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ABSTRACT

-y

variation of 1atticeiparameters of thin films (generally

less than 1OQOA° thick) has been_the subject of many papers

a

over a long time. 1In many cases the reported results were

“contradlctory and abnormal spac1ngs in very thln fllms are

now generally regarded w1th reserve, In this work many of
the prev1ous experimental dlfflcultles have been ellmlnated.
This thesis 1s divided in two par%s; in whlch two dlfferent -
sources of'lattice constant changes andFthe conditions under.
whlch they occur were investigated. in part one "actual changeS"
of the lattlce parameters are 1nvest1gated Whlch depend on rhe.
mechanical propertles of the thin- fllms. Part two examines .
“apparent changes" of lattice- parameters which arise from
charges in the surface of 1nsulat1ng thln fllms In this -
experlment the lattice constant of alumlnum films was '
precisely . ‘measured as a function of. thickness using selected
area diffraction and an internal standard. |

It has been‘clearly demonstrated that the alumlnum lattlce
constant decreases with film\thic%ness.' The_presence of
charges—on the‘surface of insulatiné films was detected by; '
shadow electron mlcroscopy. The effect of these charges on
thin fllms of CaF,, NaF, -LiF and formvar supp“rt films was

investigated,'and apparent,changes_of the lattice parameters

were calculated.
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PART ONE

o~

ACTUAL CHANGES OF THE LATTICE PARAMETERS
DUE TO MECHANICAF;PROPERTIES OF THIN FILMS
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CHAPTER 1,

INTRODUCTION
During the last four decades geveral attempts have

been made to detect the differences betweenlthé'structural

properties of thin films (or very small crystals) and those

of bulk (or normal-size crystals); Such differences are to

be expected considering the'large‘surface to volume ratio of

‘thin films, Surface atoms have a different enviroment from

~ those in the interior and therefore changes in the interatomic

spac1ngs are expected
Lennard - Jones and Dent (1) calculated that a surface

(100) plane of an alkalil halide has an interatomic spacing

‘approx1mately 5% smaller than a 51m11ar plane in the 1nter10r

‘of the crystal, Under equlllbrlum condltlons, in order to

keep the interatomlc distances’ of the surface atoms the same

as those of the 1nter10r atoms, the surface must be subjected

to a surface ten51on of +2000 é&n/cm. Nicolson (2) has
calculated a surface tension (for an {100) surface of an alkali
halide} of the.same.order.but Shuttleworth (3), using a
different method, has obtained a yalue of -300 dyn/cm for the
surface ten51on 1n (100) alkall halide planes. According to
the sign of the surface tenszon the lattlce will undergo a

compression (positive surface ten51on) or an expansion (negative

‘surface tension).

-2 -
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For sméll crystallites the pressure P reaches . 7" -
considerable values. For example, when the surface tension
T =1000 dyn/cm and the radius of the crystallites r=204°
then P=10'0dyn/cm? =~ 10¥kg/cn?, that is thé particle is
uhder a-pressuré of 10,000 atm ffom.tﬁe surfape. Undef such
,pressure,‘assuming that the comprésSibility coeffipien?s of ~
‘the film are the same as those ofﬁthe bulk, the relati#é.
compréssion of the particles:is 3-5%, which corresponds to a
change  in the lattice constanf of several hundredths of aﬁ
éngstrom.'lSuch changes can be easily observed by electron
diffraction. )

The variation of lattice parametérs with crystal'size
and film fﬁicknessrhas been the Suﬂject_of a steady stream of
research papefs over a lengthy period and'contradictory results
have been répprted by apparently careful workers.. A literﬁture
review and a critical examination of these reports is presented
in chapter_z.

The presént_work describes an experiﬁental approach %o
' the determination of ‘the variation of lattice parameters of
thin aluminum films with film‘thickness.'.Elecéfoﬁ diffraction
. mibrographs were takén of Al films evgporatéd on a thallous
chloride film which was uséd as an internal étandafdf
The line profiles of the. electron diffraction rings were studied R
and corrected for backgroqnd inténéity due to inelastid:r

scattering, and the formvar‘support film, It was found that

v



the lattice constant of Al decreases W1th fllm thlckness.
This was attrlbuted to the effect of a surface stress and an
" intrinsic stress acting on the individual Al d%ystallités

in the film. A study of the line broadening of 50A°-a1uminum
films showed that the broadenlng is mainly due to the
crystallite size, This led to the calculation of a surface
stress'of‘1500“dyn/cm which ié believed to be responsible

for the magor part of the volume contractlon in Al films of -

this thickness, In general the work embodled in this part of “

this dissertation deals with "actual changes" in the lattice
parameters of the films due to mechanical properties of these

films.



CHAPTER 2.

LITERATURE REVIEW

2.1 Existing Evidence For a Change In Latticé

Constant.

AT

One of the first experimental studies of small crystals

was conducted by Finch and Fordham (1936) (4), They examined

‘vacuum evaporated alkali halide films by electron diffraction.

Gold Ieaves and colloidal graphite were used as standards.

They fourd that the lattice constants were smaller than those

- of the bulk and claimed that this effect was due to a‘positive

surface tension.

N.A. Shishakov (51) using electron diffraction techniques

observed a decrease in lattice édnstant . He alsoc made the

‘hypothesis that crystallites in thin films undergo a volume

compression as the result of the surface tension. However,

Boochs (5) determined the lattice constants of four alkali o

" halides by comparison with evaporated gold films énd found

that the values were in agreément with the x-ra& values
within + 0.15%,

Gnan (47) determined the spacing of NaCl using Bi films

as standards and found a +O.2% difference. 'Pickup (6) also

worked on NaCl films and found a +0,7% difference in the lattice
constant (in comparison to the x~-ray values). Finch, Wilman

and Cosslett (75,76) observed similar dis@repancies in the

nlg}tice constanf of ZnoO, determined by eleciron difffaction

L -5-



in terms of gold, At this point it should be noted that the
thinned gold foils. that were used. by the various workers,

were determined by x-ray diffraction and found to have a lattice

constant 0. h% less than that of the bulk, 0. °
. F.W,C, Boswell {(7) is the flrst worker who has ‘made .

‘preclse and extensive measurements. Boswell exammned the

lattice censtanté of.several alkali halideé.?y electron
diffraction with an‘experimenta; erfor‘of O.Qﬁ%. As standards,
he used‘graphite ahd thallous‘chloridE. The size of the crystals
was deduced from the breath of the diffraction rings.
.The_lattice constanﬁs of crystals of sizes éreater than 150A°
were found to agfee with the x—ray‘valuee'within the
experimental error, ‘For prstals of size less than 100A°,
the lattice conetants were found to decrease by an amount
pfoportional-to the diameter “p" of the crystalli?es. For D=2OA°.
the decrease was 0.5%. 'Similar'effects were oesefved for
.evaporated gold films; for D=30A° the decrease in lattice
constant was 2.0% and O. 2% for crystalltes wmth D 40A

Boswell also worked on evaporated films of 511ver and blsmuth,
and found that in all cases the lattloe constints were less

than the x—ray values, Boswell's results for the change of
'1attiee eonstanf‘in LiF‘wheh plotted versué 1/D give a straight,
‘line; the slope of which\edffesppnds to a surface tension of "
+2400 dyn/cm. “ : ) | _

dﬁ the other hand Halllday, Rymer and Wright (8) u31ng a

dlfferent electron diffraction teehnlque. obtalned a value of
. , p ,\h .
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-750 dyn/em for the surface tension of LiF, 1ndlcat1ng

an increase of the la%tice constant ' .
Yu,F.Komnik (9) examlned evaporated fllms of Ag,Al, Pd.

and Bi by electron diffraction. and found that in.all cases the

lattice constant decreased monotonically as the film thickness

decreased; Komnik also"observed that the lattice consfeﬁt -

| decreases considerably when the sise of the crystalites,

approaches some critical thickness. This is the thickpess

at which the film becomes continous. |
A.Cimino has measured the lattlce constant of sputtered

Mg0 films prepared in air and vacuum, using x-ray technlques.

He found that the lattlee parameters decreases with increase

in preparation'temperature;'eud with increase in crystallite 'I’e

séiZe.. With D=88+ 104° the change was + 0.14% and it decreases

towards zero as the crystalllte size increased to 150 A -

Vook, Parker and;erght (10) measured the lattice: parameters |

-of thin evaporated tin films by X-ray dlffractometer techniques

. as s\functlon of film thlckness It was found. that the lattlce

-'parameter perpendlcular to the surface of the fllm 1ncreased

. as. the fllm thlckness 1ncreased .Similay measurements by

Vook and Otoenl (11) on very<th1n gold fiims revealed similar

.‘7results.' | |

-

More recently MaMs. Vermaak and Kuhlmann - Wllsdorf (12)

" used electron.d;ffractlon to determine the surface stresstln

gold.  They used the most recent experimental teehpiques and

- took-great care in specimen preparation in order to avoid



‘-‘. .

-~supported by B.C. Smart and F.W. Boswell (13) using precision

»

inconsistencies associated with chemical impurities and poor

choice of. internal standards.  They reported a decrease
in the lattice constant propo:tional to the size of the

crystallites., Their interpretation of this effect was a

surface tension +1175 +100 dyn/cm, This result was later

1

selected area diffractioﬁ by which the lattice constants of
sihgle'crystal gold platelets were determined with an
accuracy of- +0, 03%. _ The 1attice parameters in the (111)
plane were found to be 1less than the bulk value by amounts
ranglng'from 0,28 to 0.04% for crystal thlckness 80 - hOOA.;
The plot of lattice constant versus fhe-reciprocal of the
plafelet’%hicknessi@as"a straight line, the slope of which
cofresponds to a susface“stress‘+10?0 + 75 dyn/cm which is
consistant ﬁith_the observed decrease in the laf%ice'constant.
ThlS concludes a small summary of the existing evidence

Of,the change of.the_lattlce parameters in thin solid fllms{

2.2 Discussion

From the already existing evidence it becomes obvious
that the change in the lattice constant of thin films is a.
real effect and‘in most cases it deviates-frcm the bulk x-ray
value as the size of the crystallltes decreases.‘

In most cases of continous films, the change of the lattice
constant does not exceed 0.5% and the accuracy of the resclts

is considerabdly high, (the highest cne reported using -



.diffraction patterns becomes

N

convehtional.diffréction techniques, is 0.03% (13))

-For discontinuous f£ilms

changes up to 2.8% have been
reported'(HS) (46).

However, the interpretation of the
increasingly difficult with

dlmlHIShlng crystal size. So much'so. that some serious

~ doubt has been expressed (14). (15). (16) about the validity

of some of these measurements. A'criticallexamination of
these reports leads to the following conclusions,

In most cases the‘contradictdry results can be explained

'in terms of preparation techniques that would be considered

unsatisfactory by todaybrstandards. in that the.sééciméns
were contaminated while prepared {at low vacuum), and not
highly-pure.' . _
In general the'vériation of'thellattice pafameter with
film thickngss, (or crystalliteldimeﬁsion)jhas at\best; been

b,

demonstrated only in a sehi-duantitative way, due to

'experlmental dlfflcultles. ~ In most reports, it is‘difficult

to judge the magor sources of error due to the 11m1ted1nforma—
tion presented.,‘Howeyer the follow1ng factors appear'to be
the most‘impoftént.: .

