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ABSTRAQT

An investigation has been made 4nto the factors |
 determining the structure of tin films condensed in vacuum
onto emorphous aubstratea at room temperature. The variastion
in.orientaiion‘af the £ilms with the deposition parameters,
(i) residusl gas pressure, (11) rate of deposition, (iil)
thickness of the Film, has been studied using the electron
diffraction technique. Supplementamyxaxperimeﬁﬁa“in & high
partial pressure of oxygen and/or onto polymer-coated
sﬁhﬂtrates were also carried out, : | |

Several orientations %ara obtained &epeﬁ&iﬁg upon
the deposition conditions = these were witn_ (110), (001},
(100) or (301) planes parallel to the substrate surface.

A (110) orientation of the film was preferred for
high residusl £as pressures, i.ee > 3 x 10"7iorr. Reduced
mobility of the metal atoms on the substrate surface gives an
initial random orientation and a (110) orientation develops
 with ineressing thickness, |

A (100) orientation was always obteined for residual
ges pressures below 5 x 10~Ttorr. The origin of this (100)
orientetion is attributed to the melting and résuliﬁificatian
oi the small cryatallit@s. in highepurity conditions, during
the initié& stages of depositions ’ | |
- 4 mixzoed (100) and (001) orientation oocurred for

non-continuous films in the pressure range 5 x 10“7 t0 1 x 16'5



torrs A (001) orientation was Tound when the film became
contimious and this structure was mainﬁaineﬁ-np to 50002
thickness. It is suggested that e recrystallisation tzkes
place during the acaleseencevstmge of £41m growth vhich gives
rise to the orientation changes. It is also suggested that
gas molecules a&sorba& on growing crystalliﬁe surfaces create
a difference in the value of surface enargy'betw@en crystalle
ites in different orientation. This is suflficient to cause
praferentiél growth of one orientation rather thon another
by diffusion é;’cealesoenca of neighbouring crystallites,.
The possivility of conirolling the atruatura ol thin films
is discusseds f

The deposition of films in a high partial pressure
of oxygen or onto polymer substrates showed arientatian'
changes consletent with the previous resulis, The detection'
of S10 in filme deposited in a high partial prossure of
oxygen\and,at high &ates of deposition gives an estimate of
of the temperature of the surface of the film, and this ié
in eontradiction to the values caleulated by other workers.

The theories of stress in thin films are therefore discusaed.



1.  INTRODUGTIOH

Le Genersl Introduction

~ Thin films are QQW‘being'uae&'for‘numsiausl

comnercisl applications eﬁpeciailyvin fhé eléctrcnica field
and for space éppliaétions. . Also, becsuse aae dimension;is
greatly rﬁdueéd and surfaoe.effecia shoul& be significant in
~caunaing slipvbn a 1argar_fraction:of the slip planes, the
stﬁdy'bf the mechanical propatties of some Tilms is remching
the stage where it may yleld infgrmatioh relevant 4o the theory
of work hardeﬁing of ¢rystals and the mechanism of fatigue.
However, before these passiéilities are realised, a more
thorough und@ratan&ing of thé intrinsic prapertiea'of thin
films theamselves ia,réquired. |

' Prequently, the properties of the aveilable film
nmaterials are not satiSfactdry for the reguirements‘of a
device snd these have to be chaﬁgea in a predetermined manner,
This requires a'&ataile& knowledge of the faaﬁaravwhiah
deteramine film graperties. One of the oldest approaches for
ehanging}propertieﬁ iﬁ the case of métals;‘is that of slloying,
but the use.of oxides or mitrides in ploce of pure naterisls
‘éan alSONba used in thin films to obiain specific properties.
Another posﬁibla‘méthod of changing the properties, especially
in the case of films for superconductive or magne%io devices,

is to alter the Iilzm strueture, especiglly the lattice



orientation. iany films are stracture senaitive; e.8»
magnetic, superconductive, elmtjrieal, optical; but this
approach has not been utilized ab‘far because o1 the
difficulties ehasuntéréd in struétural control; and in several
- cases, undesiraa structural variations in films have hampered
industrial production. | | |

Host of the research on the structure of thin films
so far has eith&r predoﬁin&ntly investigated mucleation and
g?bwth phenomena without relation to deyagiﬁioﬁ parancters,
or dealt with the eonﬁeétion betwéen ﬁaﬁeﬁit&anvﬁarameters
end Tilm properties. ﬁéspite mach progress in experimental
technigues in recent years, & unifying quantitative theory
of film growth and the inter-relationship between deposition
parancters, film structure, and physical prﬂpertiea; has
still to be achieved. The present experiments described
below throw further 1ight on the relation 6f the film structure
to the conditions of deposition, esyécially in the case of
£ilms of tin. These results on film grdwth help furthermore
to clarify the position concerning the origiﬂ of residunl
stress in thin filus. '



2. iuclemtion and Growth of Thin Films

(i) Condensation Theory

‘Most of the detailed nucleation and growth studies
on thin metal films have been made by‘exa@ining'vagummu
deposited films because of the relatively simple environmental
conditions encountered with this technique. Wiood (1916)
concluded that when the vapour density was below what was
assuned to be a critical value for a given subsirate temper-
ature, candenﬁed_filma would not be obtained. ‘Qonxersely,
there appeared to be & eritiéal surface temperature, for a
given vapour strean density and suhstiate; above which no |
deposit formed. The‘critical‘density of the vapour stream
wWAS, in faet,_a function of substrate temperature. |

Volmer (1921) reslised that'na vglodity of growth
could exceed & definite maximum which is resched when every
incident atom ie condensed. He was thﬁn able to show, by
using‘mareumy.eondensing as crystals on a cooled suxface,
that £ilm growth in one direction was ebout one thousand times
greater in some directions than in others, 'He ﬁaﬁtulateﬁ
that if an atom or molecule strikes a fuce of a crysial, thé_
molecule is bound with less energy than thet equivalent to %he
molecular heat of evaporation, He also concluded that the
atom 1s only adsorbed ahto the surfaéa”an& can migrate by

virtue of its theramal motion, but it cannot re-evaporate again



because it is bound by the energy glven off in the form of
heat of adﬁorptions Seterman (1923) tested this theory by
condensing silver onto polished quarte at room temperature
and he found that when the aVerage thickness of the deposit:
was less than that aorﬁaspondimg t0 a moﬁamuleeular layer the
film was not homogeneous buﬁ consisted of seattered crystallites.
This can only be explained by the fact that the silver atonms,
ihﬁi&@nt unifarmly}over the quartz surface, nigrate along it
before forming & less mobile aggregate by collision with
another silver atom. } |

According to the thedny develoyed by Frenkel (1924)
4o account for the existence of a eritical temperature above
which condensation does not occur, atéms arviving on the sub-
strate move over the surface during their life<time at the
end of which they re-evaporate. The metivation energy for
surface migration is much less than the evaporation eﬁsrgys
'If the average life-time of an atom on the substrate surface
is sufficiently long for snother to collide with it, then an
atom—pair-can be formed and the average litfe-time of the
doublet is inereased. Also.‘%he energy required to we¢evéporate
the pair is cahsi&erably.increased»

According to Levinstein (1949), the Xinetic energy
of the vapour particles has no influence upon th&laandenéation ‘
Process becouse of the random natuie of the colligions, and |
it is permissible to assume that the vapour atoms collide with

IS

the substrate inelastieally, with a {transfer of some Xinetic



energy to the substrate lattice. He found with antimony
films that, for slow evaporation ratea, the vapour condensed
to farm‘aggregates on the substrate surface which were larger
in sige %than thaaarfﬁrmed byifaat eveporations, The explanation
given for the aeﬁen&ence af particlé gize on the évaporation
rate required two additions to Frenkel's theary; (i) that the
}numbéf of atoms in motion on the substrate surfece is pPro=
portional to the number of'atcms arriving at the substrate
surface/uhit time;"(ii) atoms or molecules will move over the
surface until they suffer a collision with other deposit atoms
or mnlecules'an& thereby loée‘their ﬁobility. Hé wes then
able to show that the mean mobility time of entimony atoms on
collodion was less than 2 x 10~° secs,

However, when an stom spproaches the substrate to
within atomio distanees, forces will arisefbetween the respecte
ive atoms, and these are usually of the Van derWaals type,
i.e. they are eiactroatatie in nature. Only in those cases
where & chemical bond is formed between the film and substrate
will ionic forces predominate = Hayer (1955). Therefore,
although 'surface mobility' depends on‘the one hand upon the
energy of condensation and the thermal energy corresponding
to the suhstrate temperature, it also depends on the forces
between the deposited atom and the suhstrate, and these will
restriot mobility. For instance, Campbell (1962) has shown
how the mobility of'gnld varied by a factor of 10 when

evaporated onto differeant substrates, and the occurrence of



epitaxy in deposlits on single crystal substrates proves that
mucleation may be‘affaated by the periodic field of the sube
straté. Alsogvsae&ing'expgximents abn&umted by 4ehender (1950),
show that he%éranﬂnleation e&ﬁ be pre&ominant in certain
: circumstanuegil Even on clean amorphoua substrates, nucleation
centres might be provided by ﬁeep potential minlma and by
impurities. In fact, the more recent work ﬁﬁ the nucleation
of thin f£ilms has shown that pweferantial nuclea tion tends to
take plaae at eteh pits or steps in the surface.

| Frenkel's model of the statistical formation of atomic
doublets is obviously s gross simplification, but it is now
.generaily'acnepted\that. provided the mean free path ef.the
rasidual gas molecules is muoh‘langer than the distance between
the source and the substrate, the.metal ntoms approsch the
subsﬁrate to within atonic diaténaes without collision. Forces
of Van der Waals type then arise and the metal atoms can displey
‘surfzoe mability’ which,éepends upoxn tha thermnal ond con~
densation energies. The ratio of condensed to the total
impinging atoms ;s called the aauamodation coaﬁf;cieﬁ% of
condensation, %ﬁﬁ>fbr most solids approaches unity for a sub-
straté teﬁpefafhfé sufficiently below the melting temperature
- of tha evaparant, (ie€e= 0.25 x melting temp,).

| @-1 ﬂmpending upen the mability of the condensed surface
atons, ‘Palatnik and Komnik (1959) distinguished betweea twaw
uimensional crystalllne, liquid, and gaseous condengation

phases. Elecctron micrograph evidence, in the case of 4n,



showed that the separate partlicles have welledefined
crystallbgraphie shape, while for Sn the vapour to ligquid
transformation ocours and the particles are spherical in shape.
In this case they suggest that the vapour condenses in the
form of 1iquid drops which orystallise after supercooling
| without losing their spherical shape. Expériments viith
bismuth condensed onto a‘giaas eubstrate, with & temperature
gradient across 1%, showed where the condensation mechanisn
ahanges fro@ vapour&ﬁolid inio vaﬁourfliqnia condensation
when the substrate témperatu&e is high,enough;' 

It ean be concluded therefore, that the freshly
condensed atoms on a substrate surface form a two-dimensional
surface layer of relatively high mobiliity, resembling in many
ways o liquid phase where the condensation process has a
minor influence on the structure foramation, and more essential
are the migration end nucleation phenomens in the mobile

surface-layer.

(ii) Initisl Growth Processes

Since the *pairs’ or "triplets’ of atoms fcrﬁed
in the initiesl steges of deposition can serve as nucleation
centres, these initisl stages of film fornation should be
influenced by the deposition rate. This was confirmed for
silver filns condensed upon silica or formvar substrates by

Seunett and Secott (1950) in a series of electron microgrephs
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shown in g (1), Xt can be sean that the 180& £ilm deposited
at a high rate of aepoaition (Qcﬁ/sec) is almost continuous,
~vhile 2 1?5A £iln deposited at 0.15A/sac consists of isolated
islands. Theae‘results agree with the work of Levinstein
(1949) and Picard and Duffendaak‘(1945) for cadmium and zine
filma, in thmt slowly av&paraﬁed filns are more agrregated
for thicknesses over lﬁOA. It can be daduaed from this work
‘thatvthe hi@her depcsiﬁion rate haa_resulted in & larger
numbér‘cf'ﬁucleation centres which grew together at an early
stage,'thﬁs Torming a continuous Tilm. :The élow rate of
depsaitian,‘on the other hand, resulted in island formation,
Paahléy (lgﬁ@)-aﬁa his co-workers have also observed fhis
phenonenenfor gold filus déﬁosited'onic aolybdenun disulphide
et 40090,:and confirm that the initial stageé of growth involve
 the formation‘cf ﬁhree#&imaﬁsionél nuclei, even when the aver-
agé,thiekneas of the deposit ie less than one atomic diameter,

According to Pashley (1956), when the mmount of
deposit atoms on the substrate is incremsed to a certain value,
érystallisafioﬁ occurs and nuelei are,spoﬂt&ﬂeouﬁlﬁvfarmed.
The‘nucieus. 1% is assumed, can be ordiented. This process
might form large numbers of muclei of almost the same size,
g0 that for a certain period in the gfﬂwth process the number
of muclei would increase, but their size: wouid-nat increase
appraeiably. | |

caupnell (1962) has shown for lithium fluoride

geposited upon carbon films that, for a constant rate of






depocition, the size of the islands in the initial stages

of growth ineregaes with thickness up to a oertmin point

above which the size decreases. This efiect was most proe
nounced at slow ratea'of deposition, but the phenamena'aauld
‘»not be observed when he tried ta‘repeat the experi@ggt for gold
films deposited onto carbon substrates. When the deposition
_rate was varied, he was able to show for films of equal
thickhess.'that the fastest deposition rate gave snaller island
foimation. He deduced frﬂm values obtained for thé fractional‘
area covered at different axpected thicknesses and ratea, that
cubic nuclei of a finite size -~ between 50 and 1QOA side -
suddenly appear. The sudden appearance of nuclei of a finite
‘size had previously been observed by Newman and Pashley (1955)
for copper films deposited onto single crystal substrates,

and also by Hewman (1957) for the growth of tin on a silver
(111) face at room temperature %hen the nucleatinn gcourred

at an sverage thickness of about 10A to give a partially
oriented layer. However, Campbell conelu&ea that, before the
nucleation point is reached, the material appears to be ad-
sorbed on the substrate surface,

It has also been found that the solidification
temperature for very small droplets of metal is lower than
that of the bulk materizl. Turanbull (1950)7foun&fymongun¢ea
supercooling effects for SO/M'diameter droplets of various
metals, Takagi (1954) has observed similar effects for thin
films of lead and bismuth, while Blackman and Curzon (1959)
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end Saikia (1961) observed the same thing for tin films, TFoxr
thin £ilms, the aqlidifiaatien;temperatarevﬁéaraaaasiaa'the
aver&ge thiclkmess of thﬁ &egosiﬁ decrﬁa&és;'.Wiﬁh this behaviour,
‘g_lgyer'eohﬁeﬂ&edcﬁ%u’a:sub$tmata &t'a given temperature could
be‘in a liquid dr an amarphaﬁa staée'nnfil the thickness reaches
a point at whiah the aalidifiaa tion temper&tmr@ of the layer
equﬁls the uemper&ture of the aubstrate. ﬁuﬁl@&tien would then
occurs Contrary to this, Jones ond Wood (1964) haﬁa found no
re&ustian<in the melting point of aluminium £ilme, at least
down to thicknesses of 1003‘ o

Direct observation of the growth prwaess was abhiaved |
ﬁy Bassett (1961) who exanznea the gruwth of silver deposits
onto malyodenum disulph;de cleavawa faces. Nuclei, spproxe
imaﬁely 100A in diameter were initially observed and growth
then occurrad laterally. As the islands graw. ih@ nuclei
3ainea together with sufficient ralativévrﬁtation not to
vintroduge‘ﬁetectable imperiectioﬁs at the joining interfaces.
At a later stage, dislocations werc created bﬁﬁ’it ié,&igﬁifi»
cant that they‘disapneared later in the. depssitian prﬁaesu.‘
“his seems to indicate considersable mobility and resrrangement
at this stage of growih, Accordiaﬂ to ﬁassetﬁ. the lowest
energy configuretion of the original interface botween nuclei
- and the substrate corresponds to a minimum"énﬂrgy ﬁiﬁﬁrﬁbﬁxion
of interfecial dislocations. The indicationa are thot the
nuelei poaseés'cthiderablé'rotational and.‘iﬁ some caséa,

transitional mobility on the surface, especially in the early
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stages of deposition.

Pashley et ol (1964) exanined in detail the
behaviour dfggolé films.'éepésite& onto molybdenumn disulphide
»at 49000, during’the initilal sztages of deposition inside an
"electrcn-microaébpe. When adjacent nuclei touched, they joined
together very rapidly in a liquid-like maaner, the process
taking less than sbout 0.1 sec. Also nnnléi having wellw
defined crystallogrephic shapes before aéalaaaence becane
rounded during the event, and the composite igland took up
the crystallographic shape again, provided a long enough
period e¢lapsed hefore inxeractiﬁg with further muclei (Bee
. Pig. 2). This effect was more pronounced with gold thaan with
silver deposits. They conclude that the main fransport |
mechanism responsible for the liquid-like coclescence is that
of surface diffusion.

Also, since the mtgte»of ageregation of the deposit
is clésely related to the mode of nuclestion end growth
chaeracteristics in the initisl étages,'the condition and
noture of the substrate surface critically affects the struce
ture during these initiel stages, Watt (1960) found that a
thin layer of bismuth oxide, (which hes a strong affinity for
gold), on glass inhibited the surface diffusion of the gold
and gave rise to & more unifornm deposit Which_beggme continuous
at‘a lower thickness than films &epnéite& onto glaas substratea.
Thus, the principai contribution of the initiel substrate

surface to the condensetion process occurs vhen the condenged
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layer is not more than a few atom layers thiclness. Subsequent’
condensation ia then datermined primarily by the state of the
deposit itselfs
It is now widely recognised that the initial stages

of growth of vacuumedeposited metal films us&ally lead to the
formation of discrete three-dimensional nuclei, end that =
continuous filme are formed at a 1ater'atage'of growth. The
general concluaian by wnieh growth proceeds, in TeCaCo metals,
is that tha nuelei increasse in size as the deposition proceeds
without any further muclei being formed. After the muclei
reach a eartain avéraga size, the number of ruclei decreases
contimiously, with a corresponding increase in the sverage
size, Pashley (1964) has recently shown that the deposit atoms
 migrating over the existing muclei lead to iuportant additional
effects during deposition. These affedte. now classed as,
*liguide-like behawiour?, Qre asmociateﬁvwith structural changes -
ineluding recrYatallisatinn, which occurs when the film becones

continuous.
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{2) Growth on Amorphous Substrates

Having arrived at the‘aubstrate surface, the
deposited atoma arrange themaelvﬁs in s mggn@r which usually
depends upon three parameters:: (i) the sﬁrface atructure of
the aubstrate (amorphous, polycnystalline, or single crystall-
 ine); (11) the substrate tempera%ure‘s wnich affects the mobile
ity of thavcan&anéing atoms; and (1ii) the rate of deposition,
which influences the nucleation process, It will also ve
shown in the present experinents that the reaidusl ga6 pressure
influences the growth ?raaess,-ana thevgrcwﬁh phenomena associae
ted wifh variations‘in these parameters are &iacuSSé& nore |
fully in the folluwing sectlions, .

