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ABSTRACF o !

The e]ecfrodepos1t1pn of zinc and lt post-dep051t1on E

‘ _ox1dat1on on f1e1d ion mICjoscope tungsten tlp speclnens uere carrled
out by using : non-bakeable all glass high vacuum f1e1d ion microscope.
It was’ 1mposs1b1e to observe the zinc and z1nc-ox1de thln f1lms by
us1ng th1s field ion mlcroscope, 1nstead field corrosion of tungsten

t1p was observed SR , : Ay L ' [;‘J

Two types of f1eld corr0510n were observed Hhen the main.
reactant was only'oxygen, corr0510n was observed at the edges of the ~““
1magwng area and exten51ve changes ln surface topography uere not

N observed. On the other hand uhen the uater molecules .were presented 4?

\

corr0510n occurred over the whole 1magIng area and consequently S,

extens1ve changes in surface topography were observed as a resu]t .

of corrosion induced reactlons‘1n local radli:of curvature of tip -

‘specimens.
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CCHAPTERT- o
o *mmooucnon | S T
// j The f1e]d ion: m1croscope 1s an 1dea] tool " for d1rect vwew1ng

of the atomlc structure of a- SO]]d surface because of 1ts ab]]lty to

-

reso]ve 1nd1v1dua] atoms ex1st1ng at the surface of a solid spec1men

One of the recent app]1cat1ons of the fleld ion r1chSCOpe

has been for adsorpt1pn stud1es, for examp]e gaseé;on meta]s,and:meta]s

on metals, because o e vital importance of under aadin :
phenomena‘ The field Jon m1croscope fs véry Su1tab1e fbr study1ng tﬁese

adsorpt1on phenomena. It permlts the dlrect observatlon ofmthe

Qiffus1on of adsorbed atoms, the crysta]11zat10n of adatoms d1rect]y, v

7

and also to est1§§te the b1nd1ng forces of these adatoms to,the sub-

s

i strate.’ | A R

4 ———
. : . . .
3 - - )

At the present time, a quantitative theory for metalllc

— adsorpt1on from f1e1d ion m1croscope stud1es is not yet ava11ab]e for -

chemisorption of ”'tom1c ‘gases. Severa] gaseous adsorptlon studles

~ .

with 1nvest1gat1ons of
1-8

rrosion due to the reactive gases have been: "
reported .. Howe er the gua]1tat1ve resu]ts from the f1eld ion’ m1cro-
cope stud1es are still in doubt due to%he uncertamhes o‘F 1mage

1nterpretat1on

n :
The dep051t1on techn1ques for meta111c thin f1lms may be

broad]y c]assf

vapor depo tt fﬁlcathode sputter1ng, and chemical deposnmn9 . N

3
Several observat1ons of therma] depositions on the f1e]d don

m1croscope t1p have been reported AL]O ]] 13 'Ir]4‘~N1]3‘]5, Ptm-’]7
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sl . ) . B : - _ | .
2
and N]B 19 on W, Ir on Mo20 Pt on Ir2],.andde; Pt, Rh and Ir oh
either I or Rh22s - ‘ s | A ';/
The ;rysta111zat1on oﬁ-adatoms depos1ted by electropﬂat1ng
23

- - Pt.and Cu on either W or Ir

Ir or Pt24 - have a]so been - sﬁhd1ed Recently dep051t1on of fore1gn )
S L
. atoms by maklng contacts betWeen the tip and a liquid meta] - Ga on -

- and co]d we]d1ng - Au and Pt on €i her

w25 26 and ‘Ga on Mo27 -~have been- reported Only e1ectrodepos1t1on has

been performed outs1de the f1e1d ion m1croscope system all other thin

film depos1t1on hav1ng been dorie inside the field ion m1croscope
| . E
The subJect of this thes1s at the initial stage was to obtain

M ]

and survey strong]y bound and un1form1y depds1ted thin zinc and 21nc-
ox1de f1]ms on field ion m1croscope tungsten t1p spec1mens For th]S
'purpose-electrodepos1t10n of z1nc and post«dep@sthOn oxidation of z1nc
thin films was attempted outs1de the f1e1d ion m1croscope 1Unf'

: fortunate]y 1t was impossible to observe “the images of the thin

) »

_ f11m surfaces because of weak b1ndﬁng between the f11ms and the sub—

/
strate Durlng a]most evéty exper1ment the @brrosion of tungsten

tip specimen by adsorbed reactive gases*has observed, i ' e
; o o, _ S o
Td [ “As a result of obtaining torrosion?phenomEna,vthe‘main‘interests,:

_in thjs-thesis were focussed on the adsorbate - substrate interactfons.
e ' BN - R - _ S T o
ﬂ - Zincfand:zinc oxide fi]ms were inveStigated because of '
vthe1r 1mportance app11cat1on in 1aser and p1ezoe1ectr1c studtes
-‘vEspeC1a11y, zinc-oxide films are: used for opt1ca1 components (m£;t1-

' 1ayerugieiectr1c m1rrors) in gas laser systems because of the1r h1gh
'/refract1ve 1ndex character1st1cs _ For high peak power gas lasers the

most ser1ous 11m1tat1on at present is the degradation of opt1cal

.
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components; because’ these optlcal components are subJected to both

hlgh fie]d stress and bombardment of 10n1zed gases

ot ¥ hd

-+ The 1nvest1gatlon of ZInc-ox1de th1n fllmssby the f1e]d

“ion m1croscope glves 1nformat1on about the atom1c structure of these
.t

.thln f11ms under hlgh f1e]d stress Also, the ign bombardlg/; of

>

,th1n fl]ms ln the f1e1d ion microscope - while x.gh f1e]ds are on - ¢
R

:

w1]1 dupllcate the d1e1ectr1c 1ase;-m%;ror ?ctjon
. . . / - : S .
v An unbakeab]e all g]ass hIgh vacuum field 1on‘m1qroscope

’

Lad

was, used foe these stud1es because of easy t1p rep]acement A]so

tungsten wé? used~as a substrate because of'1ts well - known

-

crysta]lographic structure.. ’ ‘ . PSS < A

n . ) -
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- 2. ] Bas1c pr1nc1ple

. CHAPTER 2 Y

PRINC?fLES'OF FIELD "ION. chnoscopv -
- ’ v‘
The prlnc1p]e of the er]d 1on m1croscope was reported in 1951

by E. H Mu]]er28 D1rect observat1on of the. atomic structure of a

solid surface is. poss1b1e with the f1e]d ion m1croscope because of 1ts

" high magn1f1cat1on and resolutlon (Figure 2.1). ThlS chapter 1]lustrates‘

the features of the field ion mlcroscope The fleld and th!!stress
on the f1e1d 1on m1cros£ope t1p -are a]so descrlbed because of their

1mportant effect on the 1mage fonﬁatlon Deta1]ed descr1pt1ons of the -
,

i theory and app]1catlon of the f1e]d 10n mlcroscope can be found ‘in

29-32. : S B 7

\

g A '
~ The microscope’ 1n\1ts simplest form COHS]StS of the metalllc

: ~spec1men shaped to a flnely ponnted need]e t1p with a f]uorescent screen -

: opp051te this twp (Figure 2. 2) The f1e]d 1on m1croscope operates

wlth a sma]] amount of . pure 1nert ‘gas, usua]]y he]1um at pressure

T~ 3x10 -3 torr, in the chamber and w1th a high p051t1ve potgg%gg] app11ed,'
:to the meta]11c t1p. Two qu1te bas1c technlcaﬂ features are: (1)*the |
'lprov151on of cooling the t1p by - thermal conductleq through its potentia]
'leads from a co]d ftnger f11]ed with a cryogenlc lquid,.(11) a.flat
ff1uorescent screen A heat sh1e]d around the ti-, usually at screen

; potentlal, SIﬁhltaneously precools the image gas. to 1ncrease the 1ntensvtyf

and serves as a means of restrxgting the vo tume contalning the electr1c

'.fteld



SN.A Mus. iugc gas hliu of pressure 3x103
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If the tip spec1men has a suff1c1ent1y small radius (be]ow
1000 A) the p051t1ve potential of a'few kilovolts applied to the tip .
produces a field of the order of magn1tude of a few hundred MV/cm, and»
ionizes the image gas in this yeg1on "The 1mage gas pressure 1s‘]ow
. enough to prov1de a suff1c1entvfree path to]et};he ions'trave] to
the screen without disturbing co]]1s1ons. The 1 Yage 1nformat1on is
then carried from the t1p/surface to the screen by rad1a1]y prOJected
pos1t11e 1ons acce]erated by the extreme]y hlgh fle]d ormal to the

L.