(1.) A sharply sloped Eaékground: For very sharp peaks
the effect of the backgrbund has been considered negligible,.

For the case of relatively broad peaks, the change of slope of

the background across the half width of the peak is sufficient
to cause an appreciable shift of the position of the maximgm in

the direction of greater backgrdﬁnd intensity.

N

Lo



(2.) Difficulty of visually 1?cating the true centre -
(maximum density) of a diffraction peak: It was observed (48)
that the lattice parameters dgterhined by visﬁally meaéurihg‘the
ring radii with a travelliﬁg‘micrdscope were coﬁsistently
lower than those‘obtained ffom'microphotqméter récords,*

It was also shown (48) thé%ﬁ%his disdrepancy is due to the
(3.) Overla; of talls of adaacent peaks: Archard (49)

showed that when two peaks occur in close proximity, there

may be overlapplng:gi‘thelr tails, thus introducing shifts

rl

of their_méxamina, - ' i
(&.) Spotting of thé diffraction rinés: If in a sample
there is an 1nsuff1c1ent number of crystallites to glve a
uniform distribution in orlentatlon, the dlffractlon rings
‘ appé;rs spotty and uneven. This may cause large errors‘ln the
determination of the maximum as read from microphotométéf
records, 9 -
In addition to these, Rymer (50) mentioned the following
sources of‘error: :
(5.) The intensity is higher on the inner side of a
broad ring owing to the shorter perimeter into‘ahicﬁ the ,
scattered electrons are coﬁnected.‘ Due tp‘this effect the
" maximum is dlsplaced inwards, .  § |
(6.), Charglng of the photographic plate results in an

1ncrease of the ring dlameters 1nversely proportlonal to their

v . L
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'origlnal value.i

(7.) Anelectric charge on the spec1men.changes the
scaYe of the diffraction pattern. This factor is examlned in
detail in the seCOnd part of this work.

When only the results of the workers who had taken
special care to eliminate any of the above sources of errors
are con51dered, the evidence is strongly in favour of a
1att1ce contraction in thin. films of metals, alkall halides
.and ox1des. . Now the question 15: How,and accordlng to what
formulated theory can fhesek;esulté be best explained?

There seems’ to be a'relative.d}scrgpanpy bétweén some of
the existent theofies and the experimental results. Tﬁis is. a 7
not surprising considering the large nuﬁbér 6f variablgs
involved, most of which .are extremeljfhétd'fo dete:mine.. Aot
'In the next chapter an‘attémpt is méde‘to-summafiZe and classify
most of the main factors that cause thé change of the lattice 7

parameters in thin films,




CHAPTER 3.

i

EFFECTS AND MECHANISMS RESPONSIBLE FOR THE CHANGE OFlTHE

LATTICE CONSTANT -

A : . .
- . . . } I

L}
L3

3.1 Crystalllte Slze Effect And FllmuThicknessJ

e " As w;s already noted in the prev1ous chapter. the
lattlce parameters of thln fllms depend on the dlameter D of“f
“the crystallltes (?). (8). (9). (46), (b?) i "‘

The relatloﬁsplp that connects the fractional change ofr
'-@ihe lattlce " donstant with the diameter of the crystallites
égg;as follows; ' o
'~ Expanding the volum v(p) of the crystallites,into a

series and neglectlng‘see d and hlgher order terms we have, :

v

vo + TDPP

- ) . ' [

=V_ - K\f P ‘
| \%K/ | ’ r" | | |
b wWaTeTe Vo:'Volume of crystalllte in absence of strain,

o (av)
-K == (ﬂgﬁ;)_r is the coefflclent of

isothermal compressibility,
and P is the’ pressure

o We may write p in the form Kcﬂ/r' where ¢ is the surface

tension, Y is the radius- of the crystallites and K==2'for

spherical particles,and H‘( 2 for particles‘of any other shape.

>
-

- 12 -
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The fractional ehagge in volume is:
v -V KO ' Y
"_""_\T_—P‘= K__‘_’__ (3.1)

Therefore for crystals of cubic stmetry‘the fractional

change ,of the lattice constant isy .

Ba _yXKO (3.2)
a Y '
Equation (3.2) is a classical expression and applies
to individial partlcles that are subaected to a uniform

surface tension. It applles to partlcles of a def1n1te i
shape,'and it does not account for interactions between
specimen and substrate (i.e. interfacial stralns). grain
boundary stresses, or any dev1at10ns in the value of the

) coeﬁf1c1ent of 1sothermal compre551b111ty from bulk values.
Tﬁ;;efore relation (3.2) is not app11c1able to thin continuous
fllms For thls reason 1nterpretatlon of results for
contlnuous fllms that were based on relation (3.2) are very
often in dlsagreement.' Clmlno (1?) ‘observed a 1/D

dependence of the lattlce constant of sputtered MgO prepared
id vacuum, and a ;eeiprecalevarlatlon when the sputtered Mg0 !
films were prepared in air. The effect was attribeted to

the presence of absorbed water which forms an external 1afer

of magnesium,hydroxide. and subsequently it creates interfacial

‘stpains, Siﬁilarly Boswell's (7) results on the surface stess

i

-t o,
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of LiF ffims were of opposite sign- to H: llida&'e results

( 8). No explanation has been given for this contradlctlon

*  But whatever the cause. 1t would seem.lmp:obable that it can be

explalned in terms of the factors involyed in relation (3.2);
‘iThls 1ndicates that the surface ten31o; alone, actlng on
_crystallltes of polycrysteﬂlne thin fllms, cannot account for
all observed changes of the’ lattlce parameters.

A dependence of the lattice constant on'.c ystalllte size
would be expected to appear also as a thlckness ependence.
In order to establlsh a relation between the»thlckness of e
thin film and the change of the lattice parameter, Vook (10) -
conducted X-ray dlffractometer studies onﬂpartlally orleﬁﬁéd
Sn fllms. Vook observed: an "increase in’ laxtlce constant
.;Apropotional to 1/ V%, where t is the thickness of the film,
| Similar studies (11) on gold films 1nd1cated an 1ncrease
in lattlce constant proportional to "t", Therefore, no .
empirical relé%ionship that involves the film thickness can
be formulated.ecnless.the film is strain free, and the film

is deposited as stack of separate monolayers rather 'than by

a three dimensional nucleation process.

3;2 'Effects Dde To Stresses

It is well known that the presence of stress in thin
films produces censiderable effects on their mechanical,
-elﬁptron - transport, magnetic; superconducting and optical

"y



properties, This section examines the oecpé%ical effect
related to the change of the lattice parame@ers'and it will
be divided into two categories, induced strains and residual

strains.

3.2,1 Induced Strains

Induced strains are strains indhced in the films by external
forces. ~ These are‘mainly thermal strains thst the‘films
'erperience from the'difference between the thermal expansion
coefficients of the film and the substrete when their
temperatdre:is changed.' |
7 These strains have been calculated theoretically.(18).

" (19) for thin polycrystalllne films. The calculations

were checked by x-ray dlffraco;petry for COpper and gold on
glaSs substrates (18), and good agreement was observed

It must be noted that in these calculatlons the variation

of "the ‘elastic constants was not taken into account

Hoffman (20) indicated that although the temperature pulses in
the nelghbourhood of the arr1v1ng partlcles are of the order

A

of several hundred degrees, the relaxatlon tlmes dre

extremely short (10 -9 - 10_12

sec) and therefore generatlon
of strains.by conventional differential thermal expansion is
-hlghly impropable, This was supported oy Blackburn and
Campbell (21) as well.as Pashley (22) who exper1mentally

showed that the heat pulses are quickly d1$$1pated,and the



condensed particles are approximstely at the substrate
temperature, Accofdisg to this the differential thermal
strains are expected to be very small,

: Experimenfal results (20), (23) show that for.unannealed
Cfilms the thermal strains are only a few percent of the total
straln. | ,

- AAnoﬁher fype‘of induced strain is that'produceg by
collision of the evaporated particles with a eooled.substrate.
The particles are frozen into p051t10n by .loosi) their
thermal energy., Shear forces can be developed at the fllm -
substrate interface. There are several experlmental
resulgs that indiéate that the'chqnge‘in lattice eonstant is
due’ to thermal ‘stresses (11), (22), (23). Vook and Otooni
(11) repo;ted that anneaiing and subsequent coolihg creates
a stress of —0.1% to‘-O.é% (and a change in'lattice"constantof

- 0, 1% to . -O 2%). for a correspondlng film thickness of 100 -
8504°, ' '

3.2.2 Residual Strains:
Residual strains are the strains which cannot go to
zero by remqval of the external forces. There are several '

sources. of residual stralns and they Wlll be dlscussed

separatly.

16

(i) Surface Pseudomorphism - Lattice Misfit - Interfacial

.Dislocations,
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Surface Pseudomrphism is the costraining of the f{
deposit-td‘fit the substrate lattice. 'F.L., Frank and
Van der Merwer(24) and later Van der Merwe (25 - 28)
developed a theofy according to which epitaxial films in the
mlnlmum energy conflguratlon are homogenously strained, -
lThat is the total energy of the film is reduced by the
.formation of interfacial-dlslocatlons which reduces misfit
_between the depositland the substrate at the expense of |

M,‘—ug‘;blntrodu01ng an elastlc strain 1nto the fllm. If the misfit
is small, the dep051t lattlce is stralned to fit the substrateup
to a thickness of few hundred angstrong,when the misfit is
higher than a critical.valué. interfacial dislocétions are
introduaed. The critical value of misfit is éstimated_to,
vary up'tq 13% f9£ a "soft" film which is'tightly bonded to
the substrate down to 0.04% for a "hard" film with
weak bonds to the substrate. -

Jones (29) made a detalled examlnatlon by fleld em1551on
microscopy of_the:behav1our of the first few monolayers of . _
dopper evaporated ontb tungsten. He observed‘that the first .
three_atomic‘monolayers-were péeudomofphic and reported that this
results,were‘consistén¢;ﬁith Van der Mer&e“s theory;

' Further,verificatiop of Van der Merwe's theory wés_given

by Matthews (30) and Jesser ahd Matthews (31c34).
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(i1} :éurfece Layers;s

It has been observed (35 - 385 that oxide
leyers onfilm surfaces produce compressive stiresses
that increase as the thickness of the oxide layer increeses.'
Hallioay (35)‘reported a compressive oxide on the surface
of copper films; He evaluated the stress for oxide k

layers of" dlfferent thlckness by thlnnlng the ox1de

chemlcally and observed a decrease in stress as: the layer

' thlckness_was reduced.

Another type of surfdce layer suggested by G1mp1 (39)
1san amorphous layer that can éklst at both the 1ntersurface

and the free surface, These layers can be surface oxide

" layers or intefsurface pseudomorphs.of the depogit.xm

1

(iii) Surface Tension:

Under +the asscmption'that the film is free of.any other
types of stresses many researchers have related the change
of lattice constant w1th the surface tensions of the free
surface and the film - substrate 1nterface.