Under ceriain evapnratisn;canditicns an&»with low
mélting»point metals, crystallites of pélyerystalliﬁe thin
filmsvﬁﬁow preferred orientation even an'ambr@houﬁ substrates,
in theée films, g certein erystallographic plane is arranged
parallel to the substrate surface, but the orientation is
‘random in the other two directions; i.e. the crys%ala are
rotéfedvrandomly about the direction normsl o the substrate
surface, In'céndiﬁiohs'wheré there is a lerger binding energy

between the condensing atoms than between £ilm atoms and the



| 14
thé substrate surface; or there is a high surface mobilzty.
the first atcmia 1ayera of the film will be in a two~ﬁimensional
crystalline order corresponding to the natural stomic arrangee
ment of the condensing material: i.e; a close~packed structure
for most metals. A regular lattlce plane ia thus grown
porallel to the substrate surface and acts as & bage Por

arystalliaatinn of aubaequantxy condensing 1ayera.
‘The orientations of crystalline metals on amorphous

substrates at room temparéture have been investigated, using
electron diffraction techniques, by many workers. -~ Kirchner
(1932), (1934); Finoh and Quarrell (1933); Prins (1933);
Beeching (19%6): Hass (1938), (1942); vas (19%9); ‘Evans '
and Wilman (1952); IHurbach end Wilman (1953) -~ and in most
cages, it waskobserved that the deposit tended o grow with a
preferential orientation., Evans and Wilman (1952) and Wiiman
- (1952) were the Tiret to make an extensive snd deteiled study
of the'natufe mf\tﬁe orientations developed and their relation
to the deposition conditions. They found that materisls having
high atomic mcﬁility, (Zn: Cd: Sb: Bi), develop initially a
densely populated plane parallel to the mean substrate surface
even when the vapour strean is oblique, 41% vas found +that,
as the &epaaifa become thicker, a preferred grawth;bf those
- crystels whose main faces are mosi nearly normal %o the vapour
strean developed at the expense of cthers. Haterials with
low atomic wmobility, (Fe: Al), have little or no orieatation

in thin layers, but at oblique vapour incidesnce, the upper
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regions of thieker depbsita develop one-degrec orienﬁation
with an oblique axis. It was concluded that the orientation
originates from the Ifine séale roughness of the deposit surface
followed by a progressive increase in atomic ﬁobility during
grbwth due to the progressive incremse in temperaturee.

These observationa‘on the surface mobility can only
mean, as pointed out by Evans and Wilman (1952) end Wilman
(1955), that the temperature bf-fhe depesit surface héa risén»
substantially during the deposition process. They concluded
thet, in many cases when the deposition ccn&itiana lead to
oriented deposits at the £ila surface, the teuperature may
rise to several hundred degrees aantigrade in deposits formed
at 15-300 g/aac. The surface temperatures rea&hea during de=
position were in fact concluded to be higher than %ﬁe noymal
recryatallisafion temperature of the deposited metal because
this is where surface mobility first bheconmes ap@r&aiable (see
Section 3 (ii) a. on deposition at high substrate tenperatures)
f.e. 200-300°C for Cus 200%¢ for Ag and Aug  530=600°C for
Wiz and 350-450°C for Pes | |

In support of these observations, it is interesting
.to note that Umanskii and Krylov-(1936)‘showed that 8 thick
layer a:ﬁ‘ ¥Pe on glass showed an orieantation with ‘a, < 3.11> axis
noraal to the plane of the glass, and suggested thaﬁ th@i
heating during the evaporgtion process was an essential factor

in the orientation effect. Also, Schulz (1949) found that
thin rilms of Ygl'y, below 10003 thick were anorphous but thicker
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films were polycrystmlline. Hore reaentiy, Thun (196%) has
stated that materials sunh‘as Bi and Sb which tend to condense
in an amorphoﬁs'stata show orientation only after o certain
£ilm thickness has been reached. Rear&ata&lﬁsamian then occurs
fast and spontaneously, and he states, is probably slded hy
the release 0f thermal enargy.

In recent years, orientation of films hes been obe
tained at room temperature by employing high vacuun and low
deposition rate ﬁechni@ues. Vook (1961) has obtained‘;olyu
erystalline tin filus which were (100) oriented at o substrote
temperature of 0% in'a rasiﬁual gas pressure of less than -

1 x 10™%orr, However, the numerous experimeutal observations
on Tilm structure are still contrasted with the only limited
@evelopment of a quantitative stomistic or thermodynemical
theory which will enable predictions of the orientations,
obtainable under the various deposition conditions, to be made.

(b) Growth on Crysitelline Substrates

In the previaus sectiony it was shown tzat profee
entially oriented growth of film erystallites can be caused
by the initial nucleation process on 2 plane auhﬂ%réte surface.
However the influence of & potential Tield of & erystailine
substrate can also have an effect on the film orientation, and
when this oceurs it gives rise to the phenomenon known as
‘epitaxy's Several reviews have been writiten on this subject

egpecially by Royer (1928); Van der Herwe (1949); Seifert (1953);

»
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and Pashley (1956)3 so only a brief discussion will be
presented heres |

The epitaxial type of orientated overgrowth ocours
on single-crystalline substrates where the strong periodiocity
of the gubstréte surface cheracterises the 'force field!
influencing film formation., The simplest case, not usually
included ms true epitexy, is that of identical 3uhét£&te end
evaporant materials, where the deposited atoms continue the
struoture of the substrate beneath. Considersbly nore comnplex
conditions are anceunteréd if the deposit and the‘auhatrate are
composed of different matérials. In the case of metals on i
metals, the theories of Finch and Quarrell (19%3%); Frank and
van der Merwe (1949a); (1949b); Rhodin (1949); and Blackman
and S=mollett (1951), postulate that the atoms of the deposit
are regularly arranged in potential wells of the substra%e
surface, and thus form a two-dimensional 5paauﬂpmmrphi¢’
lattice. This arrangement can often only be fulfilled with a
low misfit between the surface lattice bf.the substrgte and a
particuler low-index erystel plane of the film meterial. |
Subsequent condensing layers would fill the pctémtial &iﬁima‘
of the next atomic plane, but the stresses in the'film are
reduced by & gradusl approach to bulk structure as the film
thickness increaées. According to this model, nm‘apitaxial
graﬁth should occur above & lattice miéfit of about 15%.

waever, Newman (1957) has shown that lead deposgited
onto (111) silver surfaces forme nuclei closely approximate

to monolayers, although the misfit is about 19%. Also
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Bassett (1958) and Trillatt and Conjeaud (1958) have shown
that when & very thié'layer‘of gold is'ﬂagbéited onto rocke
salt cleavage faces at room temperature there is preferential
nualeatiun at the step edges on the substirate surface even when
they ave only monoatomic in height. The preferential growth
at the step e&gés sccurred for both oriented and non=oriented
deposits. However, there is no evidence to suggest that the
orientatibn ﬁf the nuclei at the step edgeé is different from
those which form on the smooth sectious of the substrate,

Thus Bassett, Menter, and Pashley (1959) hava stated
that the experimental evidence disagrees with thé essential
aspects ol the abo#a theory. lMisfits of up to 905 have been
ohaerved; an@ no evidence of pseudomorphiam exists because
the stationary nnclei_on the substrate aarfaae always show
lattice spacings which oorrespond to the bulk meterials Their
theory of epitaxy therefore posiulates that, (i) discrete
nuclei form an a&cmid arrangenent corresponding to the order
of the bulk lattice and, (ii) further film grow th proceeds
by deposition onto nuclei, and the growing tagether Gi nuclel
of identical orientation. ' ‘

It is now clear that epitaxy is due %o short range
forces effective only over 2-3 atom diameters, If the teanperw
ature énd other coﬁditions allow the deposit atoms to have
appreciable mobility, these tend to be held in the aeepﬁ&t
potential troughs determined vy the positions and iarces on
the substrate surfaee. Flleman and vWilman (1949) emphasized

that the loecal atomle fitting is {the primary faqﬁor initiating
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the deposit orientations but as the crystals grow laterally,
the degree of laxtice misfit must affaci the stress and stabe-
ility of the deposit crystal. Although epitaxial misfits may
be expected to tend to distort the deposit cryaﬁai lattice
towards the form and dimensions of the substrate lattice,
('basélwﬁlane pseudomorphism® ), there appear to be no certain
exampiéa of abnormal lattice spacings. ZHvans and Wilman (1952)
hbwever. showed that there is often a disorientatiég of the
deposit crystals, consisting of a range of rotation about a
mein lattice row, which is probably due tovthevepitaxial mig-
£it causing dislocations, stresses and slips A | B
Thus while Bassett's model describes the experimental
gvidence, 1t does not really account for the phennmensﬁ of
epitaxy. It seems that the reguler grid of potential wells
on %the substrate at least determines the regular.orientétien
of iﬁdividﬁal muiclel which form initially. From thaiz point
of view, the earlier theories describe the arrangement ofjthe
first few atoms into & nucleus, and the nbs@r?atiama of
Bassettjﬁt el. hold for further growth o7 the nuclei into a

homogenepus Tilm.

It hes been shown above that the orientation of thin

films depends upon the initial mechanism of orienistion in the

micleus and on the factors which influence the subsequent
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growth of the filmj and‘severa;.thaarias have been put forward
to explain the varioua_types”af»uriantafian which éccur under
different depoaiﬁian¢onﬁitidﬁé. |

- Volmer et al (1921} attributed the yre&ominant growth
of Zn crystals with (0001) faces perpendicular to the vapdur-
stream direction to the higher rate bf lateral extension of
such crystala, due to tha‘atoms striking the (0001) plane
migrating to the edges. This aéeumes thet supersaturation is
sufficiently high to prevent t@o-&imensioﬁal‘nuﬁleation in
the initisl stages being a growth rate determinimg factdr, and
also that the rate of lateral extension of & cﬁyﬂt&1~fase ia
determined by the number of atoms which strike it
| . Dpizit (1933) considered thet the atoms in the initdal
stage of condensation form a tvo~dimensional gas. With ine
creasing condensation, this becomes supersaturated and twoe
dimensional orystallites are formed., Those with the least
' two-dinensional vapour pressure! are preferentially formed
and these are concluded to be the erystals with the densest
stonic pacicing, i.es {111} 5 {100} § ana {110} zeces in
the f.c.c. lattice. o |

Sachtler et al (1954) demonstrated that Ni films in

~ the early-atagea of deposition are usually randomly oriented
~ vhen deposited at room temperature, while they are oriented
on heated substrates. They suggestea.%ha% in ¥he initial
stages of deposition, the {ilms are made up of unoriented

erystals bounded by a number of erystallogrephic planes.
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Those that grow fastest have a leGCblﬂn of most repid growth

- perpeadleular to the substrate surface. Yor fe.C.Co metals,
%$u3<:110;> direction was derived to be the fastest growfh
dircction, vhile for b.c.c. crystals, the < 111> direction

vas glven, without dex ivation and this is the most densely
populated row. However this model is lnconsistent, Jor although
the growth rate in the <<110:> direction for Tocace crystols

& higher then that in the <111> and <100> directions, it

iﬁ,’according to Buuer (1961), even higher in other dlvectians.

p.r.

One would thr““zﬁra expect o random orignt&ilon¢

Gvans and Vilmen (1952), as previously stated,
distinguished between two kinds of ordentationy (i) growth
vhere initially & densely populated plane is vrefeventiclly
developed parallel to the nean substrate surf&ce; end (ii)
thin layers having little or no oriehitation, and as the deposit
thickness increases, one écgreevoriﬂntation develops. {(Ffurther
clevification oflthia theory is given above in ﬂubilﬂﬂ (i) a)a
However, ithey also describe the effects of developmenm of facets
during the grpwth of Zn f{ilns. These filas tend to grow on an
zmorphous surfaece with (112) orientationvyet with (001) habit
in £ilms about 20004 thicke The initiel spread of orientation
about the mean was attributed to small variations in the
inclination of parts of the substrate surface which gives an
initial spread of (112) orientation. Purther deposition onte
the initial cryst tallites gave rise {0 preferenticl growth of

those crystals having thelr (001) faces norael to the vapgour



22
strean, or nearly 50, aﬂﬁ,%he'criantation moves awey from the
initial (112) orientations A (135) orientation was observed
in the upper regions of‘aame Zn filme prepared at normal
inecidence of the va@ourg ana,this was attributed to ﬁhis moQe
-ificaticﬂvof‘the initial,brientaﬁian‘ﬁuﬁ'ﬁa the development of
facets other than (112), evidently (101)s
| Bauer (1961) proposed & theory which deﬁenﬁa upbn'
the high aupersaturaﬁian of tha'syﬁtem; i.e. vhere twoe-dimen~
sional nucleation is not a true growth rate determining factor;
and an'thé aaﬁumptianvthat véfy small crystallites are haug&eﬁ
by only a few‘crystallagraphic planés, Orientations ave
classified according fb stage of dévelcpment,_i.@g initiels
trénsitioﬂal;fimﬁl; and depending upon the conditions of
férmatién,-ane. two, 6r three of these ori@nﬁ&ﬁions'may be
obgerved, For gxanple, vény thin films mey only %haw the
initiel orientation, while £ilms grown at very high supere
| ‘sataratioﬁs may only develop a diffefaﬁt fiﬂal_arientamionQ
“Growth arientatians“ develoﬁ in & supersaturation region in
which nucleation of‘randcmly orienfed crystals is ﬂuffiaiEntly
infrequent to allow growtﬁ competition between differently
oriented crystals., Thersfore, if & film is thin enough, only
the initial orientation is observed, However in very thin
Tilms transition textures can devélopg é,g. by twinning or by
other oriented overgrowths on the ehystals in th$ imiﬁial‘
orientation. These transition brientaticns are growthenucleation

textures which a2t high enough supersaturations are soon
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obscured by the finai growth 5rientation. While this final
orientation can devélép from the transitional orientatién, in
general it usually develops from a randomly oriented deposit
which is formed in the initiel stages. ‘

While Bauer's theory accounts, very generally, for
the growth trends under certain conditions.vit does not give
an sdequate quentitative explanation for the growth of one
preferred orientation in preference to ancther. It:also hasg
two limitations, (i) orientations can be formed ot lower
suyersaxuraﬁioﬂs due to orientation of thmﬂimensiaﬁal nuclei,
and (ii) the interaction of the reaidual gas with the vapour |
ai the film surface is neglected, '

By consiaering the nueleatian rate in typiaal vapour
condensation experiments, an estimate can be nade nf %ha size
of the critical nucleus. Yang et al (1954) calaulated a rate
equation based on & nucleation theory which assumed that a
capeshaped nucleus is Tormed by statistical fluctuatione anong
atoms which are adsorbed on the suhstraie‘aurfacé, and‘diffuae
over it, ‘he results obtained for Na vapour condsensing, at high
supersaturation ratios - v 10'? at 159°¢ and 1017 &t 213%,
onto various metal substrates at a residual gas pressure of
5 x 10™7tor-, suggested that the size of the oritical nucleus
| iskaboux one unit cell, (ie.es 9 Na atonms), As thasé'éxﬁerimeﬂﬁé
were concerned with the critical depcsition conditions, their
‘estimate represents an upper 1limit of the critical nucleus
size. Thus if the supersaturation is more than critiesl, the

macleus can be expected to be even smaller.
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Walton (1962) has also considered the effect of
supersaturation on the orientation of thin metal filmss At
the Iimit of high supersaturation, the critical nucleus should
be & single atom, and when an aton pair is fﬁtmed, it will
grow rather than decay into single atomss He-ﬁh@rﬁfcr& sugsests
that as tha.supersaﬁuration is &ecreaaea, elther by 1n¢reaﬁing
the substrate temperatura or by decreasing the rate of deposite
ion, the poinﬁtia reached where a‘pair of atamﬁ'becumes the
eritical mucleus, Vhen the pair becomes unstable, the next
amallest stable cluster will be the one which has a mindmum
of two bonds per atom, etcs (Fige 3 shows the critical nuelei
for etabie elnstera'cantaining two bonds per atom). The threce
atom cluster leads to sn orientation such that (111) planes
will be‘parailel to the substrate, and the foureatom cluster
will giv;a rise to a (100) orientation,

Yhere orientation occurs in metal films in the initial
stages, it is usually such that a clbaeuﬁackeﬁ plane is parallel
to the substrate and, as predicted by Walton's theory, the
eritical nuclei which give the most close panked-nriéntatinhs
contain fewer atoms., The number of clusters per unit area of
substrate decreases very rapidly with incresse in size, therefore
the eritical nuclel which give close packed orientations wiil
occur in greata# numbers and are preferentislly favoured.

However, in actual practice the altuation ia not
gquite éo gimple. The subsirate has a considersble effect on

the deposition process but it is likely that, on an amorphous



Fig.3. OSchematic diagram of Critical
Nuclei and Clusters.

(After VWalton 1961)
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substrate, considerations of the above nature prevail, Further
dlscussion of the factors which influence {ilm orientation is

presented in the next section. .

(i1) Dependence of Film Struoture on the Deposition

(a) Inflgﬁgge of Ssttgmxg'Te@gggaﬁgga

| As stated in the freviﬂua gection, the orientation
of.éeynsits grovmn at room temperature on inert substrates.i.is
weak or absent altogether when the deposit atons have low
nobility, as in high melting point metals., However, if
‘deposition is carried out at elevated temperstures, the cryse
tals grow in a strongly preferred orientetion. This phenomenon
is explained by the inerease in surface mobility of {he
condensing atoms, vhereby the atoms can &ﬂvﬁ into positions
of low patemtial energyy and at the same time asggregate
togethers This tends to give rise to grbwth with the most
densely~populated plane parallel te the auhatraﬁé.