“ genera]]y hem1spher1ca1 t1p surface Each white spot n- the screen

‘exc1ted by p051t1ve 1ons co%responds to 1nd1v1dual atoms on the?t1p '

surface v

~ » .

. The magnification is,approximately equal to the natio of the-
tip—screen distance to the tip radius Hlth a t1p-screen dwstance of .
10 cm and a t1p radius of 1000 A an 1mage is magnified bngne m11110n -

,t1mes, and the‘resolut1on is. often between 2 and 3 A
2.2 Fie]d ionization

Fle]d lon1zat1on is conSIdered to be the tunne111ng effect of
‘electrons fﬁgm image gas atoms 1nto the tip.. When the high e]ectrostat1c
«fleld is- actmg on the spec1men, neutral gas atoms or. molecules arrive

“at the spec1men surface at a mUCh‘greater rate than wou]d be' expectéd, from
fs1mp1e k1net1c theory. because of the po]ar1zat1on ‘of gas mo]ecules\j>duced

by the app11ed field. After str1k1ng ?he speglmen surface, a gas atom\\

'.’/ |
rebounds Prov1ded suff1c1ent k1net1c energy ‘has been lost to ‘the lattice"

v

of the t1p, the polar1zed gas atom or mo]ecule Js unable to escape from

-~
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Figure 2.3

Potential diagrams,fbr an electron ih'figid ionization '\
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the‘dipo]e attraction of the tib; It executes ajseries of jumps of
- decreaSIng amplltude, sheddlng energy to the lattice at each impact,
; and rema1nlng for increasing times in the reg!on of hlgh ionization
probabﬂuy rear the surface. When sufficiently accomnodated tovthe'
. specimen i:emperathre, gas atdms or'molgcules lose_an electron to the

tip by tunnelling. Ionizatibn will not occur at less than a certain

" critical distance from the surface. - = -

- The process of an electron tuhne]]ing‘is considered with
| référénce to‘the potential.diagfam shown in figuré 2.3. Figure 2.3 (a) -
'shows‘phevpotential of an outer electron of an atom befutejﬁhe‘external
'f%eid is applied: the electron lies at a'phtential/f/h;?gc the:energy l
zero. In higure‘2’3 (b) a field hps been: applied ‘to. the atom and lon-y
‘jzation can occur by the electron tunnelllng along a path such as AB
through the potential barrier. The tunnel]1ng probability is increased
for the atam near. a conductor as i]lustrated in Figure*Z 3 (c) uhere.
the he1ght of the potentla] barr1er is reduced, although the field
rema1ns the same. However, if the gas atom comes c]oser than the
crltlca].dIStance, XC; tunnelling is uh]1kely i occur’because:the
_energy of the electron in the géﬁ atom will be beJow the Fermi energy
vgf ‘the metalhand there is very ]oh‘ en 1ty vacaht energy Tevels

(
ava1]able for the tunnelllng e]ectron

The'quantitative‘description'of field iqnizatibn also cahb

be Qritten,fbr thq WKB approximationsg. The probability of‘tunhefling

: throdgh a;potentialvbarfier of thg'kind indicated in Figure 2.3 (C) can



be written as;
A . 5 C X]
2me. 2 gn \1/2 GO /2 0 y
Ps (5 (V)1 exp- (81 vix)-e1Y2ax  (2.1)
e b | | -
/. o ‘
where mg 1s the electron mass, E its total energy, V(X) the potent1a] of N
the tunnelling e]ectron at a distance X from the surface, and the 1imits

of 1ntegrat1on refer to the: g;;;aer width. For V(X Muller and Bahadur33

give the following expression;

. 3 mo_. =€ L e e ) - ‘
V(X) = + Fex o : | (2.2)
anle n_ . :

where the first term is the Cou]omb attract1on by the 1on taken to be :
_ at a dlstance X from the surface the second term is the potent1a] due
to the applied f1e1d, and the 1ast two terms are. the attraction and

repu]s1on at th7‘electron and ion 1mages respect1ve1y

The‘c itical distante for fie]d ionization XC, can be

v calculated to a good approx1mat1on by assuming that 1t is the separation

between a gas atom and a surface at which the e]ectron energy coincides ',

w1th the Fermi/energy. - This cond1t1on may be wr1tten after mak1ng an

energy ba]anc
o~
= - - | _]_ V- - : ’ .

L1 7§‘ 4X¢ + 5 (aA aJ)f - | . - (2.3) .



'ontent1a1 due to the ion and 1ts image, “and the last term 15 the
d1fference between po]ar1zat1on potent1a1 enerqy of the gas atom and .
the resultant ion. Negﬂect1ng the 1ast two - terms, which are sma]]er

)
than the f1rst two, gives the following express1on for X :

X = R L . (2.4)

For Helium 1mag1ng gas and a tungsten t1p, subst1tute I 24. 5eV
= 4.5V and F_ = 450 MV/cm (a Field strength) Xc. s about 4.5A.

2.3 Fje]d evaporat1on I R | ok

The preparat1on é6f a clean and smooth spec1men surface takes
place 1n two stages.. A spec1men w‘re is’ e]ectropol1shed to.a fine o
penc1] ]1ke end fonn and annealed inside the f1e1d ion microscope. The .
f1na1 smooth of the spec1men surface is achleved by the field evaporat1on
process. If the app11ed field is increased to a suff1c1ent]y h1gh value,
metal atoms themse]ves £an be evaporated from the surface 1att1ce 51tes,»
and an atom1ca]1y smooth surface crysta]]ograph1ca]1y .as perfect as
the bu]k material tan be obta1ned F1e1d enhancement over . protrudrng
"~ surface atoms reduces the act1vat1on energy for fleld evaporat1on an {( T
~ these \\g:ons;‘so that protrud1ng atoms at the surface of a(tlp spec1men
are evapgrated preferent1a11y If the f1e1d evaporat1on is well |
c0ntr01]ed, remov1ng atom ]ayer by atomulayer, the 1nterna1 structure
of the spec1men can be exp]ored Despwte 1ts fundamental lmportance,
the f1e]d evaporation process 1s not well understood ‘Field evaporation

P



mnoo

has been treated as a desorptlon phenomena, and the eyaporatien field FE
e o S '
_is given as 9 A : el ;-
| v , N
Fe=—s[A+1 -ne- kT zn (= )72 B (2'"'5%).
33 n ‘ ke /-4 ' e

_‘? n’e
‘ , i

- o ,

where ne is a single or mu]t1ple electric charge of the ion (n = f'or 2),

\

VA'Subltmatwon energy of the metal atom, In :\tgtg}/1on1zat1on energy,

¢ = work funcqlon of the considered crystal p1ane, v = time requ1red

for evaporatlon, and ke = evaporation rate of\the surface.

A quantum mechanlfa} treatment of field evaporatlon by’
cons1der1ng ‘the tran51t10n from the atom1c to the onic state was a{:
rqy

attempted35 .

F1e1d evaporation was treated in terms of potentla] en
diagrams of-the\metal-adsorbate system. In field evaporation the

adsorbate is the surface atom ltself
2.4 The field and the stress ’_,t‘

In the field " .ion mlcrosc0pe the spec1men is subJected to very
vah}gh e]ectrlc fields, wlth consequent stresses, in order to 1on1ze the
lmage gas., The mechan1ca[xgtress. g, exerted on the surfacetby’a f1e]d,
ibe wlll be: . St - } . )

R T e

£

. The field varies as: -

S L . en
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uherﬁiR is‘the specimen radius and r is some distance such tﬁat r > R.
The form of an emltter t1p can be idealised as a spher1ca] cap sectlon,
“of smatl rad]us at the end: of a conical shank. The field at every
‘p01nt for a 91ven applied voltage, is proport10na] to the curvature
and is therefbre h19h but not str1ct]y uniform a]] over the nearly

¢ spher1ca] cap, decreaSIng rap1d1y to-a low: fle]d where the cap merges
~With the shank4, F1gure 2.4 shows the field distribution for a t1p

‘of 300 A rad]us ~on a un]fbrmly tapered shank, as ca]culated by Smlth- g
and Slnth36 Also F1gure 2.5 shows the stress dlstr1but1on for a tﬁb
of 300 A radws36 For tungsten lhaged w1th hellum gas the stress _