Halliday and Rymer (8),attr1but1ng the line profile of

-

the (220) reflection entirely to the size of the crystallites,

found the surface ten51on of 1ithium fluoride T = 750 dyn/cm,

where T=-%p(0.91)(AL)/W , p= Hydrostatlc presure, W= linear

- width of the diffraction rings, and they assumed a cyllndri-

cal crystalllte shape w1th the main axis of the cylinders
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perpendichlar to the substrate. _With nO'doubt a numbér of -
objections can be raised with respeéf to the validity of the
various assumptions. “ |
More recently Mays (12) reported a decrease of

lattice constant by 0.2 to 0;#% for spherical Au crystals
ranging‘indigmetgr from 125 to 35 Aq fespécfively. N
This variation was in%erpretéd as a Sfoage tension of
1175 dyn/bm.- In agreemeﬁt with these resuits‘Boswéil (13) *
calculatedlé surfadé tension of 1070 dyn/cm in measuring
the lattice spacing of gold platelets.(thickness 86 - 4004°)

There are various surface tension models (1 - j},
{41), (42), but the value of the surface stress takes
realistic values only when the film is discontinous with
small isolated crystals, so one can safel& conclude that the
surface tension in contiﬁous_films_of tﬁickness'of the o;def
~of a few hundred Angstroms is only a minor factor in the

' stress behaviour of the films.
. (iv)  Grain Boundary Stress:

Finegan and Hoffmaﬁ (43),aCCOfQing to ;heir observation
of iron films, have cénstructed a qﬁantitative-model'which
fakes into account the surface tension éndlthe growth
processes at the ciystallite boundary. The model assumes a
film in which at first the crystéllites grow as‘hemispheres

until they touch,and then grow as columns with densely packed

T TR T e P ey PR as ol



boundaries. They assumed an average interatomic force which

follows -Hooke's law for small displacements. The strese

at the boundary is then given by O —Ed/(l V1 where d is the |
average atomlc relaxatlon dlstance 1l is the average crysta—
llite thlckness, E is Youngs modulus and V P01sson s ratlo.
This model fits their results reasonably well Accordlng to
their observatlons the iron crystallltes are anchored on the
substrate when thelr size is approximately 104° At thlS
stage a contractlon of the crystallltes occurs, This is of

-the order of 1% and 1t is due to the surface stress,

i

o
©
-8
N 0
v <
o
oy
" . . o . ;
ﬁ\\\\\____;ﬂ_;///- ' Crystallite Diameter
:. I I . T : ‘. . ,..‘ .
" 10 4 Continuous Film ‘
S ‘
=
o - S
D .

Fig. 3.1 Variation of lattice donstant of iron films

with crystallite diameter.
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4

This contractlon reduces to zero when the film
‘becomes contlnuous. This shows how the 1nfluence of the
1surface ten81on,decreases as the fllm becomes continuous
Further on. as the still existing gaps are closed, a
sharply 1ncrea51ng ten51onal stress is created which results
in an expansion of the crystallltes "(and hence an 1ncrease
in lattice constant)’ see flgure 3.1 . o

" This model also permlts a qualltatlve‘con81derat10n
of the effect of condensation rate andlsubstrate temperature
on nucleatlon and crystallite size. But: 1t excludes the
_pos51b111ty of a ccmpress1ve\stress when the fllm 1s
COntlnous, since 1t 1gnores the poss1ble presence of any

stacklng faults or dlslocatlons that could. produce compre551ve

stresses in. the fllm mldstructure and superstructure. 7
(v) P01nt Defects - Stacklng Faults.

Point defects are disturbances which apart'frcm the

Sﬂastlc strains assoclated w1th them. extend for no more

"then a few 1nteratomlc dlstances. There are two maln

types of p01nt'defectsx The f;rst is a vacancy. e A

representing an atomic site:from which an atom is missing.
. 4
The seCOnd 1s called an 1nterst1t1al defect and consmsts of

an . extra atom 1ocated at a p051t10n between normal 1att1ce
sites. =~ Point defect mlgratlon to. free surface and therefore ..

- reduction of 1ntr1n31c stress can be obtalned by annealing;
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the.stresses involued are generally small and depend on the

aensity of the vacancies orlinterstitials in the £ilm.
'Stacking_faults can be produced by dissociation‘of'a

"dislocation into two dislocations (with smalier Burgers

vector) in order to reduce the elastic strain energy in

the fllm. Faults in general have high energy, however.

in some cases if the two dislocations are "partials"

(i.e. they have a planar fault as they move aparr).

The faulr has a muchAlower energy. Rymer (44) using

electron diffraction has ettempted to determine thelstress

in gold films by assumingfan inhomogenous strain rising from

a "Frank pertial " (or because of their iumobility "Frank

se581le“) A Frank sessile occurs when a portion of a

sheet of atoms parallel to a (111) plane is removed or

iﬁéerted into the crystal, Assuming that the crystailites'

are of considerable extent ( 500 A® ), the line width is-

due entirely to the stresses produced By the dislocations

and only one dislocation'occurs ber‘crystallite \

Rymer s results for gold films as well as his later results

for silver films (52) are in. partlal agreement w1th his -

theory,



' CHAPTER &

EXPERIMENTAL PROCEDURES

4.1 Experimental Methods

-

The principle aim of this work is:
( a ') to obtain an accurate measure of the lattice
parameters in thin p01ycryStailine films, -
e( b ): to study the line profiles of the eiectrdh
diffraction rings.

i

(¢ ) to measure the lattice parameter variatich

.w1th thickness 1in thin polycrystalllne films at room temperature.

This data may then be used to provide an experimental

‘basis for asse&mmnt of models and theories of stress and
surface tension.égﬁthin.films. . The experiment involves the b
. ke

determlnatlon of the Yattice parameters of Al spec1mens of
‘thickness ranglng from 50 to 400 Angstroms, ,In order %o
carry out this program the followihg must be considered.

choice of an internal standard

____ measurement of diameters of the electron diffraction’

rings. .
study of ‘the intensity distribution of the electron

difffaetion rings.

 _ 2y

preparatibn of Al film:and of the internal standard-



'4,2., Experimental EQuipment

A Hitachi HU - 12 electron microscope was the

 primary apparatus used in this experiment. ~ QOne of the RS

characteristic features of the HU - 12 is the high axial
symmetry of the magnetic circuit which permits operation under

the most favorable conditions on changing accelerating voltage,

magnification and focusing without causing misalignment of the

t

opticalﬂsystem.'

The HU - 12 was equipped with a goniometer stage ( for
translation’ and tilt ), and an’ anticontamination device { known
as "cold flnger") #_ﬂ‘Contamination was mainly caused by
condensation of hydrocarbon molecules, which emanate from pump-
ing o0il and vacuum grease, and eventually reduce to carbon.

By cooling the surroundings of the spe01men contamination is

reduced, . In extreme cases of no cooling and 1ntense radiation,

_viewing times up to ten minutes may be used before contamlnation

effects are perceptible (1 e. loss of contrast in the speCimen).

Fllm(evaporations were performed in a Balzers 0il -

. diffusion pump evaporator at pressures of 10” -6 to 107 7 torr.

ﬂ\
The vacuum system included a quartz - crystal thickness .monitor

which controlled the film thickness within 5 - 10% accuracy.

~ The photographic plates_were'measured by means of &

‘

Jarrel-hsh non recording microphotometer, connecfed to a

Hewlet - Packard strip chart recorder.. A discussion of

systematic errors is given in chapter 5.

.
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4.3 Choice of Internal Standard -

In brder ts éelect a.standard substance “for electron
aiffraction. certéin cond;tions should be met by the substance:
( i) The material should be eaéil&wprepared in a form
suitable for electron diffractionyl In this work the thin
films were prepared bf evaporation, hence the standard
substance must be such, that it can be evaporated in a form of
a thin film. . .
| (ii) When prepared,ifﬁe'diffraction specimen should
remain chemically stable, énd without physicél.change. such
as increase in crystal size, over'a pef;od of several days.
(iii) The crystal structure and lattice constant muét
be accurately known and independent of the method of
preparation, “
r(iv’f The recorded pattérn should consist of séveral
shafp{rings which can be measured withjhiéh acéﬁfacy.”in
qrder‘that a éood average value of the‘paramétér invélved

.

can be. obtained,

{ v ) The standard substance must be stable under

electron bombardment.
Several materials haﬁé been used-as standards by various
workers;'either_in form of a film or a thinned foiil.
Most of theh have been rejected at times fq?‘not sétisfing all
of the above conditions, Thin fi;msfoffgold were often

used, but as it was shown by Vook (11)£heir lattice constant



is not in agreement Witﬁ the x-ray value. in addition the
diffraction rings show considerable broadening due to ths
lattice imperfections, Many other metals that could be

lused as standards (Ag, Al, Pb, Bi) behave ina similar way,

and hence are con51dered unsultable. .

Alkall halldes,have been suggested as standards since

ost of them are easily evaporated.and give good | _

diffraction patterns, The problem here is crystal growth -

ﬁhen left in air (such as NaCl).‘or tendency to form vefy

small crystaliites which results in_coﬁsiderable‘line )
broadening (as in LiF and CaFi). ster objections are
raised for the use of certain ox1des as standards (such as
Mg0 and Zn0), Thallium-chloride has been suggested as a
standard by several authdrs (7.‘45.53).‘Meyerhoff (53)

‘ has investigated TI1Cl in detail'aﬁd determined a lattice
constant of a =3.8400 & 0,000k A° at 20% fora 300 A° thick
evaporated fllm. Other work has also established that T1C1
is a reliable standard In this work a vacuum evaporated‘
film of ?‘E?l about_150 A° thick was used,  The TICL film
was found to providé a standard specimen satisfying_all of
the above condltlons. A typicai diffraction pattern of

such a fllm is shown in flgure 5.3.

4.4 Specimen Preparatibﬁ
“For&var support films 100 A% were prepared on gl&ts,s'“g?L

microslides, *To ensure that the formvar film was flat,
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-

special care wae needed in monnting the film on tne 500 meeh
microscope grid. .

‘The formvar film was scrlbed into 4-5 mm squares while
on the glass base, and then the eguares were floated off in
water. A spec1al tool was made DYy which the grid was .
brought under the floating squares and then '1ifted against the
formvar ana removed from the water. The grld and the formvar -
support films were then'placed on a finely - shredded filter
paper for remdvai'of the excess water. In this manner ﬂemgg

reproduc1bly flat support films were obtalned

Thalllum chloride films 150 A® thick were dep051ted by

. evaporation, on the formvar’ covered grlds. : The rate of *
evaporation was appro;gamately 5 A° per second. The aluminum
N '

(A1) fllms under 1nvest1gat10n were evaporated on the T1C1
films at a rate of 8 - 10 A% per second.
| The evaporatlon rates were chosen high in order to_.

increase the purlty and decrease the granularity of the films.
The more the fllm formation is prolonged the greater will be -
the number of gas molecules 1mp1ng1ng on the substrate
during condensatlon. ‘The impinging gas molecules may comoine'l
"~ with the condensed Al atoms to form oxides or to be traoped
in the film., = _ On the other hand, faster £ilm formatlon will.
" not only 1ncre£ée the purity, but the texture of the film will

;%be.more‘compact. That is, at high rates of film evaporatlon.

"more nuclei are initially formed,which results in the formatlon
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. from the crystal lattice of the spepiméx

) Aﬁ‘aperture pleced-in the image plane\‘
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of a contlnous film at a3 lower thlckness than when the

evaporation rate is low. ThlS effect was ea31ly observed.

with. gold films evaporated on formvar,see :figures 4.1 and - - :

L,2 . +similar observatiohs have been made by .Levinstein ( 54) .

who conducted a thorough investigation pf the sitructure of

' evaporated metal films by electron diffraction and elgctron

. 5
. A
microscopy. : ] - . (;

THin aluminium films do not lend themselves to the

demonstratléh of this efféct since they are. hlghly contlnuous.