Finech (1937) observed that films with one glans

of a crystal parallel to the substrate could be obtained ﬁn
gless if it was heated during deposition, and many other
experimental results have shown 6ne~degree orientation at
high substrate temperatures. Dixit (1933) conoluded, on the
basis of theoretical caloulations, that filnm orientation should
be obtained in which ylaneé with low atomic density are parallel
‘to the substrate. ZLassen (1954) and Rudiger (1937) found that
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metals deposited onto rocksalt at tamparatureé below 150°C
were random, while above & certain ariti§a1 temyeraturﬁ,'they.'
wera completely briantad. ﬁerbateinA(1957) showed that silver
deposits prepared or ama@aleﬂ above abcux 550°¢ had 0ne-de5ree
orientation while belew thia,temperature. no mrientation wag
observed; (111) orientation was preﬁaminént'in deposits pree:
pared at 600°C, while (100) orientation was obtained in de~
posits prepared at room temperature and annesled to 600°C,
Thun end Hass (1958) have shown, for aluminxum filus degaaited
onto roekaal% at various tampermtures, that the film is poly~
erysielline at 160“0. while progreaaiva arﬁaring/naeura at
about 200°C, and et 300°C the rilm is highly orfented (see
| Figed)s Scow and Thun (1961) obtained no arientatien of
chromium films deposiﬁed onto aio over ﬁhe temperature raﬁge
25~5SG°0. while for films deposited on glagy substrates,
(110),oriantation was observed between 25 and 200°C with no
'pranounsaﬁ aﬁi@ntation between 200 and 350°a,lwﬁiié\kioo)
orientation began to appesr at about SSGQG‘ Thiﬁ shows the
| greater binding éﬂergy batween the 340 aurfaee aﬁdgthe chromium
atoms than for the chromium atoms on glass, S |
Since the probabilities for the nunleation’nf varioué
| lattice planes do not différ by large amounts, the iurmation
of mixad orientations is frequently observed. Vis and Thun
(1961) have regartea nixed (110) and (100) orientations for
- germaniun filmsvdepcsiéeﬁ onto borosilicate glass substrates
‘et temperatures between 400 and 450°C, At higher temperatures
the content of (100) orientation decreased and at 6009C the
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(110) orientetion was predominant. However, Devey (1961)
found that he obtained (110) orientation at 175°C, while
petween 350 and 575°C, the orientation was 2 mixture of (110)
gnd {111),'and above 575°C, (111) orientation becomes proe
déminant. The discrepancy between these results is probably
due to variaﬁicnﬁ in sther'&eéosition parancters. |
Conversely, condensation of the metsl at very low
temperatures corresponds to a rapid quenching of tge moterial,
and the atoms lose their energy very quickly on impact with
the surfece. Was (19%9) showed by transmission electron
diffraction thatvgmld films condensed at liquid air Lompore
 atures, and warmed to roon temperature, were amorphous for
thiclknessges under 1002, but thicker Iilms developed crystaelline
form &t room temperature. This was probably the result éf
aggregation of the £ilm. Vilkinson and Birks (1949) ohowed
that a (111) orienxétion'wag preferred for thicker gold Iilms
deposited at 78°K at verious deposition rates and 1 z 10-%4orr,
Buckelv(1954) found that at low enough substrate
temygratures,'metal-filme will grow in anorphous form; i.e.
practicelly completely disordered atomic aggrogatesy but the
temperature in some cases, C.&« bismuth, has to be reduced to
a few degrees K. DPuckel (1959) has also shown that some metals
form orystalline layers at these temperatures, i.e. Cu, AL,
Pb, This crystellisation is however aided by the fact that
close~packed structures of these metels are not very differeny

from & close~packed random sssembly of the aloms.
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Thus, at high substrate temperatures, metal films
are ususlly expected to have a polyeryetalline and oriented
struoture on amorphdua_anﬁ pé&yeryatallina substrates; i.e.
the film atoms have formed orystallites but the azimuthal
axes of these crystallites are randomly distributed in the
- film., Alignment of these crystellographic exes can occur
through apitaxial grawﬁh on eingie erystal substrates. Hawéver.
_ this would not be sufficient to oreate a highly ordered film,
as high surface mobility is also required (See section 3 (1)
balde | '

The residual gas pressure present during the

evaporation process can have an 1m§crtanf effect on film
struoture, Gas molecules from the residusl ges aﬁmasﬁhﬂre
mey be trapped in the film during the deposition process.

Gas caolusian'ﬂegenﬁa primarily on (i) tha aﬂheaibn to the
substrate of the residual gas molecules and their desorption
‘yrebability which increases with tamperamura, and (ii) the

' R.v ratio, (which has been used by Dehvndt (1962) to |
characterisa the amount of trapped gas in nickel films), which
‘48 the ratio of the number of gas melecules.arwlving at the
éubstwata surface per unit area and time’égainst the correspe
onding number of f£1lm atoms for a glven film materizl and
substrate temperature, - |

Gawehn (1962)_has calculated theAupper limit for
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%rapped‘gas in the film.  He found that for dagasiﬁinn rates
below BOOA/aea, the phenomena oeaurring at the substrate sure
fage are pradominamx, while at higher rates of deposition,
collisions between metal aiamu and reﬁiduﬁl gas atoms auring
transfer from the source to substrate becamne predominant.

Also during the dapasitioﬂ process, 1%1%1&& animassing
from the source and the fact that the evaporating metal has &
gettering action on the system, can incroase %ha»amaaﬂt of gas
$aken up in the film, This could lead to an oxide layer during
the initial stages of deposition for resctive netals, and
ecnsiderably_inmreased adhesion of the film to the substrate.
On*this basis, Holland (1956} concluded that ss a general rule
GVderaﬁaa;métal films will be purer at higher rates of dee
positions . L ,
Leviﬂstein (1949) states that s higﬁ'resiéﬁal £as
pressure (10‘3_~'16*6torr.)'w111 cause collision between
iﬁdiviﬂual atoms before they reach the substrate, so that
aggregate&'will be depositeds = These will have a.munh gﬁﬂatarv
1i£etime on the substrate surface, possess less mobility, nnd
laék any preferved orientation. In the case of a reestive
atmosphere, he wos able to show fhat the reactlon will take
place at the substrate surface. By‘avaporating zine slowly
at thé point where no zino film could be formed beczuse the
zinc,atams_immaﬁiately re~evapora£ad, he found thmt an inter~
netallic cogpound was formed with gold when the two were

‘evaporated simultaneously. The same effect was observed with
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nercurys Since the residusl gas pressure wam'very lowg no
reaction would have occurred vwhile the atoms were moving from
the source to the substrate. |

~ Caswell (1961) has shown that indiwn Iilnms deposited
in a high residusl vacuum have (Glo)‘arientation, vihile films
heavily doped in a high partisl pressure of oxygen (1x10“4tarr) ’
are completely randomly orieated., Pure tin films have (100)
orientation but the doped rilms ave also more randomly oriented.
He states that the presence of oxygén decreases the mobllity
- of these two metals on the substrate surface. ﬁcwever‘it e
pbs&ibla that the reaction of these metals with the oxygen nay
pro&uce an iniliial oxide layar which affects the binding energy
betwaen.the £ilm atoms and the aubs%ratew

~

- €iii) Grain Size

The suhagpate tenperature and tho rate of deposition
ars the two most important jarametéra for controlling the
groin size of a thin film, flass and Scobt (1949) showed by
electron mieroscopy, for Al filme apprﬁximatelylseﬂg thiclk,
that the grain sizavincréases with substrate temperature.
They attridbated thia'éeéulﬁ to the chéage in surface mobility.
- However, at a givenlsubsﬁrate tenperaturs énd,rate of deposition,
the grain size will depend upon the mateyial of the film.
~ those metals vwhich have low melting points, l.e. Pb 2nd Sa,
have large gréin pizes while the high melting point netals -

 gege An and Ag - usually have smaller grain sizes, Also as
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“the work of Sennett and Seott (1950) showed (see section 2
(41).), the rate of ﬁepoeitian'influﬂncea the grain size.
The relatively long mean free lifetime of the mobile surface
atoms at low depdsitian rates permite the preferential growth
of the crystalline surfaces which represent the lowest free
energys The reaulting film exhibits 1arge'grain size an& Sulw
face roughness. With increasing rates, the smoothness improves
up to a point where atoms are incressingly buried in random
gites by auﬁcassively srriving atoms. Since raéa#ﬁering of
the burdied atoms requires a eensiderably higher activation
ensrgys the result is a decresse in the aversage crystael size
and an increass in the mumber of lattice Laultse |

 Zvans end ¥ilman (1952) showed tb&ﬁ_in filns of
high melting point metals such as Cu, Ag, Au, i, the erystals
first fOrmed'Oﬂ a substrate at room tempefature are gsmall
= 5o§ dine), but the erystal size at the surfau@\increaéws'as
deposition proceeds, and preferved orientation develops.
Seow and Thun (1961) have showm the 1nf1uﬁnee of rwte of
dapﬁai%ian upon the grain size of chromium filns 1000& thick
eaa&an&e& at different substrate teaperatures. (ﬁa& Pig;;),
Up to Esﬁﬁfsec., the grain sige is constant, but decreases
rapidly beyond this point as the mean free path of the atonms
a2t the substirate surféoa becomes the determining parameter
for ocrystal size. | |

However, Sharif and Scott Clark (1964) have shovm

that the grain size of Al films deposited onto silicon at 580%

is dependent upon the residunl gas pressure and the thickness
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of the £ilm. With other parameters constant, the grain size
increases from 25003 at lxlO“4torr‘reaiaua1 gas pressure to
'50003 at 5x10“6tcrr; It is concluded that the presence of the
high residual gﬁa pressure in the ayﬂtem._by'reduaing the
mobility of the Al antoms on the substrate surface, results in
the formation of é £ilm with smaller grain ﬁiﬁéy |

Traub (1949) and Zehander (1950) have used less than
a monoatomic layer of silver to provide artificial munléa#ian
céntxas on a substrate surface., This hes the effect of increase
ing the nuaber of nmelei formed in the initiel atages of dew
position, and the reduction of grain size for Cd fiims for
inoreasing smounts of silver was quite marked. This technique
‘ia not limited to the Ag~Cd system: it is aﬁly nesessary to
provide nuclcation centres, anﬁ'mefals with-high malting points
are well suited for this purpaée. deppesen and Canwell (1963)
have prenuclested Pb £ilms with Cu, Au, end Ag, and observed
the same effect. The films premucleated with Au became
cdntinuous'muah earlier than those prenucleated with Cu and Ag,
but they}wers also the only ones to form an intermetsllic
- compound with the lead. | '

Caswell (1961) has shovn that the prégamae of &
high partial pressure of oxygen in the reeiﬁa&1 va¢uum"haa a
considerable effect aﬁ the grain size. Yor tin films the
erystallites are reduced in size, and for indium films the
surface alsoc becomes very 'pebbly'. He states thot heavy
oxygen doping does not contribute to smalleregrained films

but rather inhibvits the coalescence of verious grains into a
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smooth L£ilm. R See Fig.6).

Recently, Pashley (1964) has exanined the structure
of gold films prepared under the sane deposition conditions
(onto thin carbon films at rocm'temperaﬁuré), but for varying
thicknesses, The deposition for all the specimens was started
at the sane time but a shutter was used to vary the time of
depositidna He found that fhara was considerable racrysﬁallu |
jsation during depositian with some 100 or more initial nuclei
contributing to each grain., It was conoluded that the grain
size of.theeqmplefea,film is cantrulied.by the r@aiyatallia~
stion which occurs during the coamlescence of nuclei or ialandé,,

rather than the density of the nuclei . (éeé‘Fig.7).'
(iv) Other Factors influenci Structure

- (a) Aggregation and Anﬁﬁalgng Phenomena
| It has been shown in the preceding sectlons that the
mobility of the ﬁepmzit axoma is inoreased by ra&sing the
substrate temperature during deposition, and henee grﬁducing
o more highly ordered film, However, it is also possible to
alter the £ilm structure by apnealing}af%ér deposition.
Andrade and %arfinﬁale (1936) investigated the
structure of sputtered Au and Ag films about %0 to 100 atoms
thick prapared'an vardious substrates by optics)l microscopy.
Films of Ag held et about 250°C for % hrs. showed that the first
stage of crystallisation is the formation of small aggregates,



(a) Replica electron micrograph of high
purity Tin Film Surface. o

(b) Replica electron micrograph of oxygen .
doped Tin Film Surface. = =

mg.g. Influence of Oxygen on the Surface o
S Structure of Tin Films. =

(After Caswell et al. 1961)
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The pame efiect was observed for Au filma anmealed to about
400°¢, The orystallites formed were bounded by octohedral
fages and were oriénxed with a (111) plane parallel to the
‘substrate. The areas between these orystallites were considered
to be very thin films of ﬁatal because, upon Lurther annealing,
nQW’aryatallites appeared in the seenmingly transpafent nreas.
14 also took a higher annealing tem?ératurg to initiate visible
orystallisation foxr films only a few atoms thick than in those
several hundred a&ama'tﬁickg It waé theréfore concluded that
the aggregates wﬂre'farmea_by the increased mobility of the
upper leyers of the 7ilm only which evidently move freely at
' some 700°C below the melting point of the £ilm material. Their
explanaticﬂvwas thaﬁ atons agsregate in small nuﬁharg on the
£ila surface and surface tension forces predominate to praéuue
roughly semi~apharica1 aggregates,
Picard and Duffendaclk (1943) also considered the

effect of surface tension on thin films‘ They stated that any
: Lmyerfeatisna in the 8uhstraxe surfasa may cause erackilng,

aad the surface tension forces thus released would cause the
film to aggregate into the form af arapleté. Phus breaking

up of the film could be caused by the éifferen&e in thermal
caaffia&ents uf axpansion of the metal and ﬁubstra%e during
sy annealing process.

&ezth (1956) observed hy Xeray diffroction that copper

film& EOOOA thick deposited onta~g1aas substrates at ~183°C

md at a residusl gas pressure of 1 x 10"7torr. vhen wormed



to room temperature in vacuum, show a large jnerease in
narticle size with aggregation frcm 4OA to apnroximately 4OOA'
~ Chemisorption with a nonolayer of oxygan at‘w183°ﬁ almoat
aompletaly prevented recryatallieaticn and the parﬁicle size
nnly increased to BO&g Copper £ilms depOgited at rcom
ﬁamperaxure in high vacuum had a crystal slse of 490A. These
results also indicate that the aggregation nf o thin film 1s
Anitiated in t&e surface 1ayara of atoms., .

Gaswell (1964) haa use& the same techniaug to pre-
vent aggregation in tin films, 150A thick, deposited at 78%1,
The oxide layer appearsd to be very effective in,limiﬁing,the

surface diffusign of the tin fiims,.bui this is not n@u@ésarily

e for other metals, | | L

Saikia (1961) found that tin filns deposited at room
teﬁp@r&ture,were initially in (119} or1en$a$i0n, but vhen
anmealed to near the meiting point, they devéloped a strong
(100) orientaiioh; Also the films aggregated to form minute
globules approxim&tély lO/A{&iametere |

I% hes been shown how the growth and strueture of
gpin £ilns are émpﬁndent upon the yredomznant depasitian
parametors, substrate temperaﬁurs, residusl £as prassures and
- rete of deposition, but this éiseussion must include a further
vwny important parameter, iﬁe. subatfate cleamlineas and the

presence of oontaminants.



Impuri%iaa can be present in nany furms- ’ﬁhe
initial eleaning procass of the substrate may still leave
residues on the surface, or contamination froan hydrccarbons
“frdm the pumping systen may occur. The presence of hydran
carbons in the system can be adequately reduced with elficient
liquid nitrogen trapping‘ However, both of these effects,
if allowed to ocour, would be sufficient to produce &ixlerw
ences in the Van derwaalé forces, as they are only operative
over atomitc distances, and these diff@renneﬁ would give rise
to veriations in film characteristics. If the contanination
is presaﬁt in the form of isolated islands; i.c. dué% particles
et  the £ilm materisl may nucleate preferentially at these
impurities. Gﬁémicai cleaning may aléo leave etch pits on
glass surfaces and these will aleo act aS’preferentiél
mucleation aiteé§‘ It is therefore extremely important %o
ensure o reproducible standard of substrate ¢leanliness
ezpecinlly when investigating the variation mf,film stracture
with d&paéiﬁion paraneters. _

Many varied stiemptes have been made to obtain a
raprodueibleistandarﬁ'nf cleanliness espéﬁially in the case of
glass substrates. Hunt (1961) made use Gf.ﬁhe‘wattiﬂg angle
of water on glass as & eriterion for measurdng cloanliness,
‘but for thinnfilm work, where local nucleation of y&xti&les
is important, the method is totally inapplicable. The wetting
anglé is only afiected by organic materialaiand colloidal
particles make a negligible effect.
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Weaver (1960) has used the detergent 'Tecpol* to
remove dirt aﬁﬁ grease from glass surfaces followed by &
ringe in distilled water and final polishing with lens tissue,
It is also possible to use a mixture of chromic sulphuric
aeid but while cleaning thé}substrate excellently, it also
etohes the surface, The method used in this leboratory which
has proved satisfactory, as shown by reproducibility in :
electron diffraction experiments, is immersion of the glaéa
substrate in a mixture of nitriec acid and alecohol, fnlldwéd
by rinsing in distilled water. IS required, a mild beking
will remove adsorbed surface moisture. o |

It has become evident in the case of glass that
perfectly clean surfaces are difficult to obtain and it is
only possible to use:a reproducible standard of substrate
cleanliness. The method of using ion bombardment inside
the deposition chamber causes pitting and therefore also
caﬁsga erraneous micleation sites. 'Thé nethod of ﬁltva
aonio'vibratian probably producés'the cleanest surface for
external cieaning processes, while it iskﬁassible ta'deﬁosit
‘& layer of silicon monoxide onto the substrate just prior 

to the metal deposition {o obtain a perfectly clean 5uiface4'
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4. Residusl Stresses in Thin Films

(1) The Oris n\oflﬁ ross in Thin fietal Pilms

Stresses have been Xmown to exiet in thin films for
some yearge but it is anly recently th&t they have daveloped
a practical aigmifiaanae.‘ York by Lock (1951) showed that
the stress which nay be,developeﬁ in a thin,film ﬁepgsited onto
a supparting'suhstrate anﬁ'then aeoled to 11Quia heliun
temperature givaa riae to a shiit in the critical temperature
of the superconducting state¢ This would tend ta degrade the
‘operating characteristiocs of practical devices, Behrndt (1961)
 has also found tﬁat the magnetic prapéﬁtieﬁ of thin films are
~influenced by residusl stresses, while Budo and Priest (1963)
have shown how the stresses present in multi-layer devices
 ean cause buckling and é%enxusl geparafion of the film frou
the substrate. Although these stresses can be reduced by
annealing, thia-is not slways & practical proposition during
~preparation, especially in the case of multi;laygf filns. A
vasic understanding of the stresses and the mechenism of their
formation in,thin films is, therefore, esseﬂtial._

Stresses in thin films are the result of two phencmena.
Firstly, the substrate temperature at which the f{ilm is depoalted
usually differs from the ambient, and a planar stress systen

arises upon cooling by virtue of the differeﬁées in the com

efficients of expansion of the material of the ilm and that

of the substrate, Secondly, intrinsic stresses are induced
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by the mods of gfnwﬁh of th@lfilm‘ |

vork on these stresses began coap&ra&ivaly‘r&ﬂamtly.
Jieltnnn (1952) studied the line brosdendng in wlectron diff- -
ras%inﬂ’ygtﬁ@?ﬁa fron camﬁ@n@é&tniek@l'&épﬁﬁiﬁﬁ on silicon
dioxide substratess He deduced that the line hrcaﬁ@ﬁimg WEO
o r&aultlef lorge ﬁicrasﬁyas&és rathor than a saail @%rﬁicxa
| aize la the iil&;' He also suggested that ﬂiat&éﬁicn aauﬂe&‘hy.
"Q%&akiﬁg foulis might be the cxplanation of 4@@@3-@ﬁraina in
the arya%a&litaﬂ; Fron the work thaet followeds @w@ theorica
have been a&vsﬁaed to exploin the hihh resldual u%r@ﬁwﬂﬂ
obtained by vir*aﬂ o t&@ “rﬂw?h proceases of %hﬁ film:

) Horiman et al (1950), (1953), (1954) studied tna'

. %ﬁﬂqil@ stresses in evaporated nilokel £ilma awpra&iﬂmﬁaiy
lﬁﬂﬁ&.th&ak deposited ot a rate of deposition of 60§j@ea. by
mﬁaswxiﬂg the ghange in aurvature of‘thin niee strips. They
&Kﬂmih@& particularly the effect of deponlting films an‘ﬂubw
atratés at raised témperaturea and the eiffecio af-anﬂﬁaling»
the film after deposition. They found a gradual redustion in
stress up to avout ﬁSQQS while further anneeling vesuled in
a anall increase in tue ﬂiﬂimu% stress value. The residusl
atress in filss daga&i@eﬁ at & highew sabstrate teaﬁawatuxa
| & lese than ﬁh&ﬁ in filas aagﬁmite& at r@ﬁﬂ tenparature.,
Cifz‘imﬁ)u |

To a@cmun& fﬁr these vesulis, they heve ﬁugg@ated
that 1&ttiea dofects and dislocas iona BYQ ;armea during Gow
.p@&itﬁ&ﬂ of the Pilm and undergo o ehaaga shortly after being



Fig.8. Cracking of Thin Germanium Film.

