of he

by the SEM inithe electr:

- 81

tngqa smaller grain size.

3
"f., o

of the films illustrate a

oles and cracks on the
‘,.

s and cracks are checked
On probe mode nd ‘the

Lng from these holes and

cracks do not show any d4dij fference from those

comlng"from smoother fil areas. The holes and

-‘I

reach to the bottom laye

;cracks are only on the S rface -and they do not

‘or substrate. The

surface roughness of the film- ‘could be due to the

-~

surface roughness of the carbon substrate. Flgure

5-1u shows the surface topography of carhon

substrate.

.

o . -
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Flgure 5 13~ S 4 o
SEM surface topography of CM(#B) and CP(48) o L
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-+ SEM surface topography of" carbon substrate
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‘evaporated and lov energy ioﬁ'bean deposited

5 4. u The surface tOpography of therlally

fllns._j”

; Plgure 5-15 and 5 16 shov the surface topography
| of cu(r) and cu(aa), and cn (T)P(T) and

¢

CH(RB)P(“B)z A typical dlstingulshing feature

"between the lally evaporated fllms and lov energy = L

1on beam dep051ted filns 1s the graln 51ze. The‘d,: '

l .
surface of CH(QB)P(&B) shows gralns of about 2000

a in 51ze bat that’ of CH(T)P(T) shows no,}d'<’f.'

dlstlnguzshable gralns. Between CH(T) and CH (48)

' the~d1st1nctlon 1s seen -in the same way, 1 e.,f

"\

cu(ua) shows véry small 51ze of gralns but CH(T)

'shows smootﬁer surface v1thout any observable

gralns on~1t. No proof 1s advanced to explaln the

- v

dlfferences 1n the surface structures as a fuctlon .

dlfferences 1n 1nc1dent partlcle energy, growth

’ e

N rate and substrate temperature durlng dep051tlon

~

a; by ¢he two—methods are the 1mportant parameters.

lof deposxtlon method but 1t is postulated that the'r g

&
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bc'; CPfT)H(‘ ”jwas annealed vithﬁfour anneallng

. steps(fzor 30\m1’n. at 1oo’ c, 30° min. Eat 2oo° c, 3o

R nln.‘at‘EOO C and 250 m1n. at, 320 C).-ﬂfter each |
anneallng.step, the target 1s cooied'down to room ':
’temperature by 1nject1ng Ar gas 1nto the target
chamber..h RBS spectrum uas taken after the target
temperature had been stab&lized to roon -
temperature. Flgure 5 17 shows the RBS spectra at

&

room temperature, after 30 mln.,anneallng at 300 C

8 . /‘q _?-

' and after 260 mln. anneallng at 320 C. Flgures
from 5~20 to 5—2“ shou the dernved depth proflle
{7: - .f‘ ﬁor the as dep051ted ‘and the four annealed ones | .
| | ﬁlsted above.,A small guantlty of 1ead ;s obserted
to move 1nto ng region after 100 C - 30 min. and
200 - 30 mln. anneallng step. A greater d1ffus10n-
’“'of lead is ohserved after the 300 C - 30 mln. ;n
anneallng step. hfter the 320 c - 250 mln.b
anneallng step, lead appeared on the surface“of
v:? the fllm\and thls two la§e; reglon made a compound.
| reglon of Hg and Pb ‘whose comp051t10n ratlo ranges :
from 1 i 1 to 4 5‘1,. The dlffu51on of Mg 1nto Pb

reglon is: notlced after 306 c and 320 c annealmngf;

: steps but the dlffused guantlty of - Hg lhtp Ph is ’

'much?less than that of Pb 1nto Mg. ﬁrom depth f

profile dlffu51on coeffic1ent of Pb 1nto Mg oL ugt

v
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"'““The detalled calculatlons are glven\as, 'ﬁ;} xf

ymf;Flgure 5"2{

: (
D -'1 236 x 10 (cm / sec )

i anneal;ng i ,“Wee_ej ]?;51;'""“
'iiperiod ls, | e e
':f':-"J X t\- 0 322’: 10 atoms/cm

leffu51on coeffrglent, D,‘1s given by,

'evfaklng the average value of dc/dx,

. . ‘a2
‘;1dc/dx = 1 uaa x 10 atoms/cm

[
’

e -~

P

g T .