\

amounts to about 10"dyne/cm R
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CHAPTER 3
FIELD CORROSION

‘It has been recognised“that. in the presence of certaln |
reactiQe gases such as water vapour oxygen and nltrogen a field ion

| mlcroscope tip may undergo cont1nuous destructron during the 1mag1ng

- process. Mu]]er has referred to the effect as “reactive gas etchwng"3]’

‘and Cranstoun and Anderson use the term fweld corr0510n"8

The reactive gases reach the t1p 1n the lTow f1eld region at
: the c1rcumference of the_cap and at the shank from where they migrate
vtoward the t1p apex with part of the act1vat10n energy supp]wed by
‘the Impact of polarized gas mo]ecu]es._ EtchIng of thé shdnk causes
”the tip shape to change and therehy to lncrease, at constant applied
vo]tage, the field at the t1p apex. Th!s region u1]l then fleld
evaporate even w1thout be1ng reachéd by the reactlve gas. These
'corr0510n effects occur. frequently in 1nsuff1c1ent]y evacuated, non- &
_bakab]e microscope chamber -

: avai]ab]e as a'coo]ant.

stood. Severa] d1st1nct factors are wnvo]ved. i.e.:

(1) the supp]y of reacégit to the h19h fie]d region of the tlp surface,
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(11) the effect of the h1gh f1e1d on some react1on rate contro]]1ng S
factors;

(111)the a]ternat1ve final steps of desorption from or rearrangement

_of, the tip surface

]

It is generally con51dered that an emitter surface is protected
by a f1e]d barr1er from attack by react1ve a lecules under the )
cond1t10ns useq for helium 1on 1mag1ng because of the hlgh 1mag1ng f1e]d

‘Because of the pﬁesence of this high field, reactive gas mo]ecules are

1on12ed in space and repelled w1thout opportun1ty to interact w1th the

mig

_ the surface can chemwsorb ~and be cont1nuous]y rep]en1shed by 1nc1dent

t1p surface The occurrence of f1eld coF}os1on therefore depends on.a

continuous supply of reactant below the,fleld barrler, i.e., by -
Kataon across the surface in a adsorptlon layer The field barrier f

effect1ve1y parts from the surface at some po1nt hb shoun in Figure 2 4,

and'bnly that part of the surface above hb 1s protected the rest of

gas molecu]es

The f1e]d corr051on process may then depend on the fle]d over
the sphe#ﬁca] cap in the fo]]ow1ng manner8 .
(1) F> FBIV (FBIV »He]1um best 1mag1ng vo]tage) o N

It is estab11shed that strong]y bound adsorbate atomsﬂ(oxygen) are

_ e&aporated from a meta] surface*at a field we]] below FB]V' and that they

' may be ae]d desorbed e1ther as such "~ from sites on smoo th p]anes -

- or may abstract metal atoms from crysta]]ographica]ly rather spec1f1c

: sites on the surface, 1nc1ud1ng the edges of smooth p]anes and be

E

A
i

/
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desorbed as 0xide moTecu]e ions. M1gratxons over the surface down
the chem cal potent1a1 grad1ent - up- the f]e]d grad1ent -»brlngs an

‘adsorbate at some po1nt into a field where F < F 1s'the.

BIV\

evaporat1oﬁ f1e1d for ox1de molecule jons from a- part1cu1ar k1nd'of

-~

site. Th1é’5111 occur in some annu]ar region around the edge of the

1maged ‘part of the tip, whlch w111 accord1ngly undergo contlnuous

eros1on by f1e1d evaporat1on, at'a rate determ1ned by .the f1e1d, romoted

B m1grat1on "The result 1s to decrease the lTacal tip rad1us, raising

" the field and. further promot1ng react1on The attack ‘may be h)gh]y

spec1f1ed to certa1n crysta]]ograph1c planes

(11) F < FBIV o ‘ ' . n

.{ ‘ At fields weT1 be]ow he]1um best 1maoe voltage, t1p surface
7>area where field desorpt1on of adsérbed atoms or mo]ecu]e lons occurs
. may be encountered w1th1n the imaging area “In these c1rcumstances ‘.('>'

there w111 be a cont1nuous m1grat1on of adsorbed atoms or mo]ecu]es -
from the shank to balance the consumpt1on by desorpt10n and react1on in ::
the h1gh field region, and cont1nuous f1e]d corros1on is observed on

:‘Vthe t1p surface o | . o‘ o . ' , e




3 ,’ CHAPTER 4 :
e - GROWTH; AND STRUCTURE OF ELECTRODEPOSITS

The fUndamental ]aw of’e]ectrofys1s was f1rst found by ~h
Faraday 1n 1833. Accord1ng to the law of e]ectro]ys1s the welght of
the material depos1ted is proport1ona1 to the amount of e]ectr1c1ty
‘Passed. - The meta]11c ions in the e]ectro]yte migrate toward the ;

cathode%r ?e 1nf1uence of .the. apphed e]ectmc fteld, wh1ch an

be very hlg between the cathode -surface and the 1ons in the A ﬁble’iayer.
Accord1ng to Conway and BOCkrIS3O 38, the cation crossesthe doub]e —
flayer 1oses _part of 1ts water of hydratlon and then becomes adsorbed “
on the meta] surface as an adion. The: adion d1ffuses over the surface,
]oses the rest of 1ts water of hydration, and is f1na]1y 1ncorp0rated

o

as an. 1on 1nto the meta] 1att1ce o : - i///f‘ A\

4.1 Nucleatlon and growth of e]ectrodep051ﬁ§~-\\\ //’

o At f1rst the growth of the crysta] from tne vabor can be.
d1scussedbr1ef]y because many of the concepts are d1rect1y \kansferrab]ef

(‘/ .
to the case of e]ectrodepos1t10n

The surface of a perfect crystal may be c1a551f1ed as composed
of e1ther c]ose packedr(low lndex) surfaces or vicinal (h1gh 1nde{1>kt, .

Surfaces. In this‘classificatiOn a‘high—indexvpléne is-always stepps
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kink sites (Fig. 4. ]) For example, typical mﬁcrOgraphs oftfield jon
microscope -tips show that certa1n or1entat1ons ‘such as (l]]) and (100)
_in face cubic crysta] 1att1ces and (110) in body cub1c crysta] lattices
are atomlcally flat: terraces \1c1na1 or1entat1ons are found to be -
'composed of monoatom1c steps separated by segments of terraces, and
}fsome steps are atom1ca1]y stra1ght and c]ose-packed whr]e others are
‘Kinked or Jogged o _J'. - o - ~ T
- \\\:)’ If atoms"are added tO‘a Vicina] surface from a superSaturated
' vapor,Athree maJor SLeps are 1nvolved in its growth39 (a) adsorpt1on -
.of atoms on the surface, (b) surface d1ffus19n of the atom to a step, |
and (c) d1ffus1on along ‘the steps to a kink s1te.» The steps on the §
surface w111 then advance by the add1t1on of atoms at the k1nk sites (ﬂm;v
untl] the steps grow out of the crysta], ]eavwng only ]ow-1ndex surfaces. w

)

g

It is obv1ous that certain maJor d1fferences ex1st between ;
. the growth of crysta]s on a surface by vapor dep051tlo nd the growth
by. e]ectrodepos1t1on The major d1fferences would arlse from the presence
'5_»of an ‘environment about the crysta] surface cons1st1ng of’a water
L so]utlonrconta1n1ng‘warlous an1ons _and cat1ons, the presence of a~h1gh
'-electr1ca1 field and the lower temperature 1n electrodepgs1tton. ;Many
vapor deposxt1ons are carried out'tn a h1gh vacuum and at re]at1ve1y

'hlgh temperatures

A -metal surface in an aqueouaasplut1on WI]] have adsorbed

‘]ayers which decrease the surface energy of the meta] and make the '

E;Q, surface d1ffu51on of the depos1t 1ons or atoms cons1derab]y more d1ff1cu1t.

3 . p ’ . ) ‘ y,,,r
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(c) Kink .