(After Budo and Priest 1963)

Stress (=10® dyn cm-?)

Annesling Temperature (%C)

Pig.9., Variation in Stress of Thin Nickel
Pilms.

(After Hoffman and Crittenden 1954)
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trapped by successive metal layers. This process takes
place at the substrate tamperaxure. ?he'irregular ragiens
on the growing surface which becone cnystal boundaries, are
rearranged and give rise to stresses.through & retuction in
| valumé; Thay}eonaidered that at hi gher substrata temperaﬁmraa_
the arfiving ﬂapoéit‘atoms would have more mﬁbility and wnulﬁ"
be less likely to sttach themselves at abnnrmal‘Surfgae”sites,
with a corresponding raéu@tion in the obﬁerﬁe&'atreasw The
increase in stress observed at high anneélimg temperatures is
a&tributaﬁ tﬁ the migration of lattice imperfections at a rate
depanéent upon the tempera$ure. At the lover temperatures,
vacancies in the latiice are Tilled; the neighbnuring atoms
relax outwards anﬁ this results in a crystal expansion whence
the stress is relieved. Purther increase in the temperature
causes the vacancies to coalesce into 1argér aggreg&ﬁés and |
£inally results in the collapsing of the eurrnunaing gxgstai_
into a'dialocatioh ring., This process Lauld bring about a
contrection in the orystal and a resultant inorease in the
stress. | | L
Murbach and Wilman (1953), and %ilman (1‘955)‘,
however, have eXplained these stresses in terms of the tempéru
ature of the surface of the growing depoai& &nﬁ in the
recryeiallisation temperature of the daterial of the fllm,.
They measured the stress in a series of eleven netals,
- #i, Fe, Pd, Au, Cu, Ag, Sby Al, Bi, lig and Zn, « condensed

in a vacuun of approximately 1l x 10™%torr on copper stirips used
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ag substrates. These copper strips were rigidly clomped at
one end and the stresses in the £ilms, which were ‘about 2000A
~thick and deposited onto one side of the strip, could be
calcﬁlate& by cbaerving the deflection of the free ende ALl
the stresses observed were tensila snd the amount of gtress
varied for different metals. However, 1% was noticed that the
residual atress was in proporticn to the recryata&lisatian
‘temperature of the naxeriai‘éf»thé f£ilm. The metals with the
highesﬁ residual atvesa - Wi, Pe, P&. 0&, Auy Agy and Al -
were randomxy or weakly criented, whereas films with 1aw stress
= Sy lig, Bl, %0 = were hignly oriented with a net plane
yarallel ta the substrate.

The praviaua evidenee of Bvans and Wilman (19%52)
haﬂyshqwn that th@se\twn types of oprientation were asaeaiated
respectively with low and high atomic mobility of the deposit
atoms on the growing éurfaée, and the melting point of the
metal was shown to be & rough inverse measure of the degree
of;mobility (sce section 3 (1) a). Thus the films possessing
~ high residusl stress ware ﬁhdaé of netals aavihg'law mobility
during the formation af>the deposit, They thersfore concluded
tnam the streas was relatea to the temperature of the upper
regions of tne growlng deposit. The observe&.ﬁanagle gtress
wes then the direct reault 6f‘eocling of the deposit below ihe
peorystallisation temperature, after iﬁa»farmaxion at a surface
tenperature whioh must have been ﬁeVarél hundred degrees cen-

tigrade for high-meltingapoimt materialns. Three foatures of
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the observations agreed well with this explanation: (i) the
streéses ﬁere tensile in evéry case, (ii) the magnitude of the
aﬁxaases agreed with the calculated values which were based
on the thermal expansion coefficients and recrystallisation
temperatures (iii) the residusl stresses were decreased by
about the expectaﬁ'valus when the metals were deposited on
substrates at raised tomperatures. They also showed that the
effect of 1neréasing the residixal g.fasmm for the deposition
of Al was to reduce and then reverse the stress, and this was
- attributed to oxide formation which ocoupied more volume than
the metal from which it was formed. |

- ’Thamas.(1959) found that copper filums dépéaite& in
Q.2 mm Hg oxygen'prassnre were in compression when traces of
cuproua oxide could be'dataeted,in,the electron diffrazction
patterns whereas silver films were under tan#ile atress in
a;l_aonﬁiticnsn This agreed with the above suggestion by
parbach and Wilman (1953) that the growth of oxide vesults in
a ‘wedging! action in the grain boundaries. \ |

Recent worl on the residual igtress in $hin metal

films has been mainly concerned with auparaonduating‘films
where‘a device must operate at low tenperatures. Caswell et
sd (1963) measured the stresses in In, Pb aad Sn films at 78%K
ond 4.2°K after deposition at room temperature and 100~2002/seo.
¢omparison was made between pure films (residual gas pressure

1 x lo*ﬁtorr} and oxygenwdoped films (Po, between 5 x 10“5

ad 1 x 10“4torr)c The stress in lead films was found to be



F:I.g.lO. ,

- Figell,s

6,00PED

-3

T (UNITS OF 10® DYNES /em?)
-
S

AVAILABLE STRESS DUE TO THERMAL

CONTRACTION

FILM THICKNESS (THOUSANDS OF £)

4
|
! B I
|

Rﬂsidual Stress in. Lead Films

" at 4.2°K as a Funoction of

Film Thickness and Film Purity. o
(Atter_caswall et al. 1963)

Q{UNITS OF 10% DYNES 7em?}

F3 . [ L]
FILM THICKNESS (THOUSANDS OF R)

Residual Stress in Indium. Lead,

and Tin Flms at 4.2°K as a |

:jFunotion of Film Thiokness.

(After Oaauall et al. 1963)



43

higher in uxygaﬁnﬁepéd'fiimﬂ’(aeé‘fig.to'ﬁ but alfhough a
similay effect was ubserved zur tin, it was only for films
less then 1SOA thick. The streaa in 1aaﬁ,filmﬁ»waa elso &
function of thiekneas (aea Fig.tl )] whareas ﬁhe stress in In
and Sn was indapen&ent of thiaknesm above EGGA. They did not
£ind it possible to explain the ‘high atressea in the lead filns,
but it was painted out that the {ilns were suppﬂr ting stresses
of the order of 5 x 10*%yn/on® while plasticslly deforming
and thie fs as high as thé,U,T,Sa of gold end silver films
depaaitea at room temperature,

However 1t must be concluded that the residual gas
pressure and the type’af gas present in the system will have
an effect on the observed valuévdf_res;&ual stress.in thin

films.

(i1)

As stated in the previous aéetian, Hurbach an& Wilmgn
(1953) concluded for their theory of stress, in metal and
other deposits, that tha‘immadiate surface region of the_growing
£ilm attaine a high temperatumé;’.mhia conclusion is based.
- on the electrnn dlffrection evidence of Evans and Wilman (1952)
and Murbach and Wilman (1953) on the strueture of growing dee
,pééitﬁ and the influence of the mobility of the metal atons
on the nature of the deposit ariﬁntatiaﬁ. |

Hoffman, Crittenden and Daniels (1954) stated that

the Tirst and second neighbours of an ineident atom will
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unﬂergo an instantaneous temperature rise of about 700°C
when an inﬂi&ent atom sheres its sublimstion an&rgy with thems
As the relaxation time for such e thermal pulse is ab@ut 1012
sec., they concluded that it 4s incapable of producing any
bulk rise in t&mgerature or recrystallisation. This argument
iz valid for an isolated incident ﬁtom but the conclusion is
 controversisl when the fiim is heeted by the camim&u&s |
deposition of materials |

Gafner (1960) has attempted to calaulaie'ihe rise
in temperature of films deposited onto both thiock and thiﬁ
substrates, with upper linits on filim thiuknesa and rote of
dcpasition.af 10,900A and 1,000Afsec; raﬁgactivmly. He assumes
that the upper linmit to the teMperaﬁure in & 2ilm growing on
a uemi—infinite substrate will follow from the ealeulation of
the surface temperature of the substrate during deposition,
He %hen uses the relevant special case solution given by
 Carslaw and Jaeger (1948) to obtain the maximun £iln tempere
ature, i.e. when the heat associated with deposition is
generated on a semi-~infinite aubatra&e, in vhich case

,. (?¥>'% yhere v 1s the temperature increase,

Q the rate of heat input in cals/ecn® 856G, t the time of
deposition and K and « &re the thernel conduotivity and
diffusmvity of the solid respectively. Thig leada to the
result that any film growing an a thick suvstrate o a
thickness of l0,000A at 1.000A/sac; rises as o whole to &
maximun temperature of 17°C sbove the initial cubstrate
temperature, | |
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In the case of a thin substrate vhen a small
temperature difference anreaé the substrate occurs, the
soiutian is given by the rate nf uhange of %@myeﬁaﬁurﬁ.with’
time at any instent, 1.0 | '

s

‘where the heat losses are considered to be solely by radiation.
and e¢an be represented in the form G(v4 “'vb4) vhere v ig the
varying temperatwre of the system and v, is the initial sube
strate temperature., It ia then shown that temperature rises
of 100°C or more will be attained during the deposition of &
film of thiclknessa 10,0002 only if the substrate has a thickness
of 0.0%"or less. He thus concluﬂe& that temperatnra 1nc§ease
af'nun@xeds of Ga will not occur unless the deposition is onto
‘very thin substrates. .“ | |

' Por the nbove argument, the basic assumpiion is that
the temperature of the £ilm is that of the substrate bencath
and this is open to question én the fellowing counte; (1) the
heat transfer coefficient between the meial and the substrate
surface will not be unity and, {11) the initial otages of
grawth are by meens of threeﬂdimenaiénﬁl aggregatess ,

However Galner (1960) states that the actusl methcﬁ'

of grawth of +an. island in thin £ilms can be approxinated to
a continuous growing disc source of heat on the substrate
surface, In’this case, he states that the teuperature v at a

point r in an infinite solid upon the surface of which heat
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is generated at & rate ef Q aal/sea;, is givwn’&y;'

v = $§§5 erfy o 132*3%

Galculations af v at vamiauﬂ values of %, mﬁaw that
the mean temperature af “the eggregat e falle to 86°C azbove : |
 that of the aubatrate after 19'6590. and to 9°C above that af
the substrate after 1 sec. It is Qoncluded that a,ihreee :
aimensional) aggrﬁgmticn.prueasﬁ\leada to high %amp@famarea‘
of the aggregates only in the early atag&a of graw%h‘when |
both_réte of depositian and surface nigration rétes ara’hiéh«

‘This &elu lon does not take into mccount the
caniiﬁuous d@psaitian of material onto the substrate and no
| exanination of the film temperature has been umder%%xan beyond
the pbint where the film haeomﬁs continunus. ‘ |

| Blackburs and Campbell (1963), in their lnveatigatiana
into the atreaa in 1ithium {luoride depasiﬁa* hewo “tﬁted that -
the heating affact is due to the latent heat of the ﬂapmaiting
1ithivm fluoride VapouDy wnile the heat derived frnm the
molecular velncity and radiation fron the source were neglipgible.
Galcﬁlamiang of the substrate temper&ture with time (derivations
not given), showed that the finsl temperature vould have
been 47°C sbove the surroundings with e temperaturc difference
of 0,054°C ecross the subsirate, ir heating was éonﬁinuﬂd in.
definitely. They therefore stated that there is no high
'temperature}surface to the substrate end thaﬁ,any heat pulse
arriving at the surface is rapi&ly dissipated. But here again
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the temperature of the substrate has been derived ond not
the femperature ai the surface of the growing film,

' It wcﬁld theiefore appoar that khé avove conclusions
.~ do not throw Turther light onto tho theory made by Evens and
Wilmen (1952) on the extent of the progressive incrcase in
the surface temperature of the deposit as the thic%n&ss @f
- the film increases, It is not a velid conclusion to assume
that.theaaurface temperatureinf the-fi}m du?ﬁng deposition
will be that of the aubs%r&té onto waieh it is being deposited.

| The application of the diffraotion contrast technique
‘in transmission.eleetfon.miero&eopy'ieﬁ Hirsch, Horne and
Whelen (1956) to show that a dislocation appears as a projected
. line on the 1mage" fhen o dislocsetion splite into twn‘partigl
dislocations, tho stacking feult between the two partials is
mode visible and appears as a set of parasllel Ifringes (see
Pige 12. )0 . | N .’i

The ocecurrence of twins in medal films formed by

condensation onto rocksslt and other alkéli,halides has been
Raawﬁ Irom eleotron»diffraction evidence since the work of
Kirﬂhﬂmeﬁ and Lassen (1935), and Ogawa et al (1955) observed
stacking faults or twins in electron micrographs fvon films'
of silver, gold, eoﬁger’aﬂﬁ'ﬁickel deposited on rocksalt.
Aceording to Brame and Evens (1958) no twinning occured in

gold deposits formed on silver pingle crystalioubstrates,
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Bassett et al (1958) exemined the mierosiructure
of golid £11ms deposited onto (111) silver surfeces end stated
that no obvious aabagrain structure due to smell misorientations
, nccuﬁgd. Hawevar;dialceatiana extended from one surface to
the other through the film and an estimation of the dislocation
density was 1010 . 10t per'omg Gold f£ilms 4n (100) oriént—
ation prepared on rocksalt had the zame:microatrucﬁure as
those prepared on silver except that ﬁhey contained a high
density of narrow twin bands* The;disloéatiam density was
again 1010 - 101t par'amg , , |

The presence of the dislocation loop in single
crystal gold films was reported by Pashley (1959), and Silcox
and Eirsah (1959) shewed that the collagae of vﬁcanqy |
agzregates in gold films gives rise to tetrahedra of stacking
faults and not single loops. The movement of disloecstions
in a (111) gold filnm éuring examination in thé electron microu
scope waa'abserved by Pashley et al (1959) and was presumably
due to stresses'set up by theylocaliéed héaximg of the electron
beam. The f&ét‘that.dislooaiiun wovenent can sceur in évapu'
orated {ilms ié impa?tant in relaiien to micrps%ructure |
because it shswg'that the structure is sufficiently similar
%o thet of bulk materials for crystailine s8lip to occur, and
_ because it showe that normal glissile dislocations are pro-
duced in evaporated films during growth,

Several suggestions have been mede to sceount for
the origin of dislocations in thin metal films. Phillips
(1960) suggested that stresses whieh develop when the film
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becomes oontinuous generate dislocations at the edges of holes,
while Bassett (1960) found that large silver maclei, whose
lattices were slightly rotated relative to one another about
the (111) aireetion, coalesced to form a single grain cons
taining s boundary composed of widely spaced dislocations.
Hetthews (1959) éuggeated that nucleil coalesce in such a way
that holes in the deposit are formed and these contain dise-
locations,. Ilowever, these muclei wiil contain stacking faults
that end on their ﬂurf&ééﬁ and diglocations must therefore be
p&udnéad when ‘the nualeivgrcw together to form 4 continuous
£l |
" Metbhews (1961} showed ‘that silver deposits, prepared
on mica at 280°C and axla‘xate or depoaition of about aeg/sec¢,,
contained dislacatibns, stacking'faulta; and twins whose
$winning plane was parallel to (111). It is suggested that
initial (1I1) and (T11) orientations of the silver can be
ekplaiﬂed by assuning thax the mica controls the positions of
stoms in the first (111) leyer, but cannot completely control
the aites occupied by the second layer of atoms, ILateral

twin boun&ariea are then formed vhen muclel of different
orientation coalesce.

| Vook (1964) has observed dislocations in eveporated

tn films with (001) orientation. These films were formed

v evaporating ontu ‘rocksalt at liquid nitregen temperature
ad at about SOA/sec. in a residual gas pressure of 1 x 10~7

10T The dislocations lay in planes approximately normal to



50

the surfece of ﬁhe £ilm and their density wes about 1029 per
cm%A It was also shown thet the film_pﬁﬂ&@ﬁa@d small angle
grain boundaries (see Fig.’B.) and no stacking feults were

observed in either single cnystal or polyerystalline Tilms,
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ratem. to Investlgate Vardiations in Orieuﬁat;aﬁ of
in ﬁiims. '

e

(1)

l~3

In order to investigate the variations in the

vstru ture of tin films with the depasitian parameters, it

vag ecosential to use an apparatus 1nvwhieh the deposition

conditions were easily réprnducible during %he«apan,éf

approximately aﬂé hundred separate evaporations, snd in vhich

¥he various paramefers to be investigated could be csnﬁen&ently

measurcd, The parameteia %o be measured were (i) roie of

deposition, (1i) residual gas pressure, (iil) thickness of the

£iln,. Tﬁa ﬁethm&s used to obtain the value of these paraneters

are given in section (242)s | | | |
The system consisted of a me%rovae DeRada rotary

,backing fayhic) s an deards £203 diffusion pump using Apiezon

oY 0il, a cold baffle, and liquid nitregvn trap. This systen

produced an uliimate residual gas pressure of approxinately

1 x10°¢

Diagrame are given in Figs. (14) and (15), The pressure was

torr in & cylinﬁ?ieﬂl pyrez vesgel 3" dis. x 6" long.

measured using g Edwards IG2HM ionisation gouge head bragzed
to & brass end piece which was in turn sealed 6 the pyrex
tube using picein wax, The seals between the metal/metal

suriaces werce nede by using neoprene 'C* rings, Tungsten
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Schematic diagram of Vacuum System shown

in Fig.1l4.
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&loggemetal sesls 1 mm. din. provided electricnl conmnections
through the wallé of the tube to a heater filanent of three
turns of 0.012"‘&ia. tungeten wire in a coil approxinately .
2 mﬂ. wide by % mme. long. A pyrex shield prevented ma%gl"
Vayour%frgm entering the ionisation gauge head during tha

- deposition process and the deposition distance between the
source and substrate was 3.5 ema; The tin used in all experie
mosts was 99.999% purity provided by the Consolidated iining
and Smelting Cos of 3anaﬂa Ltds, and the a@nraximaﬁ&»camhiaed
welght of tungsuﬂn filament and tin hefare &epositie% was
‘about 0.1 gfns. | -

Befoﬁe high-purity filma'aan be deposited, it is
necessary to reduce the ratio of the number of residual ges
aﬁaﬁs $0 the number of metal atoms strzkzny the substrate
surface to a negligible percentage. At normal rates of
~d@w%mm(>mﬁwm ) ‘this means that the residusl gas
pressure must be about 1 x 10 “Brorr. I% was therefore
'naéaasayy to éeaigﬁ‘anﬁ gonstruct a bakeable ﬁltra»&igh vasuum
- gystom. | | | ;
‘This system (see Pigs.lb-I17) consisted of @ cylinﬁrieal
sbainless steel vessel (Grade EWS83) with six flanged yorbm
o comnecting hemispherical gla@s windows (suppliaé by AeBiaTe
jesearch Labs. Lid, Rugby), electrical connsctions, and an

jonisation gange. All the flange seals in the system were
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made by compressing 20 thou. industrizl grade gold wive,
(supplied by Johnson iatthey & Co, Ltd.), between the two
finewnechined mating surfeces of the flanges by using high
tenmilefb01£5; ‘The thiékﬁé&ﬁvof the *gémket"aftar use was
epproxinately 7 thou. ’

The system was pumped by & Hetrovac D.R.ls pump end
on Bdwards BOZ2 diffusion pump conneeted‘threugh a liquid
nitrogen trap and & cold water baffle. ‘'Convelex 10 diffusion
pump aii ﬁés used énd the system could be baked ta_2$O°G which
~ reduced the pressure to 1 X 10~% torr after 12 hours baking.