~as is shown by the fact that they are electrlcally conductlve

(ohmic conductlon) when only bs - SOQA thick (557, and films
greater than 300 A‘ have the same specific conductivity as
o . *

bulk aluminum (55) .

4,5 JDetermination of Lettice Parameters
lefractlon Qetterns of the spe01zens were obtalned in
a normal mlcroscope p051t10n by sglecte garea electron
e *“

dlffractlgn (SAD) From this p051t10ﬁ:)Bragg reflections

are foehsed by the /

objective lens at the back focal Q%?ﬁe of the—iq&eﬁmediate Yens,

£ the objective lens

n

i ensures that only electrons from a specimen area as small as

Thge the drffractlon pattern.whlch for polycrystalllne
materials consists of a set of plngs:if>recorded on a

Ay,

5



Fig, 4,1 Micrograph a 50A° Au film, total evaporation
%ime 100 sec. .
. ’ a
"",,g i :
x5 _f <22  ,.0 : |
Fig, 4.2 Micrograph of a 50A° Au film,.total evaporation
time-10 sec, : ‘ - S ‘
o ‘ . . ' 4
. ’ ' 7
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photogfaphic'plate. " The ring diameters aré related to the

lattice parameters through theirelation. ' |
' Da
\nZ+x+12 - : A x

were A is the.waﬁelehgth of the electnons‘
L is'the.canera length.
a is fho lattice constant of the spe01men
D is tﬁé diameter of the dlffractlon ring.
_ h,k,1 afe the_lndlces of the reflecﬁlng plane.
This relation is valid for small diffraction angleé for which .
the approximation tan® =6 can be used where 9 1s the angle of
dif?raction. To a hlgher order of accuracy, the values of

AL will depend on D according to the relation :

Da ,, 3 ,
| 1- 4.2
{n+x%+1% T 32 .12 oo B

2ANL=

Célculation of the lattice consfant “a“-reouires the
knowledge of the Zonstant ML (known as camera constant).
In general practice AL 1s calculated w1th the use of a
standard fllm (of known 1attlce constant) which is inserted in
the dlffractlon chamber before or after the,spe01men.

'This method is not very re%iabie for_highAaccufacy

measurements, since the "effective" camera constant will vary

slightly from oné’determination‘to anothefoon account'of small



chenges in fﬁe.positionuof fhe Epecimen;‘aed also duélto the
hysteresis effects of the magnetlc lens.

This 1nd1cates that for preclslon measurements an
_"internal“ standard substance must be used. That" 1s;the
standard must be on the same grid with the. spec1men,

; . In this manner, the film under 1nvest1gat10n was
- deposited on the standard substance (T1Cl), which was:
dePOSited as a £ilm on the support film (Formvar), which was
originally mouﬁted on the cobpef grid, Hence a eomposite
diffraction pattern was obtained_and thelabove mentioned errors
- were eliminated. |
4,6 Electron Diffraction Line Profiles
4.6,1 - Line Broedening;
| fa)_'Instrumental Broadening.

Many conditions of therexperiﬁentai methods of

recordlng dlffraceloﬁ lines contribute to their broadenlng.

The electron beam has a finite 51ze, and the colllmatlng

: system and specimen have a finite w1dth. SO there is an
angular spread 1n the electron beam striking the speclmen.‘
Other contrlbutlons may arise from the flnlte grain size of the
‘recording fllm. imperfect focu31ng and 1ack of monochromatism
~of the incident electron'beam. . |

The 1nstrumenta1 broadenlng can be decreased by
various compromlses between the factors 1nv01ved but it can

not be eliminated.

31
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\(b) Intrinsie Broadenlng. i | | \\\3'
Apart from the above mentloned forms of broadenlng
we' may have broadening due to the state of the material in
the spe01men.. " This is known as 1ntr1n51c broadening and
it results from. the follow1ng sources: -
Partlcle 31ze- If the specimen consists of very small -
crystals 1t will not dlffract electrons at ‘discrete Bragg
‘angles, hence the diffraction 11nes will be broadened
StralnS°h these can be mlcrostralns or macrostralns.
If the epec1men 1s strained it will behave like a mlxture of
crystallltes of varylng lattlce paremeter and thus the lines
w1ll be broadened, - _
' Other forms/ef departure from perfect perlodlclty ;'
of the crystal structure. (such as stacklng Tault, deformatlons
and various dlslocatlons) can also cause line broadenlng.
4.6.2,) Interpretation ofIntrinsic Broadening.
| Fourier analysis of x-ray diffraction line proflles
is a proven method for 1nvest1gat1ng the defect structure of
crystalllne materlals (56 - 58) This method requires
fourler ana1y31s of dlffractlon profiles of multlple orders
. of a hkl reflection so that effects of particle size qu—of
mlcrostralns can be separated, However, in thin fllms 1t
is not. always possible to obtain multiple order diffraction
_ proflles and the broblem of separation of the two effects

becomes 1ncrea31ngly dlfflcult
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Several approximate solutions have beeﬁ given for
first order x-ray diffraction profiles (59 - 64) but the
"problem has not been solved for electron dlffractlon line
profiles, The maln difficulty is that most of the
" {nformation lies in the "w1ngs? of the line, which is difficult
to determine ﬁith any accuracy in the presénce‘of a diffuse
‘background. However, Rymer ﬁas indicated that there is =
percepﬁdble differehce between the profile shapes. due o -
the particle size and those due to intrinsic ‘strains.

He showed that the latter always closely‘follow a Gaussian
form over a wide range of intensity, whereas'the former
deviate fromla Gaussiaﬁ form at intensities of about 10% of
the maximum, |

In order to examine the line profiles of the Allfilms
it is necessary to separate the intensity d%p to the
diffraction lines from the background 1nten81t¥L ~
The background intensity distribution cdn be

obtained by interpolation using points that lie between ml 3
"distant" diffraction peaks, to avoid pesak talls. But itawas
found that the formvar support fllm, in addition to its |
contrlbutlon to 1ncoherent scattering, produced at least 3
perceptlble broad rlngs. In order to calculate the

position of these rlngs,equlvalent 1att1ce spa01ngs had to be
calculated for each one of them, This was made possible

by calculating the camera -constant for a formvar

diff?aCtion pattern;(using a‘separate standard), and from the



relation 2A1L=Dd, thg_effective spacing d corresponding to

each ring was found. Ha&ing palculated "d" for the formvar
"rings we can find their pdSEtiBntin the specimen's diffraction
pattefn. | |

| The formvar rings are the only discontinuities in the
uniform background of the, specimen's diffraction pattern,
Lwhich_to a first Srder-dependé on fhé incoherent atomic
scétter from both,the‘épeciméh.égd formvar films. The shape
of the 1iné pquile can‘now be studied by plotting a g:aphl
of log (i?zoy versus xz, where I, is ‘the ihtenéijy at the
‘maxiﬁﬁﬁ of E&gmliné and I the intensitj'at &;séénce x from
L.

0
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CHAPTER 5.

M)

EXPERIMENTAL RESULTS.

5.1  Accuracy of the experimentai results.
In an experiment of.this type an error analysis.is
‘critical to  the result produced, The sources of.error,in this
experiment may be categorized into the folloﬁing groups, -
(1.) The accuracy with ﬁhich—the peak of a diffraction
line can be determined.’ There are two sources of error here,
(a.) Random errors resultlng from sllght variations in

speed of the mlcrophotometer.d‘

(b.) Uncertainty in 1ocat1nggthe maximum of a diffraction
“line. ) E . R

(2.) Errors resulting from absolute calibration of the
'miorophotometer.f

The ring diameters were measured with a 1:6.microphoto -
meter scale'whose‘pfecision was checked by superimposing on
the diffraction pattern a glass.scale on which fhe markings
were acdurate to + 10 pm, Repeated'observaﬁions showed that
for an ayerage ring (3.Scm)‘the random ef;of 1 (a) for a single
readiﬁg-was +35um. The reading uncertainty 1(b) for an average
ring -of ZSOPm half width was estimated to be +30pm. The errors
1(a) and 1(b) enabled the peak of a 11ne to be located with a
standard deviation of- J35 + 30 =46 pm, However. every ring

dlameter was measured along two dlrectlons perpendicular to each

other. and every settlng of the mlcrophotometer was repeated

- 35 -
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Fig. 5,1 Electfbn"miérograph of a 50. £ aluminum f£ilg®

:evaporated'on'thal;ium chloride; :
- Magnification:x 2&0.000
Fig. 5.2 .Electron-diffraction'bfma'50 ﬁ)alumihum film _ ,5
T
evaporated on formvar support film, " 2 o
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- at least twoltimes. hence the standard deviation of the:nean
“ diameter was at most 46/f_$23ym. .This represents 3.3 parts in
5000 of the diameter of the average dlffractlon ring.

The callbratlon errors (2) result from a combination of
the uncertainty in the standard scale and the uncertalnty in
the movement of the microphotometer, and thig is estimated to
‘be 6.3pm or 0.9 parts in 5000 for an average riné"diameterx

' This is a systematic error ‘common to all Observations.

Hence the total error for the determlnatlon of a rlng dlameter
is (3. 3)%+ (0.9)%=3.4 parts in 5000, |
In order to calculate the lattlce constant of aluminum
for a single Al rlng two 31m11ar measurements must be made,
that 1a.one for a TlCl ring, in order to calculate the camera
constant, and one for the Al rlng. Therefore the uncertalnty
-1nvolved f\)j 4f2=1, 8 parts in 5000, Hence the determlned

lattice parameters are in error at most by +0.,1%,

5.2 Diffraction ‘and Electron Microscopy.

A micrograph of a 504° aluminum film evaporated on

thallium chloride is shown fn/Fig 5.1, A tjpical electron

L}

diffraction pattern of an aluminum.film,deposited on to a
formvar support film is shown in Fig 5.2, Fig 5.3 shaows an
electron dlffractlon pattern of a ISOA thalllum chloride
film vacuum evaporated on formvar.

: As mentloned in the previous chapter, the camera

constant and the lattice parameters of the spe01men are

»
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v .ﬁ
Fig. 5.'3 Electron diffraction pat“\:errf"of aiSO £ thallium )
"~ chloride film,vé_cmm—evapqra‘ted on formvar -
; _ p support film, o
B 5 = . ot , ] -
. |
‘ dul
t k3
- I M
:Fig. 5.4 Composite electron diffraction .pattern of thalliﬁm- 8
chloride and aluminum films. 9
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Fig: 5.52 Elecpron_diffraction patfern of a formvar support .
film, = - | - ' ‘ |

calculated from.a single composite dlffractlon pattern, that

contalns dlffractlbn rings from ‘the standard and from the.

specimen film. Flg 5.4 shows a typlcal comp051te dlffractlon

‘pattern of thalllum chlorlde and aluminum. superlmposed on

a s1ng1e photographic plate. It should be remembered here

that the thallium -chloride film is evaporated on to the formvar

covered grid, and the aliminum. film 1s subsequently -

evaporatedon to the thallium chloride £i1m, Therefore the'

diffraction pattern of fig 5.4 should also contaln ‘the

formvar dlffractlon rings, These cannot. however ‘be seen because

they are very broad and of 1ow relative 1nten51ty.