Figure 4.1

Simple Terrace-Ledge-Kink model o
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- On the other hand, if the adsorbed cations are hydrated, their bounding
to the metal surface‘would weakened and the activation energy needed
:~for surface diffusion wou]d be expected ‘to ‘be less than that for

i
unhydrated atoms on the surface40

It is ‘known that a catlon in aqueous so]ut1on.1s c]ose]y
bound by a sheath of water mo]ecules, i.e., it 1s a ‘hydrated ion. "
Before such -an 1on can be made a part of the crysta] 1att1ce, 1t must
first cross the doub]e layer and’then lose its sheath of water mo]ecules.
In the first step the solvated cat1on crosses the doub}e ?ayer, loses
part of 1ts water of hydrat1on and the cat10n ‘becoines: adsorbed on the
metal surface as an ad1on - Theoret1cal con51deratlons37 38 1nd1cate
that the ion transfer takes . p]ace at planar pOrt1ons of the metal
surface rather than&at—ed%es or kink s1tes. An unfavorably hwgh
actlvat1on energy wou]d be requ1red at edges or k1nk s1tes because of

the extra energy needed to remove most or all of the water of . hydrat1on

about an 1on 1n one step

v,fxg'.\ The second step involves the surface d1ffus1on of the partlally

'vhydrated ad1on unt1] it reacﬁes a edge on the crysta] Surfaces at which

"31te 1t ]oses add1t10na1 water of hydrat10n The ad10n ftna]]y loses

the last of its water of hydrat1on and becomes 1ncorporated as.an ion

into the metal 1att1ce after surface d1ffus10n a]ong the edge to a‘t1nk

; s1te, oF the adion becomes 1ncreas1ng]y co- ord1nated by other 1ons wh1ch
arrive subsequent]y,,stays at the edge. and becomes 1ncorporated as an ion

'1nto the metal 1att1ce F1gure 4 2 shows a]ternat1ve and consecut1ve

, steps in 1att1ce bu1]d1ng (a) d1rect transfer of an ion I to a. p]anar
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..port10n*of surface, (b) and (c) show surface and edge d1ffus1on of

adion, (d) shows arrival of other adions, ‘which by surface dlffus1on

build around the adlon I at the edge, and (e) and (f) show incorporation‘v

of T lnto the ]att1ce by arrival of other ad1ons mIgrat1ng across the

surface or transferred from the solution.

' The depos1t10n rate is proportlonal to the e]ectro]ys1s time
and the current dens1ty, and may be varied over a wide range from about
an angstrom to severa¥microns per second The structure of the 1
dep051t depends sens1t1ve1y on the rate of dep051t1on and the character-
istics of the electrolye and may vary from a hIgh]y disordered to a

‘well-. 1ented sxng]e crystal.

4.2 Fovmat1on and lattice‘structure'of\zinc and zinc-oxide films

y

Z1nc-1s one of the most act1ve metals. React1on w1th
atmospher1c oxygen at ]ow or med1um humidi ty causes the freshly ¢
: prepared zlnc surface to become covered wi th. a pseudoamorph1c film of v
z1nc~ox1de which after a few hours is transformed into an ord1nary

'crysta1]1ne f11m whose growth is 11near4]

) Th1n f1]ms of zanc are usua]]y prepared by evaporation in
a high vacuum or electrodep0s1t10n ’ The thin films of ZlnC-OXIde are
obtained indirectly by post depos1t10n ox1dat1on of ztnc fllms, or
d1rect]y by react1ve sputtering in an oxygen argon lnert gas42 45
Post- depos1t10n ox1dat1on is usud11y carr1ed out by heatlng the thln
film 1n air or oxygen to the range betueen 600°K and 900°K46

1
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,: Z1nc f1]ms are e]ectrodepos1ted from'axjd or a]ka]1ne
solutfons In ac1d so]utlons zinc is present in the form of simple
hydrated jons which are d1scharged at the cathode at a Tow po]ar1zat1on,"
while. “in alkaline so]gtions zinc 1s present in the-form of comp]ex 1ons

whose d1scharge is accompan1ed by a cons1derab]e cathod1c polar1zat1on

- Due to the low cathode po]ar1zat1on the depos1ts obta1ned

. from. acxd so]utlons are more coarse- gralned than those p]ated from

a]kallne solut1ons Intr1cate1y shaped items are most]yvp\ated in .
-alka11ne cyan1de so]utlons which produce a. f1ne-gra1ned dep051t
‘Cyanldegglnc p]at1ng so]utlons differ from cyan1de so]ut1ons used for'
'dep051t1ng«@ther metals 1n that they conta1n two klnds -of comp]ex ions: N
Zn(CN)4 . and Zn0247. The e]ectrolyte shou]d contaln free NaCN and NaOH
in excess of the amounts needed for the format10n of the so]ub]e comp1exesa
1nm3¥der to renggr the solut1on stable and- then perm1t the normal

.‘anodlc and cathod1c processes to take p]ace Thus, a]ka11ne cyanide

. zing depos1t10n so]ut1ons .contain at least four components

NaZZn(CN)4, NaZZnOZ, NaCN and Na0H48‘ The exact ratio of sodlum z1ncate
to sodlum Zinc. cyan1de comp]ex is 1mp0551b1e to determ1ne The

' equil1br1um is affected by the relative concentratlon of uncomb1ned sod1um
cyan1de and. sod1um hydrox1de in ‘the bath Zlnc ions are available in

the so]dtSOn from both sod1um z1ncate and the comp]ex sodlum z1nc

cyanide. The fo]lowing equat1ons show the probab]e 1on1zat1on47

(1) Na Zn(CN)4 2 Na™ + n(en),

Zn(cu)4 Epff +.4 (CN)™
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(2) _NaZZn(CN)4 + 4NaQH = Na22n02 + 4NaCNv+ 2 H20
. ++ ~-—
. Na22n02 = 2 Na  + ZnO2 |
"ZnOZ'— + 2H20v= Zn+f + 4 (OH)_
Z1nc crysta] has the hexagona] close-packed structure with
A, = 2.6648A ang C, = 4.9467A %9 ang belongs to. the Tow- -melting point

( soft metals (melting point = 419° C) ’

In many of its propert1es z1nc—ox1de stands between the

3
'heteropo]ar alkali ha11des and the homopo]ar semlconductor of Group

46

IV The crystal structure of zinc-oxide 1s hexagona] close-packed of

wurtz1te type w1th two s1gn1f1cant character1st1cs The first is the
large extra vo]ume with ]arge void (0 94A), and the second ,is ‘the
regular a]ternat1ng 1ayer of ziuc\hndvoxygen'in the direction of the

49

c-axis. Crystal data is given as: A, = 3. 2495A and C_ = 5:2069A An

a]ternate form of zinc- ox1de thin film with a face centred cub1c crysta]l B

]att1ce was 1dent1f1ed by Bragg and Darbyshme50
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CHAPTER 5
'EXPERIMENT
vElectrodeposition‘and 1ts pqzt-deposition_oxidatibn‘have
been achieved outs1de the f1e]d ion m1crosc0pe Easy tip replacement
was required; therefore. an unbakab]e a]l g]ass field ion m1croscope
has been used in all experIments “In order to observe rap1d image
ﬁ\\changes at low applied vo]tage, an externa] 1mage 1ntenswf1er was used.
' The electrical equ1prent used in thws experiment has been

descr1bed 1n great deta11 in another art1cle 5}

'5~] .he mlcroscope-chamber }

F1gure 5 1 shows the m1croscope chamber used 1n this exper1ment.
The ba51c features are exact]y the same as 1n F1gure 2.1. A conventiona]
rubber o-r'ng 15 used for the spec1men dewar and screen plate sea]s; s gt
Aluminum foil is used for théf\eat sh1e]d The chamber ConSIStS of
pyrex glass except for the bottOm part - of the specimen dewar wh1ch

consists of uranium glass for greater mechan1ca] strength Two spec1men

-'Vdewars of the same size are used Aan order to ach1eve qulck t1p rep]acement
The radius of the screen plate is about 15cm. _The tip to
‘screen distance is aboyt 5 cm.
The tip (O 004“ dlameter and 99.95% purlty tungsten w1re)
is spot-welded on . a halrpln shaped heat ]oop (0 005“ d1ameter and 99 9z
“purity tungsten w1re) whlch is also spot—we]ded on a potent1a] ]ead
5.2 Vacuum.System |
'The-main'pumpfng system consists of a mercury diffusion

!
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pump and an ion'pump‘ Fygure 5.2 shows the d1agram of the vacuum
vsystem w1th the gas “handling plant (GHP) A two stage rotary pump
(CenCo Hyvac 7) reduces the pressure of the svstem to the 10 -3 torr
‘range and serves to back a two stage mercury diffusion pump Nhlch 1s '
trapped by two 11qu1d n1trogen cold traps. The system 1S pumped to
.. hfgh ‘vacuum by the. mercury d1ffu510n pump . and an, ion pump (U]tek

rkidﬂrgers/sec)