 The subctrate holder was a stainlessesteel box

connected to the top closing flange by two tubes through whiech
a temperature-controlling fluid could be pessed, and a central
tube allows & heater to be inserted iﬁta the system for work
on aubétratea at elevated temperatures. The substrates were
atteched to the substrate holder by means of Bt&iﬁl@ﬁﬁ steel
clips. All Joints in the system were argon+arc welded.

A A stainless~steel bellows system acn&%waateé from
20 pairs of cantilever bellows 2" dia. (suggli@d by thé
Welded Components Divn., Elllott Automation Ltd.) was used
- to move & ﬁtainléss steel shutter to control deposition from
outside the vacuum chamber. FEleecitrical commections were mede
through fhe base of the systen to a tungsten coil source,

Oxyge: doping experiments were éarried out by
bleeding into the system a high partial pressure of oxygen.

A CGranville-~Phillips Inc. varisble-leek valve was used to

regalate the partisl pressure of oxygen in the system fron &
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reserveir of ﬁyﬂ&tr&ﬁ@ap&&a&lﬁ pure oxygen, (supplied by the
British Oxygeﬁ Cos xtd;), the\aupply af vhich was controlled
by a mﬁllard vmmsé bakenble vaauum.tap‘ (Sahématic dicgran,
Fige 17)e

2o

Exoept for experimente carried out in the U.H.V,

systom, the thickness of the ﬁpaciﬁen_Was caleulated by
ésauming evaporation from & point source onte & ﬁlana'éarface
snd raﬁiél'diatribuﬁiém 6f the vapaaf from the sourpe.:

If 4t is sssumed that eveporation tekes place from
‘& point sauwﬁ& onto a surface of a sphere of radius r, a )
‘uniform_ﬁhieknaaa‘eﬁ deposit T, would be obtained where,

111

% 4Tar®

whére n o= méaa ﬂ£ mefal evaporateé
| d = donsity of the metal
T aauraeaauhstraxa-disianqa*
The rate of &epositiaa,'%%, is'givenvﬁy,';

where t = tine of deposition.

In the UsHaVe system it was not practicable to use
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this method of'meaauring the rate of depasition and it had
- also beoone awparanm that the rate of a@pasitiun is a critical
factor in film @V&pér&ti@n. and required strﬁngent control,
An Bdvards FTHl quartz-crysial filmethickness monitor was
used %o measure the rate of deposition, This consists of a
6 iic/s quartz orystel contained in e small stainless-stecl
can approximaialy M ox F0 ox 4o w&iah is placed next to’the 
filmlsubatratekinﬁide the vacuun systen. 'h.?/lﬁ“.ﬁia; hole
through one side of the can allowed the métal vepour to reach
~ the éryﬁtalﬁ It wes essential to ecnsure that the flet surface
of the'ényatal formed 8 tangent to ite redius from the
evaporation source = this onsures no&mal ingiﬁenneg

An osciliator unit contains a 6.5 lo/s reference
crystal andtheé control panel ensbles the aalea%ian.af any
convenient frequency above 100 o/8 %o ba ma&e. The £ilm
deposited on the crystal surface ﬁuﬁiﬂg the deposition process,
inoreases the affactiva nass of the crystal end it will
oscillate at & graduslly reducing frequency, K%,ia possible
to read directly the rate of change'df frequency on a moving
coil micro-ammeter, The working principle assumed is,

AP AN . a4zl
B it T

where F is the frequencyj M, the mass deposited; and T, the
thickness of the {ilm.

Since T = &

= - 152 = _,mi. .E“‘
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and~8§~& FAF becomes negligible.

Howaver. 4t is necessary to calibrat& the instrument
for e&eh material to be depesitea, btut as the fweauenqg
characteriatic is normelly considered lineayr, this only requires
three or four ﬁepoaitians, At low mass levﬂls,’hmwever, the
effectiv&.dansity of the material‘aepﬂgited may,he nany tines
lower than its bulk density, end the characteristics may be
honwlinﬁar at these low mass levels, The ﬁhiakneas bf.thé
£ilu used to calibrate the iﬂstrument were méa&nrﬁé by uﬂing

a stylus method of an *improved' Telysurf machine made by
Taylor - Hobson ILtd. This involved depomiting films with e
sharp step edge and this was achieved by masking the substrate
with & aectiah of 8 Hos 1 Chance micro-coverslip. Aa the
tulysurf probe tended to soratuh the surface of the tin instead
of following the step contour, & thin 1ayﬁr of Si0 was de~
posited over the tin, This material has very low mobility
vhen deposited onto substrates at room temperature and the
resulting £11n gives a hard unifarm anorphous surface which
follows almost exectly the contour of the £ilm beﬁééﬁh ita

A senmple of the calibratian is given belov,

Prior to evaporation | P = 100 ¢/s
Evaporation termincted P e 5 Ke/s

3 te a aporation AP

Bay, R&temeterA uring evap .ﬁi i - di»/sac.
Hence AF = 5 Kefs = 100 /8 = 4,9 Kb/s,

O
Say, leasured AT = 2.450&

Then AF
P = Lc/s x xl‘(')‘()



s 12.5 o/ s/zec,

o ‘ ,
‘\‘ %_% = 6425 Afsec/uocs

‘The calibration curve for tin is shown in Fig.!§,

3, Proparation of the Substrates

The validity of resulta ahta1ned'from experinents
concerned with the variation of structure of thin films with
aeposition paragsters, aépepds on the régraducibility of the
substrate surface eleaniiness. The substrates used Ffor the
Pirst series of experiments were gieeea cut from mioroscope
slides (soda glass) approximately 2.5 éma xleax 6.2 CmS .
These were thoroughly degreased in propyl alcohol and then
chemically cleaned in a mixture of concentroted nitric acid
&nd'pfupyl alcohol., .Thevaera‘then‘rinsed in running tap
water for 20 nins. and given a final rinse in distilled water
before heing vacuum ééied with one edge touching a clean
filtér paper. As pfeviaualy statea (see secotion 3 (iv) b),
it is evideat that, in the case of glass, it ig only possible
0 obtain a reproducible standard of substrate clesnliness
prior to tue evaporation of the film, and the method used was
gonsidered to fulfil these regniiements‘f'  o |

The above method was also used to clean éyrax guhe
gtrates for experiments in the U.H.V, ayéﬁeai Fyrex slides
vere used because they would have a greater réaisténce to

gtoehing by the nitric acid. Hawever; pybex substrates coated
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with & polymeric compound (supplied by Dr. Allen of the
futonomics Divas of the National Physical Letoratory) were
also used to give a greaster repradubibility‘of substrate
 £&0@. These substratea were amnath and amcrphous and
elininated any effecta frﬂm an unnlean glasa surface on the
growth process. The pulymer waa farme& by pnlymerising a
siloxgne vapour, in a vacuun ﬁyaﬁem at a partial pressure of
1x10" -4 torr, by meana ef an aleotron beam. The substrates
were ﬁegreased in iaaprnpyl alaahol befere heing inserted

in tne UsHaVe ayatem.: -
4. Egxperimental E&aaggure

(i) ariation,af gz eﬂxuggon with Degosigiag gmmamexggg

| Tha'aystem was pumyaa to tha rﬂsiﬁuﬁl gas pressure
required « pressures in the 10,6 range requirved liquid
nitrogen trapping in the system - a&ﬁ;the éau&aaluuﬁgasseﬁ
by heating the tin just to its melting point wntil the
residual gos pressure réduuad to its previous valué* Ho
shutter was used for this set of experiments but it is
reasonable to assume that no contamination of the substrate
took place from saell gmounte of evapoiatiﬁg tin during tﬁis
praeeﬁuregy(vayaur pressure of Sn is 1 3 19“6 torr at 1100°C -
vHonig-(lQ@?).). The maximum pressure rise darihg the dee
positionvyrocess was approximately by a factor of two and

this 1is the direct result of wsing a small source., Vith larger
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sources, the rise in gas pressure would have bgen considerably
higher. To obtain the apprbximate_ﬁepoaition,r&ﬁé required,
the pewerfinymt could be pﬁedeterminaa‘fxam the experience
geined from several initisl de paaiﬁlana. The source was

- weighed before and aftar the deposition process and o stop-

wateh was used to time the deposition.

(11) Ultro=Hish Vggmum Tecgggggg

The ayatem wag baled and 1iquid mitrogen trayyed
(residual gos pressure is a@yrogimatelyXprauow%ianal to
baking time between 10”7 and 10™° torr.) and the ﬁywtem allowed
0 coclg'.ﬂuxgasaimg was carried out in the previously described.
manner. %he power in@ux to the source was then iﬁarﬁaged.
'untn the required dep%itzozx rate was indicated by the ratee
- meter {(the guarts unystal wag not obscured from the vepour
Btroan by the shutter), Deposition onto the substrates was
then controlled by moving_thé shutter pr@determimé&'ﬁiaﬁaneasA
after specific intervals of time Yo give various thiéknésaes
of filn as required. ' |

Yor oxygcn doying experimeats, the system was punped
as far as seal A in the oxygen supply vessel (see Pig;l?)g
The vacuun tap B was then closed and the sesl A brak@n* A
amall quantity of oxygen (a few mm. Hg) wes then allowed into-
the reservoir C and the gradusted varisble leal valve D used
to control the flow and partial pressure of oxygen into the 

systep. Repetition of experimenis using the same oxygen
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supply was achieved by pumping the system ss far &S»ta@AE 
to & residusl gas pressure of approxX. 5 x 16“8 forr. and the

- above procedure repeated,

. 54 Bleotron Diffraction Techuigne

Eleetroﬁ,dﬁffractian teahniguas were used %hraugﬁaut
this work to determine the £ilm structure. The diffraction
of electrons by both metallic and nonemetsllic orystals and
surfaces, and the interpretation of electron diffractien
patterns, has»ﬁéan fully desaribeﬁ in various stagéa:é texts
and papérﬁ. ives. Finch and Wilman (1937); Pinch, Qﬁé&r@ll '
and Wilman (1975); Thomson ond Cochrane {1934); Pinsker (1953);
Beeching (1936); and Wilwan (1948 ayb), (1951) and (1952).
CQnseQuentlj 6n1y a brief resume of the interpretation of
eleatrﬁn diffr%ctlcn patterns enaount&wed during this work
will be givan her@n

The gleotron diflractlau caneras used were thase
described by FPinch and Wilman (1937) but incorporating oil
ﬁiffusian pasnps in place of mercury_?uMPa;' The accelerating
patentiax'fer the electrons was between 55 and 60 kV and the
camera length, (the distance between the apaaimen and the
photographic plate), was 49‘59 ecms. (Bee iﬁﬁlﬁ);

-Blectron diffraction patterns are produced by
mutusl interference of secondary wavelets scattered by the
atons of the crystel lattice., The penetration ol the surface



Fig.19. The Electron Diffraction Camera
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is of the order 'a:f’ 100‘3 depending upon the material being
cxemined. The main types of pattorn encowntered with thin
filus are: single érystal spot pa'htérna smﬁ' *hwinnad- erystals
or bthafr gmuginga; are patterns from one~degree oriented
polycrystalline specimensi and ring petterns from randon
gelycryétélline speoime;w. Several types of preferﬁé& orionte
ation cs.m ocour simultaneously in a polycrystalline spescimen,
| It is possible to abtain an expmaaicm for the
saa’ctméing bf 8 parallel beam of electrons by & single aton
as a funotion of the distance Trom the scattering centre and
for dif‘;i'emnt angles of deviation., Using this funetion, the |
intensity of the diffracted waves from e three dimensional
lattice aaiz be caleulateds The factor vesulting from the |
repetiﬁifm ol the atoms in a lattice 1s called the Laue
interference fimotion, snd shows thet the main ‘:t.merfémm;e
naxima fulfil the *Laue conditions'. These maxima lie on the
cones, for which ‘theé Laue indices h, k, 1 are intege‘rs, and
intersect the photographic plate in *Laue zoneet. The Laue
conditions are, o ' |
a(oos &€ ~ co8€ ) = h)a
~ bleosy = co8 ) = k)
~cfeos ¢ -~ 008§ )= 1)

viiere a,b,o are the éiatances between adjacent atoms in three
non=goplanar axiel directions, and £, %, ¢ end ¢, Mol
803 the angles between the h, Xk, 1 diffraction direction and
the diffracted and primary besms, respectively.
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A single crystal spot pattern may be considered
to be the résult of the interseoction of the cones associated
with thres noscoplanar rows of atnma in the erystal 1a$ﬁice.

A parallel eloctron beam is scobtered hy a twoedinensional
lattice in ‘such a way as to produce a regular twowdinensional
network of diffraction spots. The third raw»praduaeaa’eonp‘
centric set of circular Laue zones with their common axis
normal to the lattice row. The twoedimensional network of
‘apols appear as str@ﬁg ﬁifﬁractions'anly if %hay lie on the
ciroular zanéSw ; | ,

In the Bragg refleotion method of 1ntér§reta$ien,
the spot patterns are interpreted in terms of the x@flaction
of the primury beam of eleatrens by the eryatal laitiea planes,
The condition Zor the reinfercement of the specularly reflected
beams from a parallel set of qanaecuziva'planea is given by,

| | nA a 245mn@

where n is the order of the reflection, A the wave-length
of the electrons, d the distance beitween the,iaxtiee planes
and @ 1is the glaneing angle of the eleotron besm. A 'reciprocal
1attice’ can be defined which bears a reciprocal relationship
t0 %hekerystal lattices, A sinmple canatfuetiam of this lattice
g;ves rise to the Ewald sphere of reflections |

- In the case of singleecrystal spoi patterns, the
diffraction spots can be considered to éarreapand to ﬁhﬁ
1ntersecﬁidn of points (and surrounding ’inﬁensiﬁy regiona®)

of & hypothetical lattice AL times the diumensions of the
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reciprocal 1&&#&&&5 with‘thahﬁwéld *sphere of reflection'
- vhose padius is L. It is therefore possible to work bock
from the arrangémenﬁ of spots un'%he'yhatagrayhig-pla%e 4o
the arrangement of points in the veciprocal lattice, and
finally to the arrengement of atoms 4n the crystal letiices
| The interpretation ol arc patterms_fram'one—degree
owieaﬁea'sgecimens éam>be ma&e ine aiﬁilar‘mannar, when the
pattern is considered eguivalent to the pattern prodused by
the rotation of a single crystal mbout the orientation axis.
The are paﬁéeén 1o then considered o be the AL times
negnified intersection of the reciprocal lattice vith the
Ewald sphere. o | _ |
| However, the diffrmction positions must also be at
pointg which ara'simultananusly on the ring positions whidh
would correspond to randon orientations, They sre also on
certain of the horigontal Taue zones of relnfovcenent of
spherical vavelets which expaud out from successive lattice
points along the lattice rows parallel to the orientation
axis, whioh is common to all the crystals. These horizontal
Lave gones of reinforcement are XIJT apart vhere T is the
lattice periaélalong the lattice row coneerned, i.c. the
amamon axis of orientation. A diffraction having indlces
hidd mﬁa%'lie on the hkl ring position, and &iso on the h¥¢h
order Laue zone which corresponds to the lattice row along
the orientation axis, and |

h' = hu + kv + 1w

whera [uvw are the indices defining the latticc row
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ddrcotion relative to the cryat&llugxmphia axess Forther
details of thavmmth@ﬁa of intarprﬁﬁaiiﬁn of patterns Lrom
'anead@gmea”eriénmad’ polycrystalline specimens ave &@saribé&
by Wiluen (2952). o

- It ie more conv&nient to eaasider rﬁag pedterns fron
randon galycryﬂtallin@ materiala &5 being produced by Bragg
reflections from the atomic planes of the crystals which are
randonly disposed to each other. Thus, whersoas reflection
of the primary beam by a set of atomic planes of @ single
crystal produces a single spotsy if the crystals are'ranaamly
arranged, the.léaus,cf such sgota £arms a‘riag@_ mha‘xadius
~ R of a ring on the phofﬁgrayhic’plate is related to the

distance d between the atomic plazes by the expreseion,

R a 1‘1“@% T, yaolv-;a@v]

> 5§ 

The xelaxive intensities I of the aiffraﬁtxuns in.a
‘ring pattern are moraally'roughly similar to those of an X
ray diffraction 'pawder' patiern of the sang meterials. The
ASaDuMe file of Zeray powder pattern date thus provides tne
‘most extensive direct comparison of 4 and I values for many
vthousaﬂda of nvystalliae materials without raquiring the
&atarminaﬁian of the lattice formg
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Tin f£ilms are used in the thin film version of the

cryotron - a device which exploits the unusual gr@pgrtiea of
superconductors and may be commerclslly attraativé'aﬁ g8 highe
speed circuit switching and memory element f¢r~eumyutarﬂg

One of the outstanding problems delsying the aveilability of
| superconductive stores ié'the lack of‘reli&hility and low
yields in the fabrication process. This may be dGue to several
éa&ses but Blumberg end Seraphim {1962) have shown that the
erystalline ordentation of tin films is significant in detere
mining the magnituﬁe of the stress in the film when it is
cooled: o liquid heliun temperature. They have also mhown
that the czitical temperature depends upon the‘ﬁtresé in the
¥ilm, end thus the performance of any superconducting device
using tin £ilms oan be expected to vary to some extent with
the £ilm orientation. This would be particularly so when the
orientation is not uniforam across the arem of the Tilm, The
work presented here is part of that carried ocut under an
extra-murel contract hEtwaan Inperial Qollegﬁ.aﬁﬁ the Autow
nonics Division of the ﬁa&ional Paysiesl Ieboratory for studies
on the structure of thin {ilms, especially +in,
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Ivaporated tin films deposited onto an amorphous
gubstrate are usually highly polycrystelline, and when depose
1ted in high vacuum are frequently selectively oriented.
According to Vook (1961) singleworystal tin £ilos can be
obtained under very special cénﬁiiions, - éhar% successive

o
evaporations at 50A/sec., onto (001) faces of NaCl ot liquid
. . o :
10

nitrogen temperature in a vacuum of about 1 x torr.