The formvar dlffractlon rings are shown in flg 5.5, Only'two

of the three rlngs can been seen, the third ring 1s.very

close to the Zero dlffractlon order. apd as it will be seen

later 1t corresponds to large plane spacing "d" and it does

not coincide with any specimen reflectlon.

-
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5.3 Measurement of the Diffraction Patterns.

For the calculation of the lattice parametars .
equation 4.2 was used, The camera constant )L was calculated:
from the T1C1 rings, this allowed the calculation of the

'camera'length"L" since the wavelength was knowa fromlthe'
accelerating potential of fhe‘electrons, which was set at

100KV. " The camera constant "a" was then calculated for each
-of the aluminum rings. Results for aluminum films of vafious
thickness are shown in table 1.'5.. ot of the hl lattice:
constant versus film thickness is shown in fig 5.6.

The identificatian of each ring with its cdrresponding

refiection (hkl) was done by plotting Jh + k2+l2 versus the

diameter of each ring. Accordlng to equatlon k.1 the polnts
of the graph should lie on a straight,line within the limits
of the first order Qorrection._which is usually much
smaller than the différence' in the diameters bf any two
adjacent ringc: Hence points that lie off the straight line
are’ 1dent1f1ed wrongly. |

" The formvar"plane-spacings"* arelcalculated in a lass

accurate manner due to the broad -and of weak intensity

diffractiﬁq rings. The camera constant was measureqkbv

zuxexternaJ.TlCl standard and the calculated average values

* The term "plane spacings"” is used here in the absence of
a term that could describe the act¥gy structure of the formvar

films for which we have no precise knowledge.

L
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Table 1. Variation of_létticé‘constant of Al with film

thickness.

Film Thickness (A%)

50

Table 2,

~

\\
.

' Rings Measured

( hk1)

111

A 200

220
311

220
311

220
311

¢ o3

~
AN

.d

420
220
311
331
420

o
di‘ormva:n:'(Jq

)

| 3475.53

.

=2,21

\

'Average
aﬁl(A°) aAI(A°)
4,026 4,027
4,028
4,028
L, 026
4.031 k.029
4,027
4,031 &.033
4,036
4,032
4,032
4,049 i, bk
4, 0ok6 |
L, o42
L, 040

Va

RN

-yt —

ﬁLattice spacings" of a formvar support,filml
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LATTICE CONSTANT (40} -

b.0o50

:4.040

"1.,020

4.030

lgf
B )
R o R
100 200 300 - 400
* FILM THICKNESS (%)
Fig. 5.6 CGraph of lattice cohstén} of aluminum films
. versus film thlckness. The dotted line - y v

indicates the lattice constant of buid
aluminum determined~by x-ray diffraction.
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of \the "plane spac:mgs" "ar are shown in table 2, As
mentioned earller the value of d1f is hlgh when compared

with the largest plane spacing of aluminum (d —Z;BQA Ve

1117
and its effect as an anomaly in the.aluminum background is
of no’importanee. However, the values of d2f and d3f are
w1th1n the range of the flrst order lattice spacings of most

materials and thelr effect should be taken into account for
-any klnd of study on llne proflles. The 1nd1v1dual
intensity dlstrlbutlons of the Spec1men, formvan and
undlffracted background. ang thelr combination to produce
the "final pattern is shown in fig 5.7. R 4

The exposure tlme for all- dlffractlon patterns was
low enough to prevent exposure - saturatlon of the film, -

ThlS can be seen in Fig 7, since the saturatlon of the film

'far from the centre of the dlffractlbn pattern would require

the 1nten51ty maximum to lle on a stralght herlzontal line.
" . The spe01men Yine profiles can now be studled by )
dividingor subtractlng the total 1ntens1ty curve by the
emplrlcally obtained background. Jf »

.

5.4 Shape Of Electron Diffraction Line Profiles

 The diffraetion:rings studied ﬁefe those of transmission
specimens of aluminum, The highest ghange in the alumlnum
lattice constant was observed for “the 504° films (see

table 5,1), hence these films were of greatest interest for

line shape analy31s.

o
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Fig. 5.7

(a) Microphotometer Trace of an Electron , j\\

Diffraction Pattern of a 200 4 Al Film Deposited

" on Formvar, (b)'Micrdphotqmeter Trace of an

Electroﬂ'Diffraction Pattern of a 100 - 150 A 'Formvar
Film, (c) Intensity Distribution of the Undiffrabted".

.Electron Beam,

Th
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If instrumental effects are to be negligiblé. the sizé
of the focused electroh beam‘should not exceed about 10pm(55).f__
A similar limitation applies to‘the.widfh'of the slit of the.
microphotometef. ‘-In this WOfk the beam crogs'secfion was
1 -~ 2pm, and the slit width approximateiﬁ lﬁm,

The‘backgound_intensity.was eliminated by direct
subtraction, and the contours of the 111, 200 and 220
refléctions were teé{ed for Gaussian,shape.' Figufes 5.8 |
' ~15.16 (éeé also tables 3 - 5) show plots of ~iog (I/10)
versus x? for thg above fefle@tions. For a Gaussian line

- shape, the,points should fall on é_straight line
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Fig. '5.10 Iﬁfehéitymontour of 220 reflectio_n' from a

50 & vacuum evaporated Aluminum film
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Table 3. Analysis of the .200 line profile of a 50 A°
aluminum film, '

XZ(em®)x |
I < 2.5}(‘10_5) . =log(I/1,) |
- 1,=5.73 .0 0. ‘
5,55 0.49 0,01 -
.5.13 2,90 0.05
k.33 : 7,30 0.12 '
3.22 ' 13.70 0.25
2,36 22.10 © 0,39
. 1.50 32.50 0.60
"0.87 44,90 . 0.82
0.45 ””“"59.30" 1,10
0.30 75.70 1,28
0,200 94,10 1,46

oo | : L
Table 4. Analysis of the 220 line profile-of a 50 A°
aluminum film, ' . ' !

Xz(cmz)x . .
I (2.5x1075) -log(1/I)
I,=3.70 o 0

L 3,50 1.00 0.02
2,68 4,00 ~ 0.14
1,96 9,00 - 0.28
1,32 16.00  ° 0.45
0.87 ©25.00 0.63
0.63 36,00 0 0.79
0.35 49,00 1,02
0.23 - 64,00 - 1.21°

- 0.15 0.0% 1,39 L
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Table 5. . Analysis of the 111 line profile of a 50 Ap aluminum

film, .
) ‘ X2(cm2)x” :
I (2.'5}{10__5) -log( I/IO)
| %
I,=12.53 0 0"
12,16 1.82 0,01
11.45 . 5,52 0.04
19.93 ©o11.22¢ . 0.10
7.67 18,92 - 0.22 | '
5,44 28,62 0.36 N
3.78 40.32 . 0.52
2,69 . 54,02 0.67
1.90 L 69,72 0,82
1.3 : 87.42 .. 0.98
0.96 107.12  ° i 1.12
0,68. 128.82 e 1427
0.49 152,52 1.4
0.34% 178,22 '1.57
0.23 ' 205.92 1.7 7

0.18 235.62 - 1,84

s~




CHAPTER 6.
, ' S
INTERPRETATION OF RESULTS AND‘DISCUSSION

6.1 Variation of Lattice Constant With Film

Thickness.

' Variations in lattice spacings with crystal sizé and
film thickness has been the subject of a large'numberlof
 publications ofer many years. A::eview_qf some of the most
inferesting Work has been given in chapters 2 and 3.
Results repor%ed in this thesis nepresent‘an essentially
independent apﬁfdach which has eliminated most of the
- important sources of errors that have resulted in the
'dlver51ty of results as noted previously.
The results on aluminum are interesting in relatlon to-
a study of dlscontlnous aluminum films by Yu.F, Komnlk (9 ).
Komnik reported a 1attlce constant decrease ranglng from 1% to
4% of the bulk value -for spherlcal aluminum crystallites ranging
" in diameter from h5A to about 30A respectlvely.' It is
interesting that the structure of thin Al films { 9,55)as
well as our results (fig 6.1).éhow'that in film thicknesses
up to the value for which the film becomes continous, the
crystallltes appéar essentlally circular in electron
micrographs.  Komnik's results and ours are shown in fig 6.1.

It can be- observed that the two sets of results éombine'well.

- 51 -
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As expected. the lattice constant changes abruptly as
the film becomes discontinous.
The fact that the lattice constant of Al is found to

increase with film thickness towards "the bulk value

indicates that thin Al films are subaected to pressures
that do not exist in the bulk material. The,sources of
such pressures which result from various stresses in the
film were discussed in chapter 3 It will be 1nstruct1ve
at this ‘point to 1nvest1gate whether" the variation of the

lattice constant depends on the f£ilm thickness as observed

"'.experimentally, or if it is related to the 51ze of the Al

crystallites in the film.: On such a basis the’ stress in
the film might be one of two types;
(i) A stress acting- throughout the whole specimen

regarded,as a thin elastic lamina.

(ii) a separate stress|acting on each of the particles
forming the specimen. |
On the ba31s of the first hypothe51s. we should expect the
stress to depend on the thickness of the specimen, and to
~ be greater for the thinner specimens., There would be no

neccessary correlation between the magnitude of the stress |

and the crystallite'size. The second hypothesis, on the
other hand, would require that the magnitude-of the stress
‘ should be 1nversely proportional to the size of the

crystallites in the spec1men._,However, the size of the
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-,
crysfellites is hot iﬁdependenr of the filﬁ_thicgness since>
rtﬁgenerally-increases with £ilm thickness.

The sources of the stress system (i) are:

__Thermal stralns that fllms experlence from the
difference between the thermal expansion coefflc;ents of
_the'film and substrate when their $emperature is'changed.

Lattlce mlsflt as dlSCUSSEd in 3. 2 (B} and ‘

__compressive stresses arlslng from surface oxlde .
layers, ‘

Thermal srrains ceﬁ be easiiy calculated fer the Al
.~ TlCl system, but these represept only a few percent of the
fetal‘strain involved in a thin film (20), (23) and so they
can not account for‘the.observed changes of the lattice
coﬁstant‘on an individual_basis..Interfaeial dislecstiohs.andfr
lattice misfits ﬁainly occur in epitaxially deposited
films, Whiehlis not the case for our :vacuum evsperafed Al
films..alHence the contribution of this factor has&been negle-
cted. Surface oxide'layers,were nof deteeted by electron
diffraction. The presence of ah'amorphous oxide layer a few
"Angsrroms thick is possible, but its interaction with the
lrest_of the film would he too weak to account for any detectable
changes of fhe iattice constant. Therefore one can safely
arrive to the”eohclusion that stresses acting oe the whole Al

film, regarded as a thin lemina, can only account for a small

percentage of the observed lattlce contractlon. (
&
ﬁV
.(5"'
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Stress Systeﬁ (ii) is the one applieable to - ’
polycrystalllne materlals. The maior'sources of stress
here are’ surface ten51on of Ihe 1nd1v1dual crystallites,
and graln boundary stresses. For discontinous fllm surface
tension alone can account for/iarge volume contracthns.