£8 )

“Che background pressure of 2 X ]0 -7 torrlls usua]ly ach1eved
after 24 hours of pump1ng ’§y filling the spec1men dewar with liquid
ﬁ]trogen, the system ach1eves pressure of about 5 x 107 8 torr. . Th1s
r,pressure is measured by a cold cathode 1on1zat1on gauge (H.S. Mart]n‘
-"and Son) Durlng 1mage operatlon a pirani gauge (Speedvac Mode] 8/2)
;ﬁ:11s used as the preSsure monltor because the 1onlzat1on gauge 1s turned

of f: to av01d excess- ]1ght due to d1scharge of the gauge

5, 3 Gas’ hand]1ng pIant

F1gure 5.2 a]so shows the ‘gas handling p]ant (GHP) . Image =
gases are 1ntroduced lnto the m1croscope chamber through a varlable ‘_
- leak va]ve The GHP is pumped by a rotary pump in order to ma1nta1n_]'
| the pur1ty of the 1mage gases After filling the cold traps with ]1qu1d

n1trogen a background pressure of the order of 10° =3 torr is achgeved

L Image gases of research grade purlty (He, Ne and H ) are supp]wed 1n l

i

Titer g]ass flasks ( 1° 62 and G3 in d1agram) Another two f]a

(G4'and GS) are useddés reservo1rs of pure or|n1xed gas | o
ot ' BNy .
: The pressure in the GHP is measured by a p1ran1 gauge (Speedvac,

Mode] 8/2) Also a mercury level manometer and a McLeod gauge (Vacustat),'

A R = . ]
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is prov1ded for measur1ng d1fferent pressure ranges when m1x1ng the °

1magwng gas med1um

~

. 5.4 Specimen pregaration

4 ‘The t1p s e]ectropo11shed in the usua] mannerS] and then’
field evaporated to ach1eve a- c]ean and atom1ca]]y smooth surface
1ns1de the f1e1d ion m1croscope before e]ectrodepos1t1on By
.contr01]1nqﬁthe f1e]d evaporat]on rate,_a t1p rad1us of about 500A
1s always obtained before e]ectrodep051t10n Ppp]ylng about 13VV of
he]1um best 1mage vo]tage After obta1n1ng the field evaporatlon end.

: form, the t1p 1s taken out of the field ion m1troscope and electro- :

”depos1t10n and 1ts p ;t\depos1t1on oxidation are carried: out as soon

as poss1ble to m1n1mlse the effect of atébsghe§1c adsorptjon.

/J/—v> Usua]]y e]ectrodepos1t10n has been done w1th1n ten'minutes and its pdst¥ oo

depos1t1on ox1dat10n w1th1n twenty m1nutes \

-1ﬁ ‘The commonIy used cyanide 21nc p]atlng so]ut1on is a150

used for this exper1ment The formu]as are given as fo]lows47 48

: - Solution composrtwon , “gram/1iter
Zinc Cyan1de Zn(CN)2 B 60
Sod1um Cyan1de NaCN o a 4{;3
'Sodlum hydrox1de NaOH R 53 .

0perat10n conditions

N o Temperature' . | | 40-505C
P o ) Current-density_ o R d 1 A/cmeZA/cmZ
L Cathode'eurrent efficiency | 90-95%
Anode " - high grade z1nc R 99.9%

Tab]e 5.1 Fonmu]a for a cyan1de,z1nc deposition
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; The tip is inmersed to « depth of about 21 into the

‘p]at1ng so]ut1on wh1ch is at a temperature of-about 45°C. The

03

deposnt1on t1mes are var1ed from 10 - 120 secOnds Because of the\d
'extremely sharp. e]ectrode shape, 1t 1s 1mp0551b1e to know tne exact

current dens1ty at the t1p apex. .To determ1ne the magn1tude of current

. .
i -

‘ ,dens1ty, one must compare the surface area of the tip apex with ‘that
of the t1p shank and choose the med1an For example“?f the e]ectrode

is a 01004" d1ameter and 2mm long rod the surface area is about

-3

6 X. 10 m?; for a SOOA d1ameter and}me long rod, it 1s 3 x 10° -6 cmz.

Therefore, the medlan 5urface area willl be roughly T x TO *cmz. Then

the Cathodic current wh1ch w111 be needed to character1ze a dep051t of ’

I\}
B

s

this surface area can be easi]y found accord]ng to the fo]]ow1ng

oL . R by

‘Current density f - : -Cathodic.current
J.1 A/em® %R 10.A
RIYE S 100.4
S0 A/’ S L \
AR BN “L :
\t

Table 5.2 - Med1an cathodrc current ‘
After e]ectrodépdsition the t1p specimen is beated up to o

el )

about 400°C 1n air ‘in order to make a z1nc ox1de f11m This is'done

by app1y1ng constant e]ectr1ca] current to avheat_]oop. The approx--

}mate temperature of the t1p can be obtained‘by measuring‘the~reSistance

of the tungsten heat Toop. The heat Toop is a 0 005" diameter. anduzcm?
)

fong tungsten wire, and at 427 C ﬁzs1st1v1ty of tungsten (o) is

16.09 x 10 6 S?t therefore the re51stance of the heat loop at 427°C

7




4\ ' ’ .' 4 ' . . g o '.,7: 3]

—

:(R427) is R427 =0 2/A = 0.250. By app]y1ng al. 8A AC current

R427 0:25q is obta1ned ‘However, the heat grad1ent in the heat -

]oop is not un1form the center part is considere o’be much hotter

‘than the edge. Therefore for oxidation of the zfﬁc\f]]m on the tip, . -
,] 7A AC current is used for 10 min in:all exper1ments 1n order to

achieve -a temperature’ c]oser to 400°cC,

5.5 Photography and‘image intensification

4\1" o J
‘Since'image.intensities are very low in the field ion

microscope, the ‘best ava11ab1e photograph1c or 1mage 1ntens:!.cat1on

_'equ1pment is requ1red for better results.For these exper1ments @ Miranda

: 35mm camera w1th an Auto- M1no]ta F 1 4 lens and an EMI 4-stage cascade
external image 1ntens1f1er w1th an. Auto M1randa F 1.9 lens has been

emp]oyed By us1ng an externa] 1mage 1ntens1f1er the. reso]ut1on of
the 1mage is decreased however exposure t1me is reduced by a factor
in the order of 103 Therefore rap1d changes in the tip cond1t10ns

are conswdered to be eas11y recorded “However attempts at gettwng

we]l - resolved lmages have not been successfu] because of poor opt1ca]

vcmm]mg

A hlgh]y sens1t1ve panachromat1c f1]m (Kodax Tri-X Pan)
.processed with a h1gh1y act1ve deve]oper (Diafine) is also used for "
‘.Jexperlmenta] work ’ i : Co ‘ _ in
- - o .

5.6 Ehger1mental techn1ques B |
Afterf;bout 24 hours of pump1ng. a chamber background pressure

of 2 x 107 -7 torr 1s obtalned Then the spec1men dewar is filled w1th

liquid nitrogen. After coollng the system to the 11qu1d n1trogen temp-

( .

)



32
.
erature, the pressure falls to'approximate]y 5 x IO‘S_torr After
~ this pressure is obta1ned the baffle valve is partially c]osed unt11 a
certa1n flow rate is estab11shed Also the ion pump is turned off.
Then the 1eak val;e is open to a certaln ]eak rate to ma1nta1n an
equ111br1um pressure of ‘the image gas 1n the m1croscope chamber of
‘approxlmately 3 x 10 -3 torr for helium. The m1croscope chamber is
;‘cont1nuous1j pumped during the 1magwng per1od The he11um 1mage gas
-pressure is measured by the 1on1zat1on gauge f1rst and dur1ng the

1mag1ng per1od, is monitored by the piram gauge.

LI

After the equi]ibrium condition of the he]ium imagewgas
pressure is ach1eved high vo]tage is gradua]]y app11ed to the tip 1n

order to observe the\ch’nge of the surface topography on the t1p

A new t1p specimen 1s a]ways heated to a dull red heat for

outgass1ng, and then field evaporated to make a c]ean and atomlca]]y

l

smooth Surface The 1mages of t1p specimens after deposition and its
post-dep051t1on ox1dat1on are taken d1rect1y w1thout outgaSSIng because

of the low me]t1ng temperature of 21nc and zinc-oxide z%icompared to

that of tungsten. - - _ ' ‘ s'a;a



S ~ CHAPTER 6 o
‘RESULTS,AND,D{SCUSSIONS

« In order to interprete correct]y the SIgn1f1cance of the
1mages of e]ectrodcpos1ted spec1mens the effects of both atmospherlc
,adsorptlon and the effect of the depos1t10n solution on the tip

specimen were determined.