. Recently several different orientations of vanunmw&eyaeated'
tin films have been observed insluding, (110) - Saikiay(léél):
(100) = Vook (1961)j and Caswell (1961)3 and (001) = Kehan
{1960) and Stuart (1061 = private Qammﬁniéatiﬁn)._ Pig. (20)
shows the tin unit cell and the various orientetion planes.
Saikia (1961) and Stuart (1961) both used canwan%iasal vacuwa
systems while Vool and Caswell (1961) deposited theiy films
in ultroe~high vasuum. However these orlentations were oﬁﬁervea
| auringfothar investigations and no systemfatic study has been
made. It has thersfore not been pomsible, to date, to pre-
deternine preferred orientations according to the deposition
porameters. in any given system, and to state whether fiim
orientation is uniform. Also no growth mechanisn ﬁan@i&tan%
‘with the known phenomens hus been suggested and it was abné
aiﬁere& ﬁhat this could not be abn@ until & detailed study

of the factors influencing the growth of tin Tilms had beén

carried outs
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In %hia'garies of experiments; it has been attempted
to investigate the structure of many tin filss deposited
under xﬂprnanaible conditions to show how the deposition
paraneters of vesidual gas pressure, rate of deposition, and
thickness of the f£ilm, influence the structures |

) Approximately fifty specimens were deposited onto
glass substrates at roon temperature. Some &uxiliamw experi~
*eﬁts were oarried out by depoﬂiﬁing’tin anmavpaiyﬁerwaonﬁéﬁ
glass substrates because these polymer filme are 1ikﬁxy to be
used as the insulating layers in cryotrons,

(a)

The system described in section 2.1 (i) was used

for experiments in this pressure TANZE. All the films deposited,
at pates of deposition between 5 and 159Afaee; and in residunl
gas pressures between 1 x 10”4torr and 1 x 10 6terwa were
polyerystalline, én& when the films were oriented, they were
~ onewdegree 0r1@ntaﬁ‘wiﬁh & certein plane parallel %o the
substrate surfece and with a random orientation about sn axis
normal to the substrate surface.

Thé initisl stoges of formation of The deposiyy vy
the growth and development of the structure of the maclel,
determine the final orientation of the Film, and therefore a
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study of the atmtuxe of very thin i:‘ilma was mmia, i.e. of
spproxinately. 500 & thickness. Fige (23.) showe the observed
variation of crwntatim fw tin filma with rate af deposition

-6

and residual gas pressure between 5 x 10" torr mﬁ 1 x 107 torr.

The thio&awaa of the iilms muged from 450 « 600 A.

Pour different orientations of the £ila were obtained
for this ranga of deposition conditionsy randonm yulycryetmlms-
(110) ariehtatmn; (GGI.) orientations and a mixed (100) and . |
(%1} arienmtiam Above a rate of deposition 91’ appmxim&taly
7C}A/ cees, 8ll the films were mndomly oriented for oll values
of recidual gos pressures Below this value of mt& of ﬁepmn E
ition, the Lilns were one-degree oriented, and at h&.g:h volues
'of raeiﬁzml gsw Pressure = from 2 x 10 Storr to 1l x 10"’4%1':' -
ha d, & weak (110) orientation. (See also Fige &l). At lover
gas pmams - apprcxhately 1 x 10"5torr ot ‘.SAJaw, and
1.5 x 1075 torr et 754/scc. ~ & nixture of (100) and (001)
 orlentstions wes obtedned. A (001) orientation on its ewn
geouryed for &apessiﬁans in the range 1 x 10 Stﬁm 07 x 10"‘5
'tom* wsaﬁ.ﬁual gas pressure only,. '

Pige{22) shows the electron diffraction pmiemﬂ
obtained from a selection of Tilms g:lvimg the resulis shown
in Pige(21)s The interpretmien of these Mﬁmctim patterns
1 given in seotion 341 (iv)e

The electron "xiamgmphs in Pif;. (23) show thet the

films are not cantinuous in the early stages of mwhh.
Fige(23)a shows the island structure of a film aprroximately
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5001; t‘n.‘m&: &apasmeﬁ onto & glass substrate ma Fige(23)b
shows that the £iln is almat mm*imm at 3.50{3!; thiokness,
However from the shadowing ﬁam it is possible to estimate
the depth of the channels (45” gul& shadowing: majnifioation
40000x) and thece are almost 1500A decps Those channels
therefore go down almwt to the glass aubstmte h&na&a’m‘ The
above resulis, (Fig.p?l), thus wmsmnd to the isleaud ataga
of growth before the islands coslesce 3.nw Y aantxmw i‘"ilm;
Eig.(%) shows wmﬁ.‘ks obtained for tin i‘:ums 150&& thick
deposited at va.rious rasidual gas pressures. The r&mma are
simn.ar to thome of the SOOA thick films except for the
' ocourrence of the (100) ortentation. At 1 x 10%torr, (110)
orientation is m@mﬁ (Pige242) wbﬂa.(éﬁw' ‘oﬁantatiqn
only is abfaineﬁ at 1 % 1@”5’?;91’1‘- residual gas 'zarém*m At
2 x 10"%torr, two orlentations of the £ilm oan be obtained for
the same rate of deposition (1) a (0(}1) aﬂmﬁaﬁm m ite
own and (ii) a mixe& (001) and. {.‘LGO) arienta%ion wmm the
ma) ordentation is very wealc. SRR

| An wemll view of the urientatim of m £ilns
wmah ean be obtained al various residuel gas pressures is
givm in Teble 1 at the end of this aemmm |

(b)

Vhen the films were deposited in the U,H.V, oystem

a2t room temperature, the pressure rose during the deposition
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proceas mto the 10 7torr range even for low rates of depose
itdon (< loﬂsee.)‘ This was due to the outgassing of the
Source during depusimon aven ma'ter %hea nmar outy: ms:;ing
‘Eraatmeat as deaaribed in seotion 244 (1) ‘Rotes of aepasit- :
afm had therefore to ‘be kept as low aa masimﬁa to obltain
films in a vaouunm of laaa than 1 x 10™0 torrs Also, as will
e pointed out in the ﬁi‘aamiam the orientation phenomenon
ocourring in the mwlm influence the final structure ef tha
£iln only at low rates of deposition.
If*i'e;i(:zfj) shows the electron diffraction patierms |

- znd the deposition conditions for ﬁlm 500 and 2.500?& thick
- deposited in this pressurc ronge onto glass substrates. (See
- also Table 1 for further olarification). When the gas pressure
was naintained at 1 x 10"’7tom:- during the deposition process,
only (100) orientation was obiained for both thiclaesges of
£4lne ¥hen the maxdman pressure during the deposition was
allowed to rise into the high 10~7 range, Sone (00:{) orients
~ation of the tin was also produced and a mixed (100) and (001)
orientation ocourred (see Flgs 25b)e However atb lﬁcﬁz, the
orientation in the surface region was predomirantly (100),
(gco Mg.z‘jti)..‘ G | |

- The overall results in Table 1 show that the oriente
giion of tin films on glass ‘aubatmtesx is dependent upon the )
maiﬁu@l% prassures A (110) orientation We&omimtea in
the 10~ torr range and this changes through (001) orientation
until 8 (100) orientation prs‘demimma in ulfra~-nizh voouun
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| mgiom (<5 x 16“7%1':'); ﬁnwar, it can elmo be seen fx'ou
the differ&nt ﬂrianxations obtained st twn thicknesses, EGOA
and J.SOGA. in the gamne wamaml gas pressure conditions that
there is aleo a change in orientation with thickness as the
£4inm ahanges from the ialana stage of mwt;h into a e@ﬁﬁmus
Lilne

(el

It has been praviaunly :s'ha-b#d (section 3.1 ii) ﬁmt
the tin £ilm in the cryotron will probably be deposited onto
e g}olymer 1&51:.1&%1314; £ila, This ensures that the metal £ilm.
will be &apua.tt&ﬁ onto a clean surface and also thet all the
leyors of the device cen then be put down without breald.ng
f?:ize vacuun in a zmﬂ.tiulnwr deposition unit, It wos *i;hamfo:w
necessary to investigate the variation of siructure of tin
- £ilms deposited onto polymer substrates in the 1ight of the
ahove results, This also helps to show the additional effects
introduced into the growth mechaniam by ohanging the nature
of the substrate surface. | |

Pige(26) 18 a serles of elcotron diffrmtmn patterns
zzhawmg tha variation in orientation of tin films BGQA thioic,
depwitaﬁ outo polymer coated substrates, with Nﬁi&m £as
Pressures :ww rates of ﬁapoaitim were used (< Jﬁz&/we} ?mare,
according to the previous reemltﬂ, {Fig.Zl); the effects of
ch&nging the ruta of dc;pcai‘aion are non-influmtial on the -
structure. It can be seen that the orientations observed ave
similar to those ﬁrﬂﬁune& by depositing tin £ilms onto glass
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substraﬁeavexcayt th§t é.lcwer residunl gas pressure is
ﬁequiraﬁ,‘iﬁaﬁ‘a'ééOﬁuﬁhiak film deposited on to glass sub-
strates at 4 g 10™8 torr hes o (100) orientetion, but a mixed
(001) wnd (100) orientation dn a polymer corted substrabe.

This is the orientabion obtained on glass substrabes at a.

residual gas presgure of 2 x 1G~6 torr. {Sce also Table 1).

A aimilar effect occurs for thicker deposits,. The electron
difrfraction patterns for 15001 thick films are shown in
Pigse (27)s For a film 15002 thick deposited on to & polymer
substrate, ot 5 x 1078 gorr residual ges prossure a mixed
(001) and (100) orientation is obtained, bul for identical
conditions omAglaﬁa‘substrates, a (100) orientation is
‘preﬁﬁminanﬁg (Compare Figs. (25)c and (27)e)s  The same
thing occurs faﬁ other values of residual gas pressure as
shoun by comparison of the results in Figs. (24) and (25)
with Fige (27)s N |

'~ The orientations obtained for films deposited on bo
polymer subsirates with vériaus deposition conditions are

inecorporated into Table 1,






(]

' : raAA” -5
(2) Residusl Gas Pressuve - 1 x 10" “tory,

| &he_raéﬁlﬁa from section (1) -were combined with
those from other deposits, condensed onto glﬁﬂs’ﬁ&@éﬁr&ﬁaé'at
VEricus thiakﬁasaea, to investigate the varistion of structure
vith thickness of the f£ilm, | ’

Fige(28) shows the variation in orientation of
tin f£ilus with rate of deposition end £ilm thickness Tox o
depositions carried out in a residual ges pressuve of 1 X 10'5
tnrr. A random orientation of the cnystalliﬁeﬁ in the film
WA yreaamxnant for thin films (<f§06& thick) ﬁagaﬁi%e& at
high retes of deposition., Some of these ﬁavelapaﬁ (110)
'nrientation as the thickness inoressed but othﬁra developed
2 (001) awiantation instead, up to about 1500ﬁ¢ For thioke

nesses above 1500& at high rates of deyosmition, o (301)

orientation of the tin f£ilm was also Ffound snd this be@&me
inereasingly predominant with increasing thickness, A 4000§
thick £ila deposited at 3%/3%. showed (301) oricntation
anly {see Pig.528)s

With aepeaition rates belaw‘apgraximaﬁaiy Gﬁg/aae.,
a (100) orientation is found to be present in thinaev £ilms,
This appears to be mainly confined to the 4thinner filmﬁ@ : -
thicknesges <:10002. In this region some of the £ilns have a
(100) orientation only, 2 (001) orientation only, or a
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nized (100) and (001) arientatiaa.. A (00L) @riemtatigﬂ is
ubtwimzl for films with immming thickness up to 25004, o

A 4690& thick f£ilm deposited at 15&/5&0. had (001) orientation.
| See Fig.Z2b). Somple electron diffraction patterns from
which the rawuits shown in Fig.(28) were obtol aﬁi@re glven
in Pig.(29), | | o |

¥lge(30) shous the varietion in arianta inn of ﬁin
iiilms with rate ﬁf depusition and thiﬂkﬁﬁ&& far films cone
densed onto glass substrates at room ﬁemperatura iq a xesidual
‘gas pressure of 2 x 10"7%orr. The results ama’ﬁiﬁilaw +0 those -
obtained at 1 x 10° “Storr. A ranﬁnﬂ,orientamian wag again
vpraae%inaﬂﬁ for ﬂeyaﬁition rates above. ?OAfaeaﬁ and thicknesses
helow $06A¢ However, no (110) ari&ntaxion was observad in
‘any of the specimens dcpoaiteﬂ ax bhigh ratﬁm of deposition
‘waen tae thickness wes inoreased sbove 506.&, A (C01) oriente
‘ation only was observed up to about ISQGA thicknesos This is
a different result ﬁrem‘those presented in Pig.(28) wﬁﬁre 21
(110) orientation was also obiained. For ﬁeyw@i%idn'wates above
@ﬁZ/see* and thicknesses above 150@§ a (301) orientation ezain
hecomes predominant, |

At rates of deposition below apﬁraximaxely 752/330,
the £ilss had either a (100) or a mixed (001) and (l@@)
ovientatian for thickneases below approximatcly 1206&. Ahbve
120GA thiclmesns however, & (001) orientation becomes inereasinge
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ly prédaminant but a co-existing (100) orientation of the
film is still obtained for thicknesses up to 2000 & .
This is contrary to the results obtmined at 1 x 10”2 torr
where a (001) surracelarientation only was obtuained for
thicknesses greatar than approximately 1000 2. Electron
diffraction patierns from which'the above resnlﬁs.wére’
obtained are shown in Fig.‘(Bl). Fig. (33) shows the
surface orientation of 5000  thick tin films deéosiﬁed
at 2 x 10"%orr.  Fig. (33)a shows the orientation of a
film degositéd at 100 &/sec. and is (301) orientation.
This is similar to a film deposited at 1 x 10"5tofr

(see Fig. 32a). Fig. 33b shows that a (001) orientation
is obtained for filums 5&@0‘3 thick deposited at 2 x 10™°
torr and at low rates of deposition. The (001) orientation

is therefore preferred for thicknesses above 2000 .









Table ls{a)e The Vﬁrigﬁiam of Surface Qréﬁﬁigticn
of Tin FMlms with Residugl Gas Pressure
and Substrate for Films (a) 5@63 thiek
(v) 15008 thick, and for Low Rabes of
‘E@?QSiﬁiéﬁg»iﬁ@g‘q<:‘?52/ﬁ9@i

Residusl Gos Thickness Ordentation
Préﬂ$u3$ (g) . Glass ‘Pnlymer '
Substrate Substrate
1% 20" 500 (110) e
1 = o 500 (00o1) e Randonm
2 %1070 500 (100)(001) | (130)W
1x 1{;"""?* L 500 (100)(00L)v | \(ﬁai)
5x207°° | 500 o Qoo) (100)(001) .
11000 | 1500 (110) .
1x1077 100 (oor) .
2x107° 1500 oL)(00) | (10)
122077 | 1500 ooy | (oon)
1207 1500 © o @o0) | (001)(100)

* This ie the velue of the residual gas pressure, The
petusl pressure during the deposibion process rose to
the values guobed An Fige 254

Y - Heglh orilentations



Table ble

The Variation of Surface Orientation of

Tin Films with Residual Gas Prescure and
whicknsas for High Rates of Bepasiﬁian.

leee > 75A/sec.

Thickness | Orientation
(?&) | Pressure |  Pressure
1x10%0rr . 2 x 120%torr
500 " Rendon . Rendom
1000 (001) (110) .  _<»091) | .
1500 ooy . (ooL)
2000 (301) o (301)
5000 - (301) (o)
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| Tﬁe experimental net plane epaniﬁgs of the film
-ﬁaﬁerial were oaloulated from the ring radii of the eleotron
diffreoction gatterns in the manner deseribe& in Ssetion 245
An example of the interpretation is given below. The values
 obtnived from the diffrsotion pattern shawn”i&lﬁigﬁﬁﬂ(b) aia
conpared with the A.S.T.is Zervay aszmction data from card
no. 4=0673 in Table 2, end this shows ‘that th@ $ilm carraspaada
to tetragoncl B «tin. The orientation of the iila is detorw
4mea from the are positions of the pamtenn‘
In Fige22(b), the second rdng (couhin&ﬂ 220 and 211
rings) 4s arced in the plane of incidence and the £iln has
an orientation with one of these planes parallcl to the sube
strate surfmee. Figs(34) shows the theoreticel diifrastion
pattern for (110) and (211) - oriented tin filmge‘ Az the
First ring in Figy(zz)b is broken in the plaae'aﬁ iﬂ@i&eﬁca,
ama lateral arcing is shown in the theoretical ya%%ern fox
(110) nriﬁnﬁaﬁian. it was coneluded that the filn was in (110)
orzcatataen. o |
- The (109) orientation of the filn showa in the

electron diffraction paxterﬂ of Fige(25)a cen be obtsined in
& similar manncr. This rilm gives o spot pottern uad the

Jo*ﬂ in the pldne‘af incidence correspond o the aoaitigng
of the 200 ring and the 400 ring - it second orders ﬁy
ecomparing the experiaental pattern with the theoretical
patterns for (100) and (101) =~ oriented tin films - Tig.(35) =



TBE;B 2e

Comparison of Experimental Lattice Spacings

for Tin Filus with AaS o Tolfs Z~Ray Eiffractian

Datat

Blectron Diffractian Data

FiZe 22(&);

Data Obtalned from ASTM

Card 4 - 0673¢3)

Be.  Sn ¢ Tetraganal 2, = ;.182& t 0
No data given on ASTH card.