Komnik's results (fig 6.1) show a L% change\ for crystallltes

of BOAg diameter, which reduces t6 1% for 35A° c'ystallites."
This is just below tbe cpitieel thiekness.for whgéh the film
becomes continous, Our.results'show a 0.6% change for films

of critical thickness (504°), which reduces to 0.01% as the
‘thickness increases‘to 350A°.; However, the case hefe is.

much ﬁore'complicated than the one in diseontinudus.fiims.n
Surface stress alone existS‘oply‘in‘the free-surface; in the
interior of a film we have a combination of surface stress,

‘and grain boundar& stress which we will cell "intrinsic stress",
It'is this'mixture of 'stresses that produces the ma jor -
“volume contraction in thin Al films. = Here we would like to
propose a_simpie‘mechaniSm fer the origin of the intrinsic
stress, The probdsal considers the film in the deposited
s%ate'te contain a large amount of imperfections. ‘ T

The term imperfections includes defects_suq@fanléftice

T

vacancies, residual stresses resulting from -bad thermal

. accommodation (1ow moblllty) of the conden51ng materlal,-

"o

and‘lrregular crystalllte boundarles. s

-



‘Imperfections formed during depositions undergo
chang 'shortly after belng trapped by succeed1 g layers
of dep gited gnetal., These changes take place at

N

essentihlly the substrate temperature, perhaps with some

help from the temperature pulses due to arr1v1ng atoms,

Suff101ent 1nformatlon to 1dent1fy the 1mperfect10ns with

,Certalnt&{ls lacklng at present:j WEVEP*\lt seems l;kely_

R - . . . ‘
that irregular regions on the groving surface, whlch-becomsq:
| |

c¢rystal houndaries when buried.'r arrange and give rise to

the principal part of the intrinsig stress through a! /
g’ﬁ

reductlon of volume.'._On the other hand,atomic migration’

- might be sufficient to permit diffusion‘of dcamcies to the

free surface, which could 1ntroduce a furtker volume reductloh.

'Thelntr1n81c stre551s then expected to varxﬁwl_h the substrate

'temﬁerature. Increaslng the sgbstrate temperature should

increase the surface moblllty or arriving atoms and decrease

the probability of attachment at an abnormal surface site,

' This should lead to .a lower\initial impggfection density and

would‘reduce‘the intrinsic stress.
Summarlzlng~the above,the lattlce constant contractlons
are explained in terms of a mlxture of surface stress and

1ntr1nsac stress actlng on the 1nd1v1dua1 crystallltes of 4me

-~

fllm. The observed variation of the lattlce-constant with
4

f1lm thlckness s;\ERd therefore 1nterpreted as a. varlatlon

‘inversely profortidsal.to the size of the Al crystallites.

56
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6.2  Surface Stress Of Al Films Of Critical

%hickness.

In_films not éont&inihg intrinsic streés the averagé ﬁ\.
crystalllte sizh can be determined w1th sufflclent accuracy
from the dlffractlon line broadening, Line broadenlng can
in géheraf be ascrlbed to lattice stralns and / or small
crystalllte 51ze. | There is g%od ev1dence, hBWEVer, that
crystallite size is the preddﬁtﬁgﬁ% cause of line broadenlng
 for Al films of critical thickness (504°),

As already hentioned.c%his evidence comes from the work
- of Rymer (50). According to Rymer the deparfure from a

. \Q\
Gaussian curve for the intensity of a line indicates that.line

bfo;dening is due to the effect of particle size.‘ Such a
departure would be manlfested as a 1ack of 11near1ty in a plot
of log (I/Imax) versus (dlstance) if the distance from.the
~£i?e centre is considered such a departUre was obtaihed frbm
first order_réflections of- 504° A1 filﬁs; “As it can be seen

.%q figg; 5 5.8 to 5,10 all line profiles-deviate from a

_é ;sfgié;;rm. The contours for the 111 and 220 llne indicate
"that “the broadenlng is due entlrely tg_ﬁ§§t1°1e size,contour 200
‘show? that there is asmall amount ‘of 1ntr1n51c stress involved in
.. the broadening of the llnes. beparatlon 0f the two types of
broadenifhg requires the study of second order ngflectlons

which unfortunately are not detectable with electron dlffractlon.

Assumlng that the broadenlng due to intrinsic stres@ is

A S

A e
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negligible we can proceed to calculste the aversge diameter
~of the crystallites for the 50A° A1l films. Then the observed
lattlce contractlon is interpreted in terms ‘of the surface

| stress, T, accordlng to the equatlon (45)

< p . _2AaDd (6.1)
 Kak T

where Aa is %ne change in lattice censtanf of Al due to e
surface stress, a is the lattice constant for the bulk materlal D

is the .average diameter of the crystallites and K 0.159x10~ 11crn /dyn
is the compre831b111ty coeflclént The average diameter‘®of the
crystallltes can’ be calcuﬂated from the integral width, Wi of

the diffraction ‘rings u51ng the relatlon {7, 35, 44 52, 56)

=‘Rd/‘wi , (6.2) P!

%

where R is the radius of the diffraction ring and d, the
correspondlng plane spa01ng. The integral width is deflned,'

as the area under the intensity curve d1v1ded by the maxlmum

1nten51ty ' .

¥ It should be noted here the compressibility coefficients {ﬁ\“’-
of thln films could vary from the bulk value since they are
"8 bject to unusually high pressures.: However. no specific

1nformat10n exlsts for Al thin fllms and the bulk value of

‘'K is used




However, since I(k) is not known it can be/gpproximated

with the linéar_width W, which is the widtﬁ of the line at’
half the maximum intensity. An gssuﬁption-is ma'de here fﬁa? '
the ;égéured'vélue 6f Wl is entirel& due to-crystallite size
broadéning, ‘i.e1.  instrumental broadenlng is negligible,

. The average crystallite dlameter D of ‘the 504° Al films was
calculated fromlthejglnear w1dths of the 111, 200 and, 220

reflections using equation 6.2 .was found ‘to be 56A
9/4\

This value of surface stress ,which corresponds to'a_Q.é%

subsequent use of equation 6.1 ( a is glven 1n tabl
gave a surface stress 1500 dyn/bm. ..
1att1ce contraction- should be'éonsidered és a "fair" estimate,
"since a large number of. approx1mat10ns and assumptlons are E

: 1nvolved However the obtained resull is not_unreallstlc.
The surface stress of silver fims beiow critical thi?knegs‘
with .0, 7% lattiée.contraction waS'fOund to be 1415 dyn/en
(45):sim}I3rlya.surface stress. of11?5 dyn/cm was calculated:,
for discontinous gold films (46) ‘

s‘l | / K
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PART TWO

APPARENT CHANGES IN THE-LAT%;;;PARAMETERS

OF INSULATING FILMS DUE TO SURFACE CHARGES
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CHAPTER 7.

INTRODUCT%PN

In eiectrdn microscopy we often use %Hih pon ;?
cenducting films of different kinds., One kind'of non-
conducting film is a supporting film, , such as cpllodionh
and formvarjwhieh are widely used because of simple
preparetion. Other eleetrieally non-conducting films are
insulating object films such as CaF,, Zns, NaF,.TlCl ete.

Bombardment of such specimens with electrons can

result in the accumulation of electriec charges on'them. This =

produces unfavourable effects, such as reduction of resoldtion
end'change of the angle.of diffraction so as to produce

a change in the diamefeps.of the diffracrion rings. These
effects become eV1dent in a rather dlsturplng way 1n
reflectlon and 1nterference mlcroscopy, ‘however they are not
-entlrely undetectable in transm1551on mlcroscopy."

: The aim of thls work is to 1nvestlgete ev1dence>for the’
ex1stence of these charges and to: estlmate the order of
magnltude of the above mentloned effects., urlng the
course of observatlons on 1nsulat1ng thin films ‘such as
formvar, Ticl, NaF, L;F and CaF2 We have managed to detect
the existence of fluctuatlng charges on these films u31nrr

"shadow" electron mlcroscopy. The observed phenomenon

app are_EEJa flickering: pattern whose appearance

- 61 -
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L is suggestive.of a "bee swarm".Such patterns did not
appear in conductive films-of Al, Au and carbon support

films,
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CHAPTER 8.

EPC I

IMAGING OF FLUCTUATING CHARGES BY SHADOW PROJECTION/

- 8.1 Introduction:

Shadow projection. is an electron optical method ofn,

viewing effects produced by electric and magnetic fieldé..

The method was developed by L.Marton (66). M.E. Hale(67)
first demonstrated the use of the method for “the

‘observatlon of domain walls in thin ferromagnetlc fllms.‘

H.Mahl(68) observed the fluctuating granularlty or "Bee

Swarm" effect which is produced by the presence of

- electric fields in thin insulating films,

’

For such observations a standard transmission
' ' 1

electron microscope can be émployed. In this chapter,
the theory of shadow projection\ahd the modes of operation
of the eléctron micrbscope will be examined. . i

.2 First Order Optics:

S

hadow method is theoretically applicable to the

The'

evaluation of a wide wvariety of electric and

magnetic fiellds., The formulas that will be derived are

based on relations between field distribution, electron
deflection, an the geometrical parameters of the focusing

=3

- The electroi) optical arrangment used for obtaining

glmageg of the effacts produced by the deflectlng fields is

@ N l - 6.31‘-. : AN

RIS B A7) B
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shown schematically in Fig..8.1 The deflecting

ffleld is placed in the vicinity of the p01nt Q@ and for

s1mp1101ty is assumed 50 orlented that trajectories
1nc1dsnt in the plane of the figure remaln in that plane
after deflection, 7

“.A converging 1ans is placed at some distance varom Q

outside the defleéting field, In the absence of the field,

" a parallel incident beam of electrons (dashead rays U, U+)

will converge to the focus of the lens F, whose pr1n01pal
planes are P, P and then dlvenggﬁgasi;;,thin obstructlon
GG+ which will cast a shadow NN+ on the screen S.

When a deflecting field is placed at Q" a dlfferent pair

of rays (sol rays D,D+) will\determine the shadow boundary

'\' G,G+; The focus F will then be displaced”
to some point E, and the resulting displacement of the shadow
NN+ to AA+ can be measured and substltuted into theoretical

formulas to obtaln an estlmate ofithe field strength., It can

be shown (67) that the general key equation' for the

determination of field strength is

a-rg-(r- 1)f¢'= 0 . (8.1) -

_distance SA

where: a

r = NN+ / GG+ . .

n

magnification of obstruction GG+ as determined

by its shadow on screen in the absence of the deflecting field,
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Fig. 8,1 Electron optical diagram of the shadow projectibn“

method of mapping of electromagnetic fields.

Oy



. | A k—) C . O

#' = deflection angle of ray DGA
g = distance CG as shown in the diagram
f.. = focal length of the lens

The above formula is valid for systems that have the
followi roperties:

(a) All lateral distances and angles measured from the
optlcal ax1s. are suff1c1ently small to make geometrical-
aberratlons negllglble. , 7 _

(b) The dlstance between the deflectlng fleld and the
'.fleld of the lens is suff1c1ent1y great so that the ,'.
"1nteractron~between the two fields may be neglected.‘

(c) The accelerating potential of the electroas is -
not in‘relati%istic range.