Exper1ments to determine the effects of both of ‘these’
factors were carr1ed out. A total of 40 experlments were carried out
by using 10 different tip specimens. The stat1st1ca1 nature of the :

-~

experiments are as follows:

atmospheric adsorption ... 5 experiments for 5 tips-
~deposition solution ... 5 experiments for 5 tips
"electrodeposition,_' .;.20‘experiments\for 10 tips

'postfdeposition oxidation'... 10 experiments for 10 tips

After each experlment the tlp spec1men was a]ways outgassed
and field evaporated in order to achieve an atom]ca]]y c]ean and
smooth surface for the enSuIng exper1ments The m1crographs shown in

this chapter represent typ1ca1 patterns observed in each exper1ment

L}

A m1crograph was taken at f1§st before depos1tlon After
sdeposnlon, mlcrographs of‘changlng t1p surface topograph1es were
taken, from a low applled vo]tage to a h1gh apptied vo]tage, unt1] the_

7

'Almage of the clean tungsten crysta] structure appeared
6.1 The effect of atmospherIc adsorpt1on

After obta1n1ng the fleld evaporat1on end form the system

was opened to air for about 20 minutes to 1nvestlgate the effects of .
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atmospheric adsorption'on’the tip spec:men. '

. v

N1th the adsorpt1on of‘react1ve gases 1n a1r, maln]y oxygen,

the perfect field- evaporated Surface rap1d]y changed The image was
'observed at vo]tages far be]ow the origina] he]ium'best image (He BIV),
indiCating that the fie]d wasvstrong]y enhanced at ]oca]’protrusions;

| and field desorption events became evident._ Brilliant image spots

were seen to wander randomly across the surface before being desorbed.

Figure 6t](a) shows the‘fie]d'evaporation end form ate13.2KV'
before opening the.system to(adr.' Figures 6.1(b) - 6.1(f) show the h
thrggraphs‘after atmosphérichadsorption.:,(b) at 8;8KVt (c) t0.3KV,
(d) 11KV, (e) 12KV and (f) 13.6Kv.v IR

- The_ ]ayers of adsorbed gases were removed by ra1s1ng the
‘app]1ed f1e]d on the surface.  The adsorbed atoms or d1sp1aced tungsten
atoms were removed from metal surfaces 1n a part1Cu1ar order. The
flrst regions of the surface to become” free from adsorbed atoms were

.

the (211) po]e reg1ons where the rad1us of curvature of the t1p was
smallest. ‘.hen the ]ow 1ndex, h]gher ‘radius of curvature FGQIOH; such
‘as (100) and (111) wete c]eared F1na11y, the oentra] (110) terrace
,reg1ons were cleared at- a]most the same applied vo]tage as the
orlg1na]vHeBTV In genera] the specimens did not fracture during thls_

»operation‘ A]so the drast1c changes of tip surface topography by .

. atmospher1c adsorpt]on were not observed 1n th1s operation,

There have been ' many arguments of 1nterpretat1on of 1maglng

the extra spots after f1e]d desorpt1on of adsorbates, such as shown in’

c1rc]es in F1gure 6.1 (f)." Ehrhchl3

.studled CO;and N2 adsorbed .on -
. tungsten emitters, using He as'the imaging'gas, and concluded that the
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‘Figure 6.1 (a) Clean tungsten surface taken at 13.2 KV

S

Figure 6.1 ?'(b)""ll\"ft'e‘r'iat'lps‘p;lie'ri‘é i&;oi'ﬁt"lon taken at 8.; 8 KV



~ Figure 6.1 (c) Same surface at 10.3 KV

~ Figure 6.1 (d) Same surface at 11.0 KV
N
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Figure 6.1 (f) Same surface
, Jure 6.1 (f) Same su

at 13.6 kv

37
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resu1t1ng extra spots corresponded to 1mages of the adsorbates

On the other hand, Ho]scher and Sacht]er4 conc]uded that at the

| field requ1red for imaging with He, all or most of the adsorbate had
been f1e1d desorbed and the extra spot< correspond to d1sp]ace tungsten'
atoms., Mul]er53 had shown earlier that oxygen was f1eld desorbed at .

4. 5v/A in the presence of He. From exper1ments of an atom probe FIM

' he conc]uded that field desorption removed some meta], as well as
.oxygen, atoms. Recent]y Lew1s and Gomer7 suggested two po1nts f1rst,
most adsorbates were f1e1d desorbed below He\;magjng fzelds, second,
much of the d1sorder ‘seen after field desorption of the adsorbate 15

the resu]t not of adsorpt1on but the desorpt1on act itself.

For a tungsten surface, oxygen has the blggest accommodat10n
_coeff1c1ent among the d1atom1c gasessa. The extra spots in F1gure
6.1 (f) and the random spots in (110) terrace area in Figure 6. ] (d)
'Ahd-(e) represent therefore d1sp]aced tungsten atoms ‘Also the br1]]1ant
spots shown in Flgure 6.1 (b) and (c) are presumab]y mob1]e clusters

!

or oxlde,proto‘nuc]e1, not strongly bound to the. surface and themse]ves

| i} ar1s1ng from aggregatlon of 1nd1v1dua] molecu]ar un1ts detached from

the metal surface At room temperature Oxygen s weak]y adsorbed
and a near]y perfect surface is reatta1ned only by desorblng se@era]

atom 1ayers of tungsten,
6. 2 The effect of depos1t1on so]utlon

After obta1n1ng the field evaporatlon end form /the t1p

specimen was immersed 1nto the dep051t1on ‘oﬁutlon for about 2 mlnutes,

to determine the effects of the depos1t1on so]utlon on the specimen.
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Figure 6. 2 (a) - (d) shows the typical mlcrographs before
and after the 1nmerszon of the tip into the sotution. rF]gure—6>2 (a)
6’shous the clean tungsten surface at 13. OKV before the QnmerSIOn
Flgure 6.2 (b) - (d) show the contamlnated surface u1th air and

o

dep051t10n solutlon : (b) was taken at ]0 ZKV (c) 11. OKV {d) 11.2kv.

‘The mlcrographs show the same pattern as shown in Figure ¢.1.
o P \ '
Name]y, the brl]]Iant lmage spots shown in Figure 6 2 (b) are presumab]y _

, moblle clusters or 0x1de protonuclei, not strongly bound to the surface.

- The Clean tungsten surface shows up in a particular order, —-i,e., from

=
¢

the reglon with sma]ler curvature to the region w1th ]arger curvature

of the t1p.

In thlS operatlon the reconstruct1on of the tunsten surface '
Is observed In Flgure 6.2 (b), type (1) corros1on 1n sect1on 3. 1 is
observed around theper1phera] (110) region (shown by arrows) This
COTFOS]O" effect decreases the Iocal tlp radlus, ra151ng the fleld and
further prOmotlng the reactlon Comparlng Figure 6.2 (d) with (a),
_the reductlon of perlpheral (110) plane rlngs is obv10us A]so F]gure
' 6 2 (d) shous ‘the reduction. of the centra] (]]0) p]ane rlngs These
are the results of corrosion lnduced reactlon in Tocal rad1us of |
curvature of the tlp. At the end of the process the HeB1V is reduced

to about 20% of or191na] HeBIV.

One centra] prob]em of f1e]d ion m1croscopy is the proper

ation of lmage contrast Structura] changes and conservatlve

rrangements of the surface ]ead to a redlstrlbut1on of the f1e1d
but he nature of the topographlc changes cannot a]ways be 1nferred

dlrectly and unamblguously from the 1mage A brlght area (fﬁe]d
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Figure 6.2 (b) After immersion to solution taken at 10.2 kv



~ “Figure 6.2 (d) Same surface at 11.2 KV
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~enhancement, high curvature) can be due either to depos1t10n of
material at that place or.to eros1on ‘of the surface around it. A
dark area can be due e1ther to erosion and removal of one or more
"”‘Surface atom layers or to depos1t10n of materlal nearby, SO that the
built up part becomes v151ble at a louer voltage Also, partial field
,evaporat10n from parts of a rearranged or perturbed surface can take

‘place at a very Tow averaged field, espec1ally from hlgh curvature

regions and in the presence of chem1sorbed oxygen ‘ &

In,Chapter 3 the effect.of a high field onltipfsurface are-
summarised as (l)’proviﬁing a'continuous supply of reactant to the
tip area, and (ii) acceleratlng the primary stages of the corrosion.
reaction proper, by lower1ng the actlvatlon energy for dlstort1ng the
: conf1gurat1on of a surface Site. Wlthln the tip area adsorbate
spec1es m1grate up-field from site to site, and the1r movement at each
f};m1gratory step depends on the balance between dep051t1on fleld and 51te

‘ b1nd1ng propert1es.