4 ‘1nto’Pb can be calculated.i#or example, the nnnher
[;ﬁ”mfé of Pb atoms mdved into ug durlng 300 C - 30 mzn.‘fi
.;;/krf;\anngallng perlod is’ derlved by_comparlng the two
) fdepth profilé taken before and after annealmng. Iti
fwi1§ assumea that the diff051on is carrled on only

o durlng the anneallng perlod and the snall amount

Mi.of d1ffu§1on known to be ocurrlng even/at roon

'ftemperature(*15 ) is 1gnored 1n thls calculatlon._f

shows the approximated concentrationf

; proflle o ;Hg'- Ph 1nterface reglon before and

vafter 300 C - 30 mln.'amgeallngs The derlved

i

'dlffﬂSlon coeff1c1ent of Pb 1nto Mg at 300 C is,;'é

—

e

The foncentratlon gradlents before and a{ter

'7anneal;ng lS,

”;dc/dx'a 1.806 % 10 atons/cn’-—---= beforeé

3 .
e [

"dc/dx = 1 09 x 10 atoms/cm —%;f¥—after anneaglng

2:_The total Pb atoms moved lnto Hg duilngdanneallng

, eJ -:1 79 x 10 atoms/cm-sec: ",fvf':i“lﬁf,m.di;;;%:

g (dc/dx) L e PR : e

R



7f',f J',-v \?'_-_ D 1 236 x 10 cm/sec Q?:f“fféinﬁﬁva 5'ﬂ2‘73}5:,'?

- ' . .' . e

.;" ‘%he preﬁerrentlal diffusion bf Ph into‘ig 15 obsenved after

§¥§7.‘ 300 C = 30 mln.'anneailng step.‘No signlficant dlffusxon of

'%7 f ;  d1ffus10n of ug lnto Pb could he the cause of lou diffusion

— o~

1
»

’,ﬁw_ff of oxygen because the oxygen in the film 1§/in the fo:n of
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101
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SURFACE . . '_ . - . DEPTH(X100 ANGSTROM)
 Figure 5-20 ' ' T T o
Depjh proflle of CP(T)M(48) : as deposited-
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.Figure 5- 22
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‘atomic
concentratlon
(atoms/c )

before 300C 30m1n.~ 1 806x10

- anneallng : :

1.634;16“

j . : e
~after 300C-30 i
‘annealing
Mé fegio_;]!' Pb régiqn,-‘ R . Z'-‘

v

L .
15 20, . o 30 depth(xlOO‘A)

-

. Flgure 5 25 ’ : :
Pb atomic concentra 1on slo e in Mg reglon

' before and after 30 C- 30m1n. nr
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.CHAPTER 6

4 .+ CONCLUSIONS
o coner _

ThlS chapter summarlzes the present study of lov energy

.1on beam dep051ted multllayer th1n fllms.,Flrst the

‘vadvantages-of low energy ion beam dep051tlon_method compared

to the conventional methods‘are summarized and then

Rutherford backscatterlng analy51s for compound materlal is -

a.

film characterlst;cs.

‘dlscussed Flnally the 1nvestlgated characterlstlcs of the

-multllayer th1n fllms are summarazed.

4

rThe advantages of low energy ion beam dep051tlon
vmethod.; h R ‘ ', o _'ﬂ

NThe definlte advantage of thlS met od is that 1t“

has more controllable dep031t10n parameters than

;any other conventlonal methods. The controllable--"

S
dep051tlon parameters are 1nc1dent partlcle f_

- g 3

energy, fllm growth rate, partlcle dlrectlonallty,

' pressure durlng fllm growth, mass select1v1ty and

partlcle status. The controllablllty of dep051t10n

parameters glves the controllablllty of dep051ted

g
b o

Rutherford’bacgsCatteringvana;ysis for_compound

[materlal S

Depth vSe comp031t10n ratlo proflles are derlved

_from RBS spectra of compound materlal of Mg,Pb 0

~'fand C. A cdmputer program is vrltten for the



2)

Pb fllms and Hg filns 1s consldered to be the~‘

' -,
‘ major cause of thls result.

Q

Jhav1ng separated nultlple peaks.

Pz

'The 1nves€1gated flim characterlstlcs

JBoth RBS spectra of thernally evaporated film and

1ow energy 1on beam deposited fllm show a hlgh ,
degree of oxygen contamlnatlon. This" lS con51dered

to be a post dep051tion effect. The'lnvolved,

»oxygen does not stay on: the surface of .the Mg
- films formlng magne51um ox1de layer but 1s g
.dlspersed into Mg region.

'RBS spectra from low energy 1on beam dep051ted Mg -

fllm show that 1sotopes are removed.

4 preferrential dlffu51on'of P> 'into Mg is

{_observed and the dlfferénce qf graln size- betveen

”The derlved w}dth of the 1nterface reglon between

e_apHg and Pb fllm 1ayer ranges approxxmately from,iﬂ

;fllm dep051t10n method.. hf~

A

'nderlvatlon of physical profmles from RBS spectrab'

o

-1000 1 to 3000 A and. they are not dependent on thei -
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