The next step is to calculate the deflectlon g' as a

\
functlon of the field dlstrlbutlon parameters. Hence on

ﬂsubstltutlon of such =z functlon for #*, one obtains from
equatlon (8 1) a relatlon between the unknown parameters of

the deflectlng field and known parameters of the apparatus.
8.3 Electron Deflection And_Field Strength:

Figure 8.2 shows a typical eleetron path_y = y(x)_through
the deflecting field to be studied. _ Tﬁe x axis-is‘takep
to coincide with the optical axis of the system, -
The incident asymptote is parallel to the X axis and

.éharacterized by b?, The emerging asymptote is characterized
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Fig. 8,é"Cobrdinate_Aiagram df_typical plane eiécfroh‘
| traje;ﬁory in deflecting field, - ﬂ\yﬁﬁ
by slope tan ﬁ“‘and the intersection withlthe y axis a',
 The Qbmponenté E_(x,y) agd.Ey(x,y)‘of the electric field‘are
in the plane df figure 8.2 and the magnétic‘fipld vecfor
JH(%,y) is directed normal to this plane.
| If the direction of the vector H(x,y) is deflned aé

<p031t1ve when dlrected upward from. the plane. the normal force

F(x,y) on the electron at any p01nt (x,y) of the tragectory is

CF(x,y) = e(Exsinq—-Eyqosw+-uH) . ,(8.2)

| where e,m and u are the charge; mass and velocity Pf the

electron respectively,and



: d ' >
tany(x,y) = 4 (8.3)
is the slope of the traaectory at a p01nt P(x,y)

If V(x,y) is the, acceleratlng potentlal of the

‘electrons, and condltlon (c) of the prev1ous section is

e

taken into account then , .

3 2V o __ PV u:(_ﬁ‘i‘.’_)z (8.4)
T E =Ty o0 By T oo
™

From the curvature of. the traaectory l/R(x.y) at a

pomt (x,y) we have

t‘

[ )] = Wy T St (8.3
: substltutlng 8.2, 8, 3 and 8.4 into 8,5 one obtalns a

,dlfferentlal equatign for the traJectory y = y(x)
-3 *

' 1
- dy ay )<= 2Vydy _oV1, 22 . _ %
‘_d,xzf[lﬂ'dx)J (e/2mV). H+[( ) dx 'ayJ [(,ax)J /2y 0 (8.6)

but condition (a) of the last section implies

dy
| ax €1
therefore equation (6) becomes

- . "t - \ ..
y"(x)+[(%{)/2v] y'(x)- [(—%)/2%( e/2mvV 2 HJ=O - (8.7

equation 8.7 is the equation that relates the deflection g
with the deflecting fields. When ahalytical'expressiOns are
substituted for V(x,y) and H(x,y) in equatiopr,?_the

‘deflection @' can be calculated as a funétion of V(x,y) and or

T

c

.68

o



e S
8.4 Uniform Electrdstatic Field.

As an appllcatlon of the previous theory we w111 con51der

a simple way of estlmatlng the "effectlve lat;r;l deflectlng
1eld" in tpln insulating films, .The deflectlng fleld is
that of two parallel plates separatedrby aldlstance-ZD,.and
at potentials Vo + A4V, Vo - AV, where Vo is the potentlal -

corresponding to the 1n1t1a1 energy of the electrOn beam.

. The plates are placed parallel to the optlcal axis {paralIel

to plane xz fig 8.2), with ‘the origin 0O at the field centre,

6

their dimension being 2Xo, Slnce‘the field betweer the plates

is uniform we have

2V =
4 tay—

c)lu)

"l
il
o

AV
=D

'
)

substltutlng the above 1nformat10n 1n equatlon 8. ? we find an

.'expre551on for the angle of deflectlon of an electron 1n01dent

parallel to such plates.

y,(x)]_xav tanﬁ“~ﬁ'
—

« This is the well known formula for a parallel plate capac1ﬁer.

The qudnities ﬁ', V and X are known or measurable parameter

thus the deflect1ng fleld V/D may be calculated.

LY
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CHAPTER 9.
EXPERIMENTAL RESULTS, AND DISCUSSION. !

9.1 | Observations’By Shadow Microscopy
In shadow projectlon of a thln 1nsa&at1ng film, when s
u51ng sufficiently narrow aperture of the electron beam emltted
from the source. cne can observe a fluctuatlon of bright pomnts
on the screen resembllng dfgbee swarm" - This phenomenom is
observed at low magnlflcaﬁlons by means of a viewer,
If the angular aperture of,lllumlnatlon is 1ncreased;a;certain :
valug is reached for whach the fluctuating charges'becone
‘bright points, loose their contrast‘with respect to the background
and cease to be perceptible.: At this point the angular aperture
of the electron beam reachlng the spe01men is greater than*® the
angufar deflectlons caused by the charges. |
) Flgures 9.1 and'E}Z show mlcrographs of a formvar support

film under bright field and shddow mlcroscopy. The exposﬁre
time was as lonés—poss1ble-s1ncerthe fluctuatlnchharges gre in
,constant'motion. The life time of the fllckerlng spotsrwas

estlmated to. be much legs than a seCOnd, ‘ However, the shortest

) exposure tlme was of the order of a few seconds, hence Flg 9.2

LY

shows;? time average plcture of the effect . '_"'
The s1ze of each granule was found to be aoprox1mately
;0.5 Pm. Slmllar observatlons have been made. by T.Komoda and XL
SlHosoki( 69} . These workers have obs®rved the bee swarm " effect
' - N “-. _. w ,‘ .
l i : e v
e ?O - . .' - . L ¢

RS, o ] _'.ﬁé O . // " _ .

Ak et

Py
Rraee-

e g reret




' v , o1
;
) Fig. 9.} Brlght fleld mlcrograph of a.formvar support
film, Magnlflcatlon: 1:2500 ‘ _
°
o . \.-.
, ' Fig.9.2 Shadow projection micrograph of the above )
"{j o ‘ - fbrmva;?i;m., .
' N 'l ’ 7 ’l .'
o < - -



"Fig, .

Fig.

.9, 3 Bright fleld mlcrograph'of a 300 4° CaF2 film

Magnlflcatloq\ 1:5000 o .

9.4 Shadow projectipn micrograph of the above

' CaF film. o ' S

72




VR

o ) ‘ll‘

_camera. : They found that
the meah llfetlme of a fllckerlng spot is about 0.1 second,
and that the mean granule SlzJAlS 0,2 - O 4 m, | Flgures 9, 3
‘and 9, Y Show sifiilar observatlons \for a CaF, film,. ‘

Two modes of operation of the electron mlcroscope
_were 1nvest1gated one using progector magnlflcatlon alone,
and one using both obJectlve and projector lenses.' These modes
were suggested by H.W, Fuller and M,E. Hale (70), for the
observatlon of domain walls in thin ferromagnetlc fllms.
Our results on electrostatlc fields in 1nsulat1ng fllms show
that the broperties of the two modes are the same ‘as these of.
magnetie flelds in ferromagnetlc films, Our results Show
that the two modes are also capable of éﬁowlng electrostatlc

| .flelds in 1nsulat1ng fllms.

9411 Mode 4,

.

NMode A is shown in Fig 9.5, Figure 9, 7+ shows an
'electron mlcrograph of the “bee swarm" effect in a formvar
support fllm using mbde A, In thls mode of operatlon of the
ellectron microscope the pr1n01pal features are:

(a) Extreme overfocusing of the .condenser to give a
small dlstant. effective 1llum1nat1ng source,

(b) Objective lens off.

{e) . Intermediate Iens off..
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Effective
sSource

— t— e ey — e Yl — tny —

. ‘ _ Specimen Plane -
T T i/ - - — -
- Objective (off)-

-

Intermediate
{off)

- Projector Focal Plane

L)

Projector

AV

Screen or Plate

.o

T Fig, 5.5 ‘Ray diagrém of "mode A" for imaging fluctuating
¢ charges on the specimen.
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‘ Thén a shadow image of the specimen appears'in the .
foéal plane of fhe projecfor lens at distance Z bélow the ' _;‘///
specimen. - This image is hagnified by the ﬁ:ojector 1éﬂs_
and projected into the fluoreééent screen.

~ .The mégnﬁfication‘of the projector lens can be controlled
either by manual cbntrol of the'léns'éurrents (i.e. micrdscope
on "free") or by setfing the,miqroscope bn "Zobm"land -
-ﬁarying magnifica%ion control, The latter method is simpler
and free of'léns'aﬁberationé tﬁa{ can be produced by bad
combination of the lens currents wheh controlled manuaily.
| A modification of qué'A is to keep thé intermediate
lens "ON" and turn éff only thé'objective. In this manher.
" the overall magnification is reduced without éhanging;the

projector current. |

| Mode A proﬁides high mégnifiéation of .the shadow image
(i.e.‘with respect to mode B) énd in the caég of.electrostatic
déflecting fields the primary agvaﬂtégé is the great

sensitivity.
|

 9,2.2  MNode B,

A

A seéond mode of operation of the-elecfron m%groscope

is shoWn,,schemé%icallyin fig,9,6_where {?e objective-is operatedat’
reduced streﬁgth to focus a virtual object!plane (which results
‘at a distance Z above the speéimen),‘on.the projéctor focal

: p: Q- .
plane, The ‘remaining conditions are the same. as -in mode A
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a /// y\\\ Condenser B, R

Effective
Source

— —— — — — —

Virtual Object
Specimen Plane

—_— — e

ObJectlve
(reduced strength)

Intermediate (off)

Progector Focal Plane

Projector._
.

Screen or Plate

|

>3
v

Flg. 9. B” Ray dlagram of “mode B",operatlon for high
resolutlon and magnlflcatlon of charge images
.using obgectlve and proaector lenses,

~ifen
| &
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-‘except that the lens currents can only be controlled
tmanually. In thls manner the ammount Z of defocu551ng
- can be arbltrally adJused away from zero. A shadow

projection of the specimen of fig 9.7 by mode B is.shown

in fig 9.8.
' This particular operation results in‘a much higher
_ Joo.
resolution than that of mode A, In the presence of an -

electric deflecting field, the- 1mprovement in resolutlon

results from an increase in contrast.

o So we observe that both modes A and B ?roduce‘s

A

defocusingﬂz which is neccessary for the imaglng of'the
ucharges on the specimen, Note that at fccus'(i e. f"='0)r
the electron deflectlon s caused by the charglng of the
:Spe01men do not result in the "bee swarm" effect ThlS is
because the.electrostatlc angular deflectlons are well within
the angulax" apegture of the objective Zens, and as for any
scatterlng mechanism in thls event. the deflected electrons
are returned to the correct p01nt in the 1mage plane.

For better conparlson of the two modes of operatlon a

section from fig 9. ? and fig 9.8 are blown up in Flgures 9 9

?(aJ and (b) respectlvely. ' o } o
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shadow prOJectlon mlcrograph of a formvar support
film operatlng the' mlcroscope in

mode 'A .