Therefore the reason of the reduction ln local radlus of

curvature s consxdered as (i) a s1te-select1ve degradatlon of the

‘ or1glnal surface structure (1) a depos1t10n of mater?’l on specific ;
areas, and . (111) a net loss of material by field desorptlon “'/?t

| In operat1on 6.1, the reduction in the local radius of

curvature due to corrosion were not observed The changes in surface
topography observed 1: this operat1on are therefore cons1dered to be

due to the strong reaction between the tungsten t1p and water molecules :

wh1ch are adsorbed during immersion of the tlp into deposition

— -~
K L . . -
N



6.3 The effect of e]ectrodeposition

. -‘)‘ o ' ‘ (i)“
The e]ectrodepos1t1on of z1nc was carried out for d1fferent
current densities and deposi tion times. By US1ng AC current, the tungstem
ewf
tips become etched, and the thin zinc f11ms were not obta1ned - By

~using DC current the tungsten tips become grey tarnlshed, showing'>

that they are coated with zinc.

4

At 500uA DC, the coatlngs are ‘too thick to al]ow an observat1on‘
of the 1mages be]ow 30KV 1mag1ng vqjtage Also at 50LA DC,11t was
d1ff1cu1t to observe the change of t)p co)our as e]ectrodepos1t1on
proceeded. The best e]ectrodep051tvon condition was experfmentally

o detenn1ned to be. ]OOpA DC for.30" seconds For thws cond1t1on the
change of tip co]our _Was easw]y observed and an 1mage could also be

observed at a "nonna] imagin vo]tage
g

Flgure ﬁ 3 ( ) - (f) show the typ1cal 1mages of the t1p
_ be fore and after electrodepos1t1on it 100u.A DC. for 30 seconds (a) is.
taken at 13 6KV. before e]ectrodep051t1on, (b) is at 8. 1 KV aft e)ectro-
dep051t10n,.(c) at 9. 2KV “(d) at 10. OKV, (e) at-9.4KV and f) at 9.8KV.
AR oy .

,Figures 6 4 (a) -~ (j) were taken by using the external
(8

1mage 1nten51f1er for the t1p, before and fter e]ectrodepos1t1on for

N

the same cond1tlons .as Flgure 6.3 (a) - (f) F1gure 6:4 (a) is taken'
at ]0 4KV before electrodepos1t1on, (b) 1s taken at 7. 2Kanfter R
@

7.9

electrodepos1t1on, (c) at 7. 6KV, (d) at 7.7KV, (e) at 7 8KV, (f) KV,

(g) at 8. OKV, (h) at 8. ]KV, (i) 8. 2KV apd (3) at R.3IKV,



Figure‘6,3f(a)‘tlean'tngsten surfa¢évtak¢n at iﬁ;s KV

[

Figure 6.3;(b)’Aftef eIedtfodebositfon takenfai 8.1-zv ',.f



. 'Ftﬁﬁre‘6;3'(é);Sahe'suffdée'at,Qﬁz'Kv ,.

N .FigpreiG.B (d) Same surface at 10.0.KV.- -

Vo
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F'ifg'u‘re"

ame surface at 9.8 KV

(#) s

‘
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(b) Afur elntrodeposition tahn - (e) Sm surface at 7.6 KV
atzze R |

© 4d) Same surface at 7.7°KV  (e) Same surface at 7:8 kv
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NP

©(n) Same surface at 8.1 KV . . (1) Same surface at 8.2 KV

(j)" Sane s‘il_rfa'ce\ at 83KV
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. ) S . -, . Cs ) Co
~: , of this community type was almost entirely coniferous, and four of the -

"~ by the minimum variance, furthest neighbor, and gr

area (Table 10) averaged 39 1 m7/ha. Neither Populus tremuloides nor

‘Pinus contorta reach their highest nger here. .

canadensis nean cover value of any btand it was grouped with stands

o
- .

L 4, and 26 , %

» A

iz

Thus phe,findl delimitation was into fou community types which

are shown on the ordination field in'Figure 5.
Sy o E g

e groupings provided
R T : . ) ’ ﬁ
N . - i J .
upvaverage’cluster—

ing techniquesfwefeeciosest to the'final deLimita"oﬁ. Prltchard

and Anderson:(1971) also found these three technlques to be most

- .-
i A
&

useful. L B , S e

Rubus Pedaths/Ptiiium communigvﬁ;vpe S oy

\ -

crlsta castrensis occurred in Swan HlllS at the hlghest altltudl

Stands with the understorv domlnated bv Rubus Dedatus and

studled (1220-1295 m) g

The stands were. generally open (Flgure 6) wlth a mear tree cover

f’

of 43%, the lowest'of.the four’communitY'types: ‘Abies balsameavand

Picea glauca accounted for 21% -and iBZ'éespectivély. ‘he tfeérlayer

i

six stands were dominated by Abies balsamea. Other mean cover amounts

were: Pinus contorta (7%2) ., Picea mariaha 2%), and Betula‘papvrifena
s.1. ( <1%). Mean tree den51tv was. 1005 stems/ha and'totglfbeséi'J

<

P. balsamifera here.present iu this,t?pe,ISihee.they become a very

>

minér element above about 915 m in Swan Hills. -Both Abies balSémea epd

<

e
. .

-

W
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By using the externa] kwage 1nten51f1er, the deta1} change :

of surface topography cou]d be recorded but the reso]utlon is. bad
-compared v th F1gure 6 3 Moreover, it was extremely d1ff1cu1t to "

- interpret image contrast because of the sens1t1v1ty of the external

.
- N

P X ’ ) .
. .,

In th1s operat1on,‘the extens1ve and cont1nu0us changes 1n

v1mage.nntens1f1er

i

surface topography were observed through each serIes of m1crographs

o After careful 1nterpretat1on of the mlcrographs . the images were

',detenn1ned as being corros1on processes of the tungsten t1p for the -

-

'following reasons,.'

.(1) 1mages were taken far be]ow the orTg1na1 HeBIV

*

(2) the reduct1on in 1oca1 rad1us of curvature of the tip was observed.
‘(3) the streaks in the centra (110) reg1on were a comnOn phenomena ;,

due to the 1nteract1on of the tungsten t1p w1th reactlve gases,

mainly water mo]ecu]esss. : B

s

~ (4) the images show the body centred cubicfcrystal lattice'structure

“which tungsten exhibits. N

The.thin zinc films were henceyconSidered«to be weakly bonded ‘

-to the tungsten substrate and could be eas1]y ruptured under the he11um f

1nag1ng fleld

The corrosion patterns shown in FigUre 6.3'andeigure 6;4
areﬁrepresentatiYe of type (ii) corrosion in section 3 1. 'Name]y,-" i
a fier‘wel] below the'ortgina] HeBIV. (1n F1gure 6. 3 (b), 67 of
the or1g1na1 HeBIV) (in F1gure 6. 4 (b) 69% of the orIgInal He BIV
‘,the f1e]d at which f1e1d desorpt1on of adsorbed atoms or molecu]es occurs

N

,1s encountered w1th1n the 1mag1ng area. In these e1rcumstances there
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' “will be a continuous mlgration of adsorbed atoms or mo]ecu]es from

% the shank to balance the c0nsumptlon by adsorpt1on and react1on in

the high field re910n, and for this condition ?ontlnuous field corr051on ,

was observed The 1mages of continuous fleld corrosion were observed

1n the central (110) reg1on in Flgure 6.3 (b) through (e) and in

Flgure 6.4 (b) through (1) In Figure 6.3 (c) and 6. 4 (e), the (110)

reglon appears to be. doubTed from the (TTT) po]e area to the (TTT)
‘pole area. After further fler evaporat1on, the centraT streak

through (TTT) to (117) appears in F1gure 6. 3 (d) and 6.4 (h). This

“doubT1ng“ or streak on the (110) terrace zone is considered to be .

the corros1on front The (TTO) face is the c]osest Packed in a body
_centred cublc crysta] lattlce but TS surrounded by atomlcally rough
surfaces in all d1rect10ns except in cases Such as (]TO) -(211). These

latter consist ent]re]y of terraces of (110) orientation. Also the

- surface is atomlca]]y much rougher near (111) than (100) It’is reason-

- able to assume that crysta]lographlcallyéselectlve eros1on occurs at

_most atom1ca]Ty rough surfaces near- (T]T) and thus creates the corr051on »

front{from (1) through (no) to (117).