4e

o
= 5,8%1A

Ring |Calculated IﬂﬁenaityCZ} . Lome lbatfieé |Intensity
Radius ﬁattiaa ‘ Indices Spacing
(a) apac 1) hicl a (4) ;
7.80 2,92 5 200 2.915 | 100
8415 2460 101 2,793 90
10,98 2,07 S 220 2,062 | 34
11,24 2,02 211 2,017 74
13470 1,66 301 | 1.659 17
15,55 | L.47 i 12 | 1.84 | 23
400 | 1.8 | 13
15.80 1.44 i 321 Lo842 20
| - 2024 L -
17438 1,31 . 420 14304 15
17.57 1.29 411 1,292 15
18.90 1,21 W 312 +205 20
1, Data calculated with Tofs t0 dyo; s 1,6508
2 S = Strang; H = llediumy h - Weak
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it cem be seen that ‘hhta lateral ma of 'bim ‘fscm,wra’ s;*sct

- pattem awmzspnn@ t@ the wimg; on the (Ef o) mf;% (211) rings
and the (42{3) and (411) r&nga respactiv&ly on mm *thmwtiaal
(100) patterns ”hemfom the filnm aham’miﬁmﬁiﬁzkz hzo &
(100) orfentation. The Tilms in other orlentations, were
devercined in a a:imilar ‘mm'iér; I‘ig;hﬁ) ghows «z,,m m:we:‘aicml
patiermne cm*rwpmﬂinb to tin £ilms pcwe*am{r (G{R) and ('501)
wmmaﬁnm resyeactivqu. ?hwm shmm be smmm& m-th

the mzpeﬁmemal 'gmam s shown in z‘iem(ﬁd)d, (%?)w Mu;
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In his wark on coppex films depoaiteﬁ a% liguid
oxygcz temperature at 1@ gtﬁrr, Keith (1956) xmumu %hat the
grain pize of filme 2600& thick.waa apyraxima&aiy 4&&, but

ivan warning to room temperatura* this insreasea ta at least
4&6&. Hﬁm@ver, if the film was raised tn room nampcra$ure in
a partial presaure of cxygem, the iinal grain oice wag only
@QK: This led hin to propose that oxygen could be used as a
*hrake' to stop kinetie prﬂeesaaa g0 that the {ilms aaala be
cxazined at room temper iurg. Caswell. (1961) haa olso uaed
this technique 1o yxevent agalomeraticn.efr@aiﬁ aaa xmpade
canealing in very thin $in filus (a§prnx1ma$ely lJQA thick
and deposited at 80°K) and has also showa how the structure
of “hese films ean be *frogent by injeﬁting a.h ﬁa partial
pressure of oxygen into fhekaystém» The axyg%m %aua sigalifie
cently reduces the surface mobilitf duringAﬁ&a aﬁﬂ?mliﬁg
process. It is therefure‘permiaeiblé tb aserne thaﬁ‘ﬁhe
prcsence of & high pertiel pressure of oxygei: in the vacuum
wyﬁ%em &uxing the deposition process would élse reduce the
surface mobility of the tin during deposition,

The ﬁreviousvrﬁaulta have shown that ﬁha ériantation
of tin filme varies vith the vrate of deposition « ot high
rates of deposition en initial randomly oriented stage modifies
the growth process and also no (100) orieﬁtation is obtained,
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These ‘doping‘ experime“ts were therafare carried eut at two
éifzerent rates of deposition, (1) at 100A/sae¢; {ii) at
A/sec.‘ The r@aultarobtained in these experiments ar@}given

below,



The U.H.Ve Systen was pumped 1o a proosure of
1 % 20~Ctorr, Assuming the metal £ilu has the bulk denmsity,

the ratio of gas/metal atons atriking the substrate is reduced
to laaﬂ than Qtlﬁ at this pressure for rates of &agﬂaitian |
 of tin shove 5Afaea» The systen was then arraﬂgaﬂ 8o that
pure oxygen flowed through the system, the psrtial ﬁraawura
being naintained at 1 x 10 stnrr. All the ﬁyeeimama wore
deposited in one eva@aratian with a shutter being uﬂaé to
control the’ﬁhickneéa of the {ilms. This ensured ideatical
deposition conditions Tor all the specimens, The depoait
thicknesses ronged fron 20&3 to 1800§. Becouse of the linite
ations of the vaguun systen desoribed in section Q»x(ii) for
obtaining a high rate of deposition at large enough ﬁ@pnaition
distances far,the eorrect‘use of the retemeter, this set of
Spéaimaﬁs was Iindly provided byuﬁrg ﬁ.é, ﬁtu&dartkﬁf the
Am@anmmiéa Divn. of HePsLas They were deposited i& a similar
pystem to ﬁh@t'deaaribad in Saatioﬁ 201(i1)+ The thicknesses
were measured after the electron diffraction examination by
using an optical interferemeter. The diffraction patterns
giving the struoture of the films with varying thiekﬁess‘are
'ahewn in sequence in Fig.(37). The results are also 1n00TpPoOTw
ated into Table 4. |

Fige (37)a shows the surface structure of the f£ilm
100 = 200% thick which has a predominantly random orientation






g8l

of the cryat?ailiwé parallal to the substrate surface., There
15 a*siight areing on the (501) ring in the plane of incidence
shawing an initial (%01) orientation, | | |
- Fig. (570D 18 tho atferaction pattem obained :mm
the film 25&& thick and shows that the tin at the surface is
already in (110) orieatation. The 200 and 101 rings are just
‘broken in the plane of S.mz&aenw- For only (110} orientation
;presem, the 301 rimgg ahaulﬂ be broken in the plam af |
ineidence (me thmretﬁ.eal (301) ordentation pa%am; Pige
36b)e Some of the tin ie therefore in (301) orientation. E‘ér
only (301) orientation present, the (110) ring should be aveed
1aterally, but 1t s in faot edntmm@ in the plane va’f
incidence, showing that (110) orientation is @reaem:; It is
concluded th&rafore that there is a mixture ol (ﬁf}l) and (110)
amemmioms ;U the specinen.

| Tige (370 ghows the arced pattern for (110) oriente
“wiion of tin parallel to ‘the substm%;m -bhe degree mﬂ' wientatim
is = 30° sbout the mean., This epecimen was ﬁﬁﬂ«lﬂﬁ% thiclk.

 Fige (37)& for a specinmen 1203& thini» is alsoc the
&i:ffmetim yattem for (110) orientation aand only (110)
knxﬁamaﬁm is precent (ef, theorvetieal (110) orientation
- @ﬂwm' mg.tﬁl}c). However there | is a faint but m&emteiy
sherp diffraction arc in the plane of incidonse about Oe50cm.
from the cémm gpots Thie ‘corresponds to exyémlline |
stannous oxide in (001) orientation within the surface region
of the deposit. AS can be seen from Table %9 the other tin
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oxide diffractions are nearly coincident with the tih
diffractions and are therefore diffieult to detect. The
intensity of the outer rings will also be aanﬁiderabiy reduced
and will therefore not be apparent. |

Pig.(5T)e obtained from the £ilm 3.800313:&@@: also
shows the film in (110) orientation and with (001) oriented
tin oxide stiil pre&enm« Fig*(BS) shows & (11@) orientation
for £ilms,(i) 650A thick (i1) EQGGA thick, ﬂepasitaa undey
identical conditions but not in a partial pressure of oxygens
‘ However it can be seen that tin oxide is obtained for the
£ilm 1406A thick whilst no oxide is aetaetable in the th;nner :
Lilma '

The results obtained at high ratea of @cpaaitian
are imsar@cratad into ”able 4o



Table ”2 *

Comparison of Bxperimental Lattice Spacings Lox

T4in Pilms deposited in @ High Partial Iressure
of Oxygen with A.5.T7.M. X-Ray Diffraction Data

for Sn and Snd.

“lectron Diffraction
Data, Fig.57(d).

Date for Snd
from ASTHM Card

Data for S5n from
ASTH Card 4-0673

(2)

6-0395(L)
Ring Radius | Caloulated | Laue | Lattﬁ.dé Laue Lzﬂ:tiée
(iam) Lattice indices | Spacing | Indices | Spacing
Spacing hic 0 Nl "o
) | e | aw
5.01 4480 001 44850 - -
8,19 2,92 101 2,989 200 2.915
8458 2,60 110 | 2.688 | 101 | 2,793
- - 002 | 2.418 - -
11.66 2.06 102 | 2.039 | 220 | 2.062
11.9% 2,01 200 | 1.901 | 211 | 2,017
15,10 1.83 12 | 197 | - -
1445 1.66 211 | 1.604 | 301 | 1.659
16,2 1,48 202 | 1494 | 112 | 1.484

1. $u0 Tetragonal a, = 34802; ¢, = 44836

2. See Table 2 for complete data on ASTH Card 4-~0673
0
5o Data calculated with refs 10 dyny & 146594
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" A11 the filus ﬁeﬁmﬁiﬁeé ax-lﬁwfﬁaiea of deposition
vere obtained in the UsH.Vs systen desoribed in the section
entitled axparimamxal, and were deposited iﬁ a aimilar nanneyr
to those 1% the previous section st high rates of aayaaition.
Pilms were deposited onto both glass and palyaer-ﬁuﬁatrataﬁ
simultaaeauslx so that direct comparison af the relative
orientations can be nmade, ‘

F1g.(39) shows the variatiun.of the tin swrface
»&riantatian with thieknesa fer films deposited onto glass
substrates up to 1500& thiek‘ Pigs. (pg)a and (39)b, obtained

from films 200& and GQGA thiok raapeativaly; are sinilor and
ghow a mixed (001) and (1%0) arienmatiun in vileh the (100)
orientation is guite weaks As the thicknass inereases, the
(100). orientatian beaomee evan weaker « Figi(ﬁg)u ghowe the
orientation for a film IOOOA thick and at ISOG& %hiﬁknaaa.
a (001) ﬂrientaxian pve&omina&ea. The orientation for a
1500A thick film is shown in Figa(39)a,

| F1g.(40) shows the variation of oricntation with
thieknesa for Iilns acpaaited onto polyner subaira$e& up to
1506& thiak; For the thimmer films, ZOOA ana 6§GA‘ahcwn in
Fig.(40)a and (40)b, 'l;he tin surface ordentation is pendom.
However at about 1066&, a (11@) orientation is also obtained -
see Fig.(40)bsc.

' There was no trace of Sn0 in any of the films

o
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&epo ited at low r&tes of depositions

- The v¢riatxgﬁ cf orioentation of tin f£ilms with
1mcrearinw ﬁh&mknavq, whmn deposited in a partial pressure
of oxygen of 1 ¢ 10 -2 tﬁrra o ghown in Table 4

| 1& ig inuar@&ting to compare the results shown ip

Pige (39) for filns &@yawiteﬁ ‘An a pressurc of oxygen of
1 % 1070 torr with those of Fig. (31) obtained for films
depom¢ne& in & residual gas preagum@ of 1 x i@”ﬁ torre
The pre&amaﬁgﬁee of the (001) orientation for thicknesses
above 1000 ﬁg'wh&n oxygen is present during the deposition
prae&$$ w~g@@ Pige (39)a and Fige. L)b ~ guggests thoat this o
gas is gximaw*l; rampongmbla for thevariaﬁ%&tion changes

which ocour.
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4, DISCUSSION

1, General Considerations of the Structure of Tin Films
. Condensed in Vacuum.
t

Attempts to interpret thgwyarious orientations

obtained in thin metal films have been chiefly concerned
with deposits prepared by vacuum evaporation rather than
electro-deposited or sputtered filma, This i becsuse

- relatively aimpla environmental conditions are encountered
and the control of the various deposition parameters is

- easier. | : | .

The crystal arien;étion 6btained in evaporated
tin films appeared to be a complicated function of such
parametera és rate of evaporation, thickness of the deposit,
substrate temgerature, ete. Curgon (1961-62) also Ffound
 that the orientation of tin films on singlee-orystal
aubstramas,.aven'when epitaxial orientations were developed,
was highly susceptible to the depoeition conditions mentioned
gbove., In fact, it has salready been sitated « see section
3.1(1) - that Vook (1961) has obiained 'single-crystal' tin
films only under very special conditions. Observations thaf
the prasénce of substrate cehtaminanta can also affect the
growth process of thin films probably axplainé ﬁﬁe’limitea
success achieved so far in formulating & single theory to
account for the various orientations obtained. |

However, it has been possible in the present
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experinents, by depositing tin films under highly reproducible
conditions, to obtain systemmatialresults on the structure
“of f£ilms deposited onto amorphous substrates at room
temperature in relation to rate of deposition, film thickness,
and residusl gas pressure. The effects of a high partisl
pressure of pure oxygén during the deposition process has
also been inveatigate&‘ |

Although it has been previously adnitied that the
residusl gas pressure influancea the growith process in thin
films (Caswell 1961, Pashley 1964, lMurr 1965) little evidence
has been put forward to account for the various orientations
abtaiﬂéa¢ In thé abaence 6f adsorbed gas atamsg the value
of the activation energy for the migration of the metal atoms
.on the substrate surface is related to the heat of sublimation,
However, thé‘mability is drastically reduced by the presence
- of autive gases such as oxygen or carbon monoxide which
can react with them, or be adsorbed with them, This may
ve s0, but it is concluded below that the residual ges
 pressure hes a decisive influence on the orientation of tinv
films by its effect, during the deposition process, on the
surface energy of crystallites. It will also be shown
below that the resulis obtained are in agreement wi%h;those
 alrveady published by other workera.yanﬁ'the possibility
of controlling the orientation in thin filme will ve
discussed, _

Saikia (1961) found that, for normal 1ncidénce
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of the vepour stream, tin films were polycrystalline when
deposited onto glass substrates at room temperature and were
(110) oriented for all rates of deposition at‘a“fressure of
1 x 10"%torr. In thicker depaaita,'preferaﬂti&l growth of
some orystals whose faces were nearly normal to the vapour
gtrean occurreds A (321) orientation was attributed to a
oslight déﬁiﬁﬂiﬁn from the usual (110) orientation of the
initial stages of growth. ’ |

This effect was first ohserve&'ﬁy Evens aﬁﬁ Wilman
(1952) in 2Zn, Sb, and Nall deposited onto glass substrates
and 1t was pointed out that this was evidenoe of high mobility
of the metel atoms on the growing crystallites. Qhe atoms
move over the crystal face on their arrival and feaah low
patgntial energy sites at the edge of the face and glve rise
“to lateral growth, Seikia (1961)-also found thet tin filme
deposited onto glasé substrates at elevated teuperatures
(100%, 164°c, 200°C) were oriented with (100) planeé
parallel to the substrate surface and 1t wéa suggested that
8 (100) orientation was characteristic of film growth ot a
raised temgerature.

All the films deposited in this series of
experimenta were polycrystalline and were one-degroce -
oriented with a random azimuthal orientation about an axis
normal to the substrate surface, except for films less than
approximately SOOX thick deposited at rates of deposition

0 .
sbove 75A/sec. These filmes were randomly oriented in these
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initizl stages. Similar crystallite orientations to those
already found by other workers were obtained (see sectlon
e1(1).)y 1.0, with either (110), (0O1), or (100) planes

- parallel to the subsirate according to the residual gas
Pressure in the system and the thlckness of the films Two
hiew orientations not previously reported for tin £ilmg were
also observed, i.e. a mixed (00L) snd (100) érientaiiﬁn for
nonmcontimuous Tilms and (301) orientation for fil&s thicker
than 15ﬂ0§'dapesite& at a rate gre&tet than 75z/sec;

Metal films usually grow in prefarredlarienﬁaﬁions,
such that a densely populated planéwiﬁ‘pamaliel %o the sube
stréteu The orientation is induced by two factors: a larger
binding energy between fhé condensing atoms than between
condensed etoms and the substrate surface, and a sufficient
surface mobility. On inert, amorphous substrates the most
favourable orientation which the metal atoms can take 1n
terms of energy is therefore that of closest packing in -the
first atomic layer. A particular lattice plase is thus
‘ grown_parallal to the substrate surface as the base fﬁrv:
erystallisation of subseauenﬁly condensing layers., Aftexr
mueleation, the nuclei grow at first mainly laterally and
naintain their cxystallagxaphiq‘ahap& unxil coalescence
with neighbouring nuolei eamm&nneé; This has been shown in
the case of tin by Blackman and Curzon (1959) and Hatthews
and Wronski (1962) from electron miﬁrescﬁgy evidence. The
initial tin nuclel are therefore lens shaped in the early
stages of growth. |
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The orientations observed in the present experiments
© for tin films under conditions of high mobility of the tin
a&amé on the substrate are characteristic of laterd growth,
The order of density of atcmie‘papulétioﬁ of the b?ystal
net~planes is 3 (100) - 0,11 atma/A? (110) = 0.076 axma/A s
(201) = 0.0518 atno/A2 ¢ and (001) = 0029 stne/A2 AL though
the (101) plane<is>onelof the more densely populsted planes,
nni%l@i}«arienﬁed £ilms ha#&iheen &Bﬂbeited during this work
and. none have been reyartaé elsevheres At present, no
'explaa&ﬁian can be offered for this Pact.

The electron nicrographs in Eig*(233 ahow that
the film is aggregated into aeparaxe islaﬂﬁa during the
initial stages of growth an& dnes 1ot becone complatexy
continuous until about ISOOA thickness.

Caswell (1961) states that continuous filus less
+than 20002 thick are extremely difficult to obitain on room
{enperature substrates in ultra~high vacuum. It has not
been possible to obtain a eamplete sequence of micfmgréphs
pecause of difficulties withreplieaﬁ%@n_teehﬁiqgﬁs; However,
it e reagonable to aasame‘tﬁa$ ﬁhe thickness at which the
~ $1ilm beeomeg continuous varies with the resiﬂﬁal gaﬁigreasure -
the reduction caused in the surface mobility will give rise
0 & larger mumber of initial nuclei and the film will become

gontimuous at an earlier stage of grow
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2, The Veriation in Orientation of Tin Filme with
Bﬁsgﬁggg Gas Pressure and Thickmess of the Film,

The variation in urienxaxian of tin filas SOOA ‘
thick with residual gas pressuve is shown in Fig.(21), and
Fige.(25) shows that where the influence of the gas mclecules
in the ayatemkwas négligible, 1.6, < 5 x 10‘7torr, the films
were all (100} oriented. | R

A (100) orientation has baen observed previ&usly;
Caswell (1961). dapaﬁiting in & vacuum below 10 gtarr and
at deposition rates of several hundred k/sea, +o obtain very,.
‘pure f;lms, raparteﬁ a (100) orientation in films batween .
4000& and aoaog thiek. and Vook (1961) also obtained (100)
orientation for 1590& thick polyazyatalline 4$in films depose |
ited onto Eacl substrates. It is concluded therefore from -
the present work that (100) orientation of tin films is
consistently obtained under suffioiently pure cqnditiona;

Acharya (1948) found by electron diffroction that
1arge tin globules (3" - 1" dia.) solidified onto glass
 substrates as single crystals with (100) orientation. Sailla
(1961) then found that tin £ilms prepared st room temperature,
~and having initially a (110) orientation, when annealed
above the melting point developed a very strong (100) crienta
ation, see Fig.(41)s, These films had aggregated to form
Slobnlesn aﬁout lgAudia¢ Vook and ﬁalti (1964) have alsme
obtained (100) - oriented single-orystal tin films by quickly
cooling a melted £ilm of high purity tin between two glass
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microscope slides,

&nnealing experiments have been aérri&d out in
the present work and it was found that apecimena with
initially (001) arientation or a mixed (10{)) end (001)
orientation sleo develaped a very_atrang (100)-or$entation
when auneeled in & vacuum wf lix 10~4tore to Just above
the melting point, i.ee 235”@. ga_annealing phenomena
reprenent an irreversible ahaﬁge frbm a state of low
struatural“arder t0 a structure of high‘perfeation and as
“the (100) plane in the tin lattice is the most densely packed,
it 1s concluded that a (100) orlentetion in tin films is an
indication that the corystallites have obtained o state af
minimun surface energy i.e. in high purity conditions

¥100< 0 piqg Vhere [ is the free surface cnergy.