Shadow progectxon micrograph. of the same formvar )
§1lm as_ in flg. 9.7 operaﬁing the microscope in
mode B, - < '

.

o
-
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. Specimen Chargeh v
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Rei

9.2 Deflection of the Diffracted Beam caused by
R .

‘ It the spe01men.1cqu1res an electrlc charge, we should
expect a change in the diffraction angle so as %o produce a’
change in the scale of the diffractlon pettern._, Hence measures
nent of the diffraction pattern of the charged specimen. andu
comparlson with the dlffraction pattern of the_uncharéfé
specimen will reveal the change in the angle of diffr.action..dsk
Since any insulatin-lfilm will charge up when bombarded‘with‘an
electron beam, a‘discharginngf the film is ﬂeeded'in order. to
cbtain theidiffraction pattern of the uncharged specimen. <
The discharging can be done by the use-of a special attachment
to the electron microscope which cons1sts of an electron gun
emitting low energy electrons which neutralize the specimen.
However, We employed- a method which is much simpler :and -
equally effective. When selecting_the area of’ diffraction

on the specimen. part of thécopper grid is included in the

'illmdnating area. Thecopper grid bar emits suff1c1ent

secondaries to discharge the surrounding regicns of the specimen.
Further evidence of such discharging is given by G.H. Curtis and
R.P. Ferrier (?1) . These workers showed thatwhen the. grid bar is
not included in the 1rrad1ated area of the speC1men, the part
which is exposed to the beam charges up to. such an. extent that

it forms a converging electrosfﬁtic lens. Under such conditions

T a
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. the image “"explodes" to one of much higher magnificatien,

When the grid var is incluSEﬁ in the illuminated area this | .

effect was very much smaller.

Insulatlng films of NaF. Llf and CaF 200 A® thick where
studled'aFor each spe01men two dlffractlon patterns were taken
'( ;n_qulck sucee3519n, one including the copper grid bar in the  '“
illﬁminating.area (diseharged)and dne ﬁithout (chafgeq). ' A
The acceleratlng pottential was set at 100KV, - |
;  " The measured_rlngéi%ametefﬂ‘wz the charged and dlscharged
g - ;epecimeh for. a number oflrefl ctlons is showd in tables 7 - 9.

-

' For each specimen,a graph of"the difference in the charged ‘and
discharged diameters versus'the corresponding reflection (hkl) ‘
is plotted in figures 9,9 ~.9413'. We observed that within the
experlmental error a stralght 1lin can be drawn through the.
points as 1t was expected. That is. the rlng diameters of
different reflections change by the same amount AD,
The change in the dlffractlon angle ¢can now be found
~from AD and the camera length L, which is calculateq from

equation 4.1, The results of the calculations are shown in

table 6, . S | .
\
Table 6. | ' .
Specimen - D (pm) . £ (rad)
LiF | 120.+ 35 7.5%x1077
NafF 20 + 35 1.2x1015
; - 5
CaF, 35 + 35 2.2x%0,%
R S .
- \. . ; '
] S A '
] ~
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Fig. 9.12 Di
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"illuminating area resulted in a reductlon of - the ratlo of the'

85

We, note that the omission of the copper gr:d from the - ""

b

"diffraction pattern. thlS corresponds to positive charge On the,

. - )
specimen.:ﬁﬁowever. the error 1n the calculation ofﬂlD is

_ relatlvely large,’ and the only conclu31ve 1nd1cat10n that the )

charged thl are smaller than the dlscharged thl‘ls glven
from the LiF results. Con51der1ng only ‘the LiF results A[)120

+35Em represents at least a 40, 2% "apparent" change in the

“lattlce constant of the charged LiF fllms. Hence if the spec1men

is not discharged therecould be.false indications_about the o
structure of the. LiF films, or any other non conducting films,
However. the magnltude of - the change is open to questlon. for,

the structure of the fllm close to the grid coulngi slightly

‘dlfferent frqm ‘that of the'rest of the‘film; ‘This argument is

based on observations of the structure of the filmchlose to the
grid bars, Sometimes it appears to be differeht from the rest of
the film, and very often tracks appear on the film afound‘the |

grid boundaries. A possible explanation of'these observations

-could he the dlfﬂerence in the thermal expansxon coefflclent and

the rlgldlty of the formvar in contact w1th the grld. and that

suspended 1n between the bars..

The values of the deflection angle @' compare Wéll,with’

previous measurements that employed different experimental

methods. -Drahos and Delong (72) repofted_a defl@ction'angle,



O

g =5 prad, for 75 Kev electrons calculated from absolute
measurements of the optical system equation 81, H Mahl ( 68

estimated the value of ﬁ"around 10 Hrad-for 40 Kev electrons'

' zbls estimation was also based on measuremﬂnts of the optical
y

stem,Finaly Komoda and Hosokl using an- 1mage inten31f1er
treported a value of ﬂ'"lOO prad for 100 kev electrons.'.
The observed defleetlon of the electrons 1mply the
ex1stence of gt deflectlng f1e1d the strength of whlch is of

1mportance 51nce it could be related to dlelectrlc break down

ﬂ'

G
. of thlnolnsulatlng fllms under electron bombardment

9.3 Field Strength and Mechanism of the "Bee Swarm"
| Effect. |

*

. --0 .
The effect of the presence of electric fields on

' insulating (non conducting) thin films haﬁe already_been discused .

'byfsome aothors. Mahl and'Weitsch(éB)-using the approximation
that the electric flelds 1nvolved are effectlve only w1th1n the

thlckness of the specimen, calculated “the flEld strength to be

1

about 100NVm Dove(?3) however con51dered the- exten31on of

. the mlcroflelds extend 1nto space on each 51de of the fllm,

‘over an effective dlstance equal to the average dlameter of the
the fluctuatlng spots.', In thls manner he calculated a fleld

strength of_800kaf1.v - Komoda and Hosoki' also reported a value

w



of 1QOMme1f. A 'different appreach ‘- was made by Curtis and
>F‘err'ier (71 ) They assumed that most of the generated charge
resides 1n the surface of. the fllm so that the thickness of the

film is almost-lrrelevant “‘Thus they cons1dered the external

flelds entlrely respon51ble ‘for the deflections of the electrons,

They derlved the folowlng equatlon for the maxlmum fleld strength

: 2T
. = - ' L8] 9-1) :
) E =g gu ( |

- -"

"« where g' is the size of the flickerinz spots, §' the deflection

. k)
angle and U the accelerating potential. Substituting our experi-

mentz.l results 1nto this expression, that is the mean granule

 size g£'=0.5 pm and . the angular deflectlons ranglng aprox1mately

from10-5-10-urad at 100kv, the maximum fleld strength becomes
-E 5:10—100MVm_1‘.<* This-value of E compares well with, the ones
mentioned above, | ‘ |
The following mechanisn is proposed-for the ' "bee swarm“
'effect "The formatlon of the electostatlc flelds 4in general :

will be expected to depend upon factors such as beam and film

geometry, secondary emission ratio, stopping power, and mlcro-

.87

and macroscopic propertles such as re51st1v1ty and polarlzablllty..

The accelerated electrons on passing through the,speolmen eject

from it-secondary electrons, some-of whichtground themselves by mo-

ving to the grid, and the rest of which return to the specimens



'Fogusmall values of E the escaped-electfons arerreplaoed with
others drawn into the specimen tia(the _space charge of the
emitted secondaries. For larger values of E such ‘as the ones
obtained here, another process may start whlch mey be descrlbed
ds surface dielectrlc breakdown. P051t1vely charged regions
form whlch the charge builds up to a crltlcal value (size of .
the fllckerlng spots) and then dlscharges. That 1s,'the
observed “bee swarm"-effect is a charge - dlscharge process
“on the film surface. ° This is p0331b1e 31nce the flelds

v

required for, dIEI%CtTlC breakdown of plastlc materials are

88

of the order of 10 - ZODﬂM1% » and thls flgure lies in the
range of the calculated field strength. " There is also
evidence {74) that many results obtained in stodies of//
insulator surfaoe breakdown can be e#plained in %etms of

surface charges,



Table 7.

L]

-Reflection thlcharged

hkl -

111
220
311
400
331
Loz
611

Table 8.

1

S

Reflectlon thlcharged

hkl -

220

311

222

~ koo
311

420
22

LY

r~

Measured electron diffraction ring diameters

P ¢

‘(em)

1,688
2.762
3.236 *
3.908°
L.264
b,792
5,078

of the charged and dischafged CaF

> film.
Dy discharged plisehrd._‘pohrd.
(em) - (pm)
1.690 20
2,764 ) 20
3.20h2° ) 60
3.910 o 20 -
h.266 - - 20
k.796 . Ny
o 5.08% 60

*

Measured electron dlffractlon rlng dlameter§'

,'ca

thkl

N

\

(cm)

-2.18&'
2,572

‘.3_2.6?8

© 3.004
3. 384
3.472
3.808

i,

hkldlscharged DgiTChrd - D

(em) - Spm)
2,200 ' 160
2.582 : ‘ 100
2.690 | 120
3.102 - | . 80
3,398 140
3.480 . 120
3.816 i 80

;o \

of tha charged and dlscharged IAF fllm.'

chrd.
hkl

[s]
o
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ey



Table 9.

Reflectlon thlcharged D Kl
hkl .

220

222
400

L20

422

Measured electron dlffractlon ring dlameters

D".

hkl

of the charged and dlscharged NaF film.

(cm)

1.964

2.410
2,787

3,122
3.418

oy e e e e PR T [

(cm)

1,966
2.k

2.592

3,120

3.418

~

‘I"

discharged D

O .

-

dlschrd _ Dchrd.
hkl hkl
(pm)
ﬁ}? 20 |
Lo
60
20

90



CHAPTER 10

N . CONGLUSTON
In spite of the‘various limitations in our experioental
condi%ions, the present study was able to yleld meanlngful
resulfs. Wlth an 1nterna1 standard of vacuum dep031ted thalllum
chloridé, the lattlce constant of Al fllms were determined u31ng
the SAD technique to w1th1n an error of less than 0, 1%,
The lattlce ‘constant of Al was found to decrease from the bulk
wlth film thlckness.‘ The lattlce parameter contractlons
i ranging from 0, 6% to 0 01% of bulk value were obsgrved: for film
l.thlcknesses ranglng from 50 - 350A respectlvely.' The lattice
_ contractlons were found to depend on a surface stress and an
llntr1n51c stress actlng on the 1nd1v1dual crystallltes of the'
Al fllms The formvar dlffractlon pattern and 1ts contrlbutlon
to the hackground‘antenslty,was 1nvest1gated - It was shown ’ .
that there are three broad dlffractlon rlngs which should be tahen
into cons1derat10n when the line proflles or broad speclmen rlngs
are studied, ' ¢ o ; : N

Investlgatlon of the line broadenlng of 50A Al fllms,
' 1nd1cated that in fllmS of thls thlckness, broadenlng due"to
partlcle size 1s the domlnant factor, Under the - assumptlon
that the 1ntr1n51c stress is relatively small surface stress of
-1500 dyn/cm was found respon31ble for the ” maJor part of the
'observed lattlce contractlons. The value of thls stress should

&
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. 'breakdown.

—be considered as an order of magnitude 31nce a number of
assumptlons were 1nvolved in 1ts calculatlon
The charges on surfaces of 1nsulat1ng fllms were

detected by shadow proaectlon microscopy. Both of the
1nvest1gated modes of operatlon of the electron microscope
for the 1mag1ng of the charges weré found satlsfactory

The same arrangement of the optical system as glven in this
baper, can be employed for the' observatlon of magnetlc
domains in thin ferrcmagnetlc films, ~The nature of the
surface charges and the resultlng electrostatlc fields was
studied in an 1nd1rect manner, by measuring the angle of
dlffractlon of the electron beam, Deflectlons up to- 1009rad (for
LiF fllms) weremobtalned,correspondlng to a deflectlng fleld
of 100 MVm -1 and a 0.2% apparent change in the lattice constant
of the spe01men. IS The "bee swarm" effect was explalned as . a
two process mechanlsm that is exchange of electrons with'a

space- charge cloud near the fllm and surface dlelectrlc

I
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