After further field evaporat1on, a c]ean tungsten surface

' (F1gure 6.3 (f) and 6.4 (J)) appeared at 72% ~ 80% of orlg1nal HeBIv
, Y

The reduct10n in Toca] radlus of curvature was signlflcantly Targe
“and the t1p (about 150 A in rad1us) was almost sp1ke-]1ke in shape.

‘Th1s apparent]y resulted from a catastrophic symmetrical corrosron of

the tip at the boundary of the hlgh field reglon. The corroded reglon
eof the tip surface was fulTy 1maged at a He BIv Touer than that of the

orwg1nal erface. The "doubllng“ Qp streak on the (TTQ) terrace zone

. »

.
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is thus exp]ained by #rosion at and transport from these (11p)

terrace sites »fsome of the erodeg%atoms belng buw]t up -at the corrosion

_ edge in compet1t10n with f1e]d evaporation. Further attack on the
vba]ready corroded surface segments occurred by the advance of another

’”corrqs1on edge. The mechanical stresses at these fields were too- Tow

§
to cause catastroph1c slip and fracture As a result, the corrosion

process cou]d proceed symmetrically from all sites to give the po1nted

'end form The main reactant in this corros1on process is con51dered

;to be oxygen and water mo]ecu]es wh1ch were trapped as a hydrate during

“ETEctrodep051t1on, because the streak around the (1]0) reg1on was

often found when water molecules: ex1sted inside the mlcroscope chamber55

6.4 The effect of post depos1t1on oxidation .

After e]ectrodepos1t1on of z1nc on the t1p spec1men at 100 A

DC for 30 seconds the spec1men%was ox1d1zed in air wh1]e an AC current

of 1.7A was app]1ed for 10 MTqUtES through the heat 1oop\

o)
F1gures 6 5 (a) - (J) show the effect of post dep051t1on

1

.‘ox1dat10n : (a) was taken before any: treatment at 13. SKV, (b) after f
‘jpost depos1t1on ox1dat1on at 7. 4KV (c) at 8. 4KV (d) at 9.0 V, (e) at
9K, (f) at 10 2KV, (g) at 10.4Kv, (h) at 12KV, (i) at 13.8KV, and

. 4

(J) at 16KV

In th1s operat1on it is also cons1dered that the . 1mages were

not ‘these of thezz1nc oxlde thin f11m, but the 1mages of the corros1on'.

a of the tungsten substrate for the same reasons mentioned in sect1on 6.3.

The pattern of corros1on shown in. F1gure 6.5 (b) to (g) is representat1ve ’

.of . type (11) in sectlon 3.2. Another pattern of corr051on (type i) in



Figure 6.5 (3) Clean tungsten surface taken at 13.5 KV

\ /Agw"i N

Figure 6.5 (b) After post-deposition oxidation taken at 7.4 KV



Figure 6.5 (c) Same surface at 8.4 KV

’

"

. Figure 6.5 (d) Same surface at 9.0 KV



Figure 6.5 (e). Same surfade afl 9.7 kv

~ Figure 6.5 () Same surface at 10.2 KV

54
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B ﬁ’ggré 6.5 (h) Same §ui~f&§e at 12.0 kv



T .

e

( ' Figure 6.5 (j) Same surface at 16.0 kv,
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sect1on 3. 2) appears 1n Figure 6.5 (h) to (j).
(‘) Y

. (2
N]th type (ii) corros1on there was seen Ao be a streak from

“%{1TV) through (110) to. (111), and continuous f1e1d\corros1on was

ed on the entire 1mag1ng surface The field euaporation end-form
has a spike-like shape (Figure 6'5(9)) After fie]d evaporation of
. this spike, the tip spgc1men had almost the same rad1us as it had
before ‘the treatment. Further f1e]d evaporation made it possxble to
- show the ent1re tip surface - In F1gure 6 5 (1) and (J). the corros1on
fronts are observed around the edge of . the 1mag1ng part of the- t1p,
i.e., around peripherical (110) region, and show‘the type_( i) corrosion

in section 3.2, T - | N

Tungsten 1s hard]yox1dtzed by heat1ng 400°C in air, then,

“‘th1s phenomena can be cons1dered in terms of ‘erosion and the red1str1but1on

4. X -
of tungsten at .

Also, the main- reactann31n this corros1on process is con-
o t?«a"
s1dered to be oxygen and water %ecules wh1ch are trapped dur1ng

electrodepos1t1on by the ‘same reason mentloned 1ntsect1on 6 3.

v“t‘v
NGRS
2 4
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CHAPTER 7
B
CONCLUSIONS

7.1 Results | S e

B,

It is zmposs1b]e to observe the images of the th1n z1nc _
and zinc- 0x1de f1]ms, as these f11ms ﬁvaporate well be]ow the heT1um

-1mag1ng voltage.

Images obta1ned in this" exper1ment show the two ' types of

field corros1on by adsorbates, such as oxygen and water mo]ecu]es -

When the main reactant is only oxygen, the corros1on fron

ex1sts on cryss '”2aph}ca1]y rather specific sites on the t1p surface

Nhen the main. reactanrgas oxygen and water mo]ecules the cont1nu0us

changes 1in tﬁe topography of ‘the tip surface are observel, as well as

~ the ”doubllg@% or streak effect on the (110) terrace area.

2§he§%a1n reasOns for observ1ng the corros1on process of the

ftungsten”t1p spegvmen are: cons1dered as fo]]ows
(1) it 1$ 1mposs1b1e to outgas the spec1nen after e]ectrodepos1t10n
4

- or 1ts post depos1t1on ox1dat1on, because the me1t1ng p01nts of

-

‘ z1nc and z1nc ox1de are wel] be]ow that of tungsten. The water

imo]ecu]es trapped dur1ng e1ectrodepos1t1on and the atmospher1c
e bR
,‘;absorbates are therefore presented du

¥ d

f(2) vacuum c0nd1t1ons in the mlcroscope chamber and/or the gas hand]1ng

% c-'

ing the 1mag1ng operat1on

p]ant are rather poor becauSetof the 1mp0551b111ty of bak1ng the’

system ‘



. 7.2 éuggestions for further work.
e

It is obv1ous that this m1croscope system is not su1tab]e

_»'for thin f1]m stud1es.v A f1e]d ion microscope system wh1ch provides -

v bake-out fac111tat1es and an u]tra-h1gh vacuum background pressure 1s >
vrequ1red. The low background pressure of the system would allow the
app]1cat1on of- lmage gases w1th lower 10n1zat10n potent1a1s | Th1s_

- would fac1]1tate an 1maglng of mater1als that- have Tower f1e]d evaporat1on

fields, e. g., low me1t1ng po1nt soft metals such as go]d, z1nc.etc

When ‘gases with low 10n1zat1on potentIa]s, e. g., Ne Av,
©are used, image 1nten51f1cat1on is requ1red A pr1nc1p]e d1ff1cu]ty
here is that the conversion eff1c1eﬁcy of the ion energy 1nto photons
Tdecreases very rapley w1th 1ncreas1ng 10n mass, most of the energy
go1ng 1nto phonons, SO that even external lmage 1ntens1f1ers are almost
use]ess fbr heavy mass’ ions. Hence an 1nterna1 1mage 1ntens1f1er such
as a channel plate 1s requ1red because the 1on/e1ectron conversion

eff1c1ency ls not a sen51t1ve functlon of ion mass 56, 57 '

'ﬂ '_' Further, it is des1rab1e to work w1th as low a- t1p temperature
as pOSSlb]e thlS nece§s1tates the use of l1qu1d hydrogen or he11um ‘
The advantages of uSIng these would be better reso]ut1on, higher

brightness and reduced background pressure58

1

Another very 1mportant po1nt is that thin film manufacture
should be carr1ed~sut 1ns1de the nncrscope chamber by means of thermal
evaporatlon mechanical contact etc.,. so that e11m1nat1on of contam1nat1on

and outgass1ng of the spec1men before depos1t1on mayobe fac111tated »""
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