~ Synonymous with this conolueion, Vook (1961) has
. pointed out that defects which appear in the form of dise
locations in (001) §\oriented £iims.never occur in (100)
oriented films. This also indicates s étate of high |
Straatural perfection in (100) « oriented filmss -

It can be concluded that when the diffraction
pattern is predominantly spots instead of ares thig indiaates
a high mgbility of the atoms over the substrate surface,

The very strong (100) orientation in tin films is therefore
evidence of the occurrence of melting and reerystallicetion
of the film at snme‘atage during film growth. This view

is enhanced by the conclusions of Plaskett and Winegard
(1959-60) and Winegard (1961) who showed that the solid-
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liquid interface in solidifying tin grows by the edgewise
extension of the most densely populated plane, i.e. the
(100) plane. | - |

- I isvnoW“naeeﬂsaxy.tu take into account the
reduction in melting point with particle éixe which has been
reported by seversl workers, This phenomenon was first
investigated by Turmbull (1950) for 50 w dia. droplets of
meriy metals ineluding tine Taksgi (1954) then found that
droplets of liquid tin about soﬁ in radius solidified at
4090 which is 192°C below the melting témperaturay, Blacknan
and Curzon (1959) subaeqnﬂntly showed that the solidifiocation
temperature for 502 radtuﬁAaroplﬁts was 90°C, (The disorepency
between the two values was probably associétea‘wifh a
difference in the substrate maxeriél). Fig.(42) shows the
variation of the eoliaifacatian_tampératura @ith pvarticle
sige for tin films reported by Blackman and Curzon (1959).
Takagl (195#) also showed theoretioally that the deerease
in the melting point of the solid depends upon Y » the
free en@rgyz'unit area of the in&erfaee dividing solid from
‘1iquid tin and also on R, the ratio of the surface ares
4o the volume of the solid. Thus lens shaped muclei would
give lower solidification temperatures than spheres. Por
a given Y , the decremse in the melting point increases
with inoreasing R. | |

It is eonceivabie that the lowest energy orientation

of a very small islend, consisting of‘only a'few atoms inv
the initial stages of deposition, is different from the
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lowest energy after it haa grown to conteln many atoms.
Levinstein (1949) has already suggested that the atoms of

a condensing vapour collide with thewgubstrate inelastically
_'with a2 transfer cf'thakkihatic energy to the substrate lattice,
and that the heat of sublimation mey be a significant
contribution to th& thermal energy at the substrate surface,
Thus if the subatrate temperature beanmes high enough, such

an island will be able o ree-orient iteclf to & more stable
condition. This probably ocours ﬁnr&ng thacinitial stages

of growth of tin £ilme with (100) ?wmsmon. The rise in
temyerature required for rmanyatallisatlon is small becouse

of the supercooling phenamanon and tha h@aﬁ mf’sublimation

is sufficient to oauge this. prccesa pravideﬁ the interaction
of the metal atams with the resi&ual gas maleeulea is
negligible, |
For films less than 5003 thick and prepared at

- pressures between 5 x 16”7torr and 1 x 10" torr 2t rates of
deposition balaw~?5§/3e¢f, a mixed {100) aaﬂ (oc1) ariéntaxaan
was obtained, see Fig.(21). The film at this stage of growth
was nonecontinuous and it ean be deduced that some of the
pggrogates were (100) ordented vhile others were {001) oriented.
The effect of the gas impurities in the system was e¢ither

to reduce the occurrence of melting and resolidificetion

of the initiel nuclel or adsorbved gas on the oryafallite
surfaces caused further.reczyatallisatidn from (100) to (001)
orientation in some aggregates. Further clarification of

this point will be given later,
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In pressures graater than approxinately 5 x 10° -5
tarr, a (110) erientatian of the film was obiained. This
agrees with the work of Saikia (1961) who obiained (110)
oriented films for all rates of deposition and thicimesses
up o 1002/sec. and YODOX respectively for o pressure of
1 x 10~4torr. It can be seen from Fig.(38) thai the strength
of the ori&nmaxion increeses with increasing £iln thickness.
Levinstein (1949) haé suggested that aggregetes nay be dee
posited instead of individual atoms at high rosidusl gas
pressures beceuse of collisions before resching the substrate,
These aggregatea‘will possess less mabilify and willfiack
ény preferred orientation. However, it secms uar%ain that
'in high residual gas pressures an initiaily‘ranaom layex
i" formed and (110) orientation develops as one of the most
densely packed planes, | S

| At high rates of deposition (:>75Afaee) in the
pmmum range 1 x :Lo“"6 to 1 x 10 5%919::'; the gz.:cmh of the
- f£iln is inflvenced by the formation a@.an initiclly randomly
oriented layer about BOOX thicks The rendom oricntation
in this layer is probebly the result of the outgmssing
of the source during the early stages of deposition, The
‘g&é emitted from the source will temporarily inerease the
pressuve in the system vwhich will reduce the mobility of
the tin atoms on the substrate surface and give rise to a
random orientation. | | |

It is interesting to note here that the theory
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proposed by Walton (1962), and discussed in section 1a.3(i)e,
prediats that at high rates of depﬁsitimn.an& high mobility
‘of the depositing atoms, only large clusters will be stable
and this gilves rise to randomly oriented 5&@0@1%35’ However
the rate of ﬁapositiun consistent wiﬁh this view vill be

_in excess nf 75ﬁ/$@c. in the case of tin because oriented
deposits have been abtaineu by Cmswell (1961) for rates o£ ,
dgpositnon up to ZDDA/aaa;

However, for high rates of deposition, it ia
essential to use a shutter between the source and the
substrate and to allow éepnaitian to commence aiter the
cuxgaaaing of the source has been eansiﬁeﬁahly‘redume&. .

- Then, in the case of tin, the nucleation ané grauﬁh phenomena
shown t0 exist for rates of deposition below ?5&/»66. in
| thia work should apply at higher ratea of deposition.

The results obtained for various thiclknesses of
£ilm andkshawn‘iﬂ Figs.(28); (30) ané Tableyi, clapify the
orientation changes occurring during deposition. For &
residual gas pressure of 1 x 10™5%0rr at & raie of depoaition
below 75A/see*, a mixed (100) and (OGl) erionﬁatlan is
confined to,thicknesses below 1000& and a (001) orientation
predominates Lor thicker deposits up to 400@& (see Pige32)s
For o pressure of 1 x 10™Ctorr, o mixed (100 &na (001)
orientation is obtained up to sbout 1500& thickness but
& (001) orientation is obtained for thicker deposiis - a
weak (100) orientation was observed in some Tilms for
thicknesses between 1500A and EOOOA. It theremore 2ppesars
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that some type of recryaﬁallisatian eecurs durinw the
caalcs¢eﬂca stage of film growkh, '

Hixed orientations in germanium £ilms have been
found by Vie and Thun (1961), see seotion 3(ii)s, ut
different orientations of initiai miclei heve been observed
by Bassett (1961) and Pashiey et al (1964) for gold deposited
onto oS, &t 400°¢ and onto thin carbon filme at voom
-temparaiare. Also Matthews (1962) has found two orientations
in the initial stoges of deposition of silver onto mieaa

| In the case of gold films, 1% a@péare& thet twn
orientations of the nuclel are randomly formed on the sube
gtrate, they grow 1a$eralxyvand meintain their crystallngraphia'
shape'unxil coalescenne with neighbouring nuclei aommencesg
Althoughvthe nnci@i éﬁeianly‘alightly‘miaurientéﬁ; when
they coalesce the compound island is entirely of one of the
two orientations, mee Fige(43). It appears that recrystelle
isation oecurs during coslescence., It is fhnmght that the
effect is not csused by the rotation of the micleus as &
unit but by the boundary forming the interface boiween
the two touching nuclei 8ﬁeeping~acroaa one of the nuclei
while *liqni&wlike‘ conlescence isg in Progrest.

" It hes not been possible to deposit tin inside
the alaet#an'diffraction cemera %o examine the film during
\aéposition. bgcausa the résiﬁual gas pressure in the camera
is not low enough for direct comparison with the resulté -
obtained by deposition in the conventional vacuum systems.
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However, it is now suggested thet a similar mechaniso to
the one discussed above occurs during coslescence of the
tin aggregates, and the resulting continuous film possesses
cmmanim with similer orientation, The mobility of tin
at roonm tempereture is considerasbly higher than gold and the
recxystalliaation can invelve larger mieorientationﬁ than
those reported by Bassett (1961). (The mechaniem involved
| in this'piwc@sa is discusced in a later section), It is.
‘concluded thet the orientation of the film does not vary
with thickness, ise. the initial layers are a mixed (3100)
and (001) orientgtion while the surface layers heve only
(001) orientation becesuse of preferential growth of (001)
faeés because of some form of fanet‘dévelaymenﬁy
The same rvaryatalliaation can occur at high

rates of deposition ( > 75A/$aa.). The randonly oviented
crystallites re-orient themselves on coalescence with (001)
planes parallel to the substrate at a pressure of 2 x 10'6
torr, or with either (001) or (110) planes perallel %o the

substrate et a pressure of 1 x 10 5turr. (See Fig@n 28 & 30) .

For thicknesces above 1500A; a (301) orientation

a&veloped at these high rates of deposition anﬁ this arient-
~ ation was maintained up to a thickness of 5000&. see Figs.
(32) and (33). Little ies known sbout the final orientations
in £ilms from tetragonal metals but Bauwer (1963) has stated
that thick filaus of Mg, prepered at room temperature heve
(301) and (302) orientations for thicknesses between 2000A
- and 10000A. On the other hand, a (001) orientation was
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formed in films up %o 500?& thick. The occurrence of a mixed

(001) and (301) orientation in some films about 15002 thick

infers that (301) facets develop with .inoressing thiclkness

at high rotes of deposition. Figs.(32) and (33) show that

this or_ientation is maintained at least up +to 50@0?;. thicknesss
The mechanism whereby the gaaeaus impurities in

the vaowm ;@yatm give rise to orientation changes c}uring

+he deposition process will be discussed in the next section.
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5. The Development of Preferred Orientations durdng the
Growth of Hetel Pilms, | |

| At & metal énrface. the surfacé atoms of the lattice
have less than the usuél mmber of neighbenring atomsg. |
Abaarﬂingvto Unlig (1952), the surface atoms will have twioce
- the nunber of bonds and a higher bond strength per bond than
the average:for the lattice if it is assuned that en-eleetron-
shared bond distributes itself among all the a?ﬁiiable
positions, With & higher bond strength, it follows that the
' characteristic atomic radius of the surface atoms will be
less than the average for the‘lattice and the surface ﬁillvbe
under tensioﬁ. Herring (1953) maintaine that the surface
tension repraseﬁxs an exéess energy per unit area as the
result of the presence of the surface and 1t 1o therefore
reasonable to assume that the different cryatéi faces, having
different interatomic spacing, will have different valuga of
surface enersy. |
HoWevér. any substiance in the environment which

‘forms bonds with the metal surface atoms will weaken the
bonda of the surface atoms with each other and with their
neighbours and consequently reduce the surface tension, This
is shown schematicelly in Fig.(44). The surfaaekénergy of
‘densely paakgd erystal surfaces will be less affected by
foreign atons then ﬁillvless densely packed crystal surfaces,

Thus the adsorption of foreign atoms at a gas-metal interface

increases the difference in surface energy between different
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erystal planes exposed at the surface. The difference,
el though amall;:mag be sufficient to cause grein boundary
migration as the 1awer energy ﬁurfaaéa enlarge at the expense
. of the higher anmrgy surfacess '
Lhalmﬁrﬂ {1948) thought that the change iﬁ aurface

energy of heated silver specimens depended upon the mamer

in vhich oxygen is adsorbed on different erystal planes.
However, the poaaibility th@&kdifferenQEs in surface energy
may lead to thﬁ'migratien~ofvmetal atoms fronm anﬂ‘nryﬁtal to
a neighbouring one, and thus to the growth of grains with
specific ari@giaﬁiem'was put forward by Mulling (1958) end
leter by Detert (1959). Thic hypothesis was suggested to
explain spontaneous growth, after primary recrystallisation,
of a few gﬁains\im copper sheet into large grains while the
average size increased only sllighily, |

‘ Parther evidence of the eff@atfof oxygen on the
surface orientation hés ‘been given by Walter amd Dunn (1959)

and Walter (1965) for thin siliaonniron,mp&cinena (0s3 mma
thick, ennealed to 1200%C). In a vacuum annesl, (110)-oriented
greins grew into (i«e. the grain boundary edvanced into) (100)
oriented grains, while in the presence af»nxygeﬁ aﬁcms; the
(100) bri@nﬁed grains grew 1lnto the (110) grains. fThe driving
force for the grain boundery migration was obiained from the
differeﬂn&,in surface energies of the differently oriented
greins; lee. dn vacwmn Y 1.4 3 Y10 874 the (110)-oriented
grains grew at the expense of the (100)~oriented grainss
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vhile in oxygen K‘is‘;‘}ﬁ} & Yy 110 and the (10&)‘%&6@#@& graing
grev in preference, An estimat .‘mn given of the difiercnce
in surface energy was as low as 70@25/% « The fact that
%100 z 5 im in the presence of oxygen indicates that the
effect of oxygen atoms edsorbed on the least densely
populated plane s.a"’greater thm_thuse adsorbed on densely
packed plmwe- | |

Thus if the te ssyemtum of a mmal :i.za sui‘iiaiﬁamly
high, the transfer of atoms nay occur across & grain boundsyy
bty volume or surface diffusion. The transfer is elvays in-
such & direction s to decrease the over-all free energy of |
the wysstem A@ the difference in the valueu of the surface
maz-gias are emallg there must be a minimun of restraint to
grein boundary migration, i.e. the material must be wimiﬁ-ely

A direct mlum cannot be nade 'bua 5.'%; is mgggmma

that sinilar reorientation considerations oceur in the case
of thin filus, especially tin. Tin filns deposited in highe
purity conditions have initisl muiclei with (100) orientation
through melting and solidification of the snall particles.
vhen these comlesce (during further deposition) the £iin
renoins in that orientation by the ememaiam of tha m.iﬁ;ting ‘
lattice,

| In +the pressure region vhere the residusl gases |
start to interfere mppreciebly v}i'hh the deposition procoss
(5 % 1077 40 1 x 10"7torr), & reduotion in mobility on the
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substrate surface, puaaiﬁly caused Ly gas adsorbed on the
substrate surface, gives rise to (001)moriented nouclei. |
Some melting and_reaolidifiaaxion still cecurs‘aﬁd glves a
mixed (100) and (001) orientation. (Above 1 x 10™torr,
only (00l)~oriented orystallites are formed « see Fig.21).
When’the mixeﬁ‘Oriantatinn ocours, gas axama

adsorbed on the less densely populated (001) plane will reduce
the surface energy of these corystallites more thﬁ# those on
(100)=oriented piangs (Sufficient gas is preaenx 1n‘the‘3ystém
for thie process to ocour - at 1 x 10“5torr* about five
monolayers of gas hit the substrate surface/second while a
 £iilm deposited at 50A/aac. takes more than 10 secs. to beocome
continuous), Vhen coalescence ccours, the systen vdll try
to attain a state of minimm free energy and a (001)
orientation will predcminate.

| An interesting unexplainﬂd exanple af a pimilar
mechanism in thin tin filme has been reported by Vook (1961).
He has shown that rapid grain gﬁawth of oriented polyerystalline
tin £ilms cen be made to ocour by electron-beam bombardment
in an electron microscope but not in a éiffraction aamera.
(The latter has a much lower intensity of the beem). An
initially (100)~oriented polyaxyetaliiﬁe film developed into
8 (061) single orystel film: the {ransformation occurring
rapidly by the addition of small amounts of energy. The .
electron~beanm bombardment resulted in local heating of the
£ilm and the formation of o cdntaminated layer on the surface
of the film -« see Pashley and Presland (1961) - which
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, affgcted the surface energy of thekaystam, ises the (001)e
oriented grains grew because they had a lower surface ecnergy
than (100)~oriented grains in the presence of the contaminants,

At high rates of deposition, the effect of the
adsorbed gas is seen best for results with incfaasing thicke
ness at e pressure of 2 x 10 6t9rr - Figa(%0)s The initial
layers of the film were randomly oriented but the *builtain'
snnealing in the_ﬂepdeitibn process gives rise Yo grain
growth and re-orientation. However, cryatals having fha

most densely-packed plane, i.e. (100), parallel t0 the
substrate are not preferred beecause the gasea adsorbed on tha
(001) oriented grains reduce their surface energy sufficiently
for them to be preferred, o

For an orientation changm t0 occur duming caaleenence

4he common buunﬁary must move across one of the islands and
thic will be by & diffusion mechanism., This process, which
is still imperfeectly kmown even in bulk specimens, prcbabry
occurs by atoms at the sides of the boundary jumping,
individually or in small grwups; from a configuration which
is part of one crystel to a configuration which is part of
another, | |

' The driving force on a grainfpaunﬁaxy“in & bulk
gpecinen fesulting“from'the difference ih‘ﬁﬁxfaee energy

; L,4
P <r0+rs)

end r, and ry; are the curvatures of the boundary on the

will be F where,
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surface and in the crosse-section respectively. The actual
force is the product of the net boundary curvature and the
difference in surface energys is0s

.lk &)g
In thin £11ms when miclel in uniike ﬁrﬁentatiun

coslesce, the value of (% + = | will be lerger than for
44 g

vulk-specimens and a lerger driving force Tor recrystellisation
will exist. In bulk speoimens the speed of this process
depends upon the sctivation energy U where,

U= OF exp (~ %,)
¢ iz s constant, Fb is the freec energy zained Qer'

atom when the boundary moves an amount by ¥ is the force
aoting on the bounderys In thin films the time talen for
recryetallisntion can be very much qﬁicker because ol the
relative inorease in ¥ and the decrease in U becouse of the
high mobility and sublination energy of the condensing a&ems.
and the fact that re-arientation changes occur during the
deyaﬁiticn process itself is therefore not unreasoncble,

~ Thus the process of controlled adsorption of a
gao during &epcsition‘méy offer new sppbrtumiﬁieﬂ for | |
controlling the structure of thin films during the deposition
process by influencing the surface energies of initisl
masled s ﬁlthaugh Chalmers (1948) found that ﬁh&,afﬁaet of
argon on the surface energy was undetectable in bulk samples

of silver, this may not be the case in thin £ilms and it may
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e possible to alter the structure with nonwoxidising
atmospherass Pre~nucleation with a monoleyer of gold will
reduce the mobility in the initial stages of growth and ﬂiil
probably reduce the occurrence of the (100) arianﬁatibn by
preventing melting and recrysfallisation oi the initial
nuclei in high purity oconditions, Electran»beam.hsmbar&meat
of the film after depaaiticn.will_alsa be a valuable tedhniqna.
The temperature rise caused hy‘the eleatrén beam may be
auffiaient.for growth of grains of apeeifia orientation to.
be possible by using gaseous annealing stmospheres to create
suriace energy differences between grains of differing
orientation. Further work to investigate the possibility of
orientation control in tin films is to be aérrie& outs
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4. The Effect of a High Partial Pressure of Oxygzen during
the Deposition of Tin Films, ,

"Gaswell (1961a) has shown that %he presence of
oxygen during the deposition of indium £ilne affects
adversely the electrical and structural yroberties of the
films. He found that in high purity films, the surface is
considerably rougher and he states that thevoxygaﬁ‘is |
evidently contained interstitially in the lattice since there
is no indiostion of indium oxide in the films, Also, the
pure films were polyerystalline but highly oriantaa with
(101) planes parallel to the substrate surface but £ilns
deposited in oxygen &t 1 x 10" tory were’eamplétely randomly
orienteds | | | |

In the case of tin, Caswell (1961b) compared the
superconducting cheracteristics of filmé prepayed in residual
gas pressures less than 1 x 10" 4orr with those prepared in
~ high partial pressures of a large number of gases, He gives
the critical values of partial pressures of certain goses
for obtaining high purity tin filns showing an absence of
impurities produced by residual gases as observed in eiéctron
micrographs of the épe¢imen surfaces These are ?02< 5 x 1of8
torr; ‘PH29‘<4 X 10;7§0rr; P002< 8 x 10”7t0fr;‘£or a rate
of deposition of 504/sec. The value quoted for oxygen agrees
well with the results presented in the present experimenta,
showlng the variation of structure with residuml gas pressuré.

(Table 1) where £ilms are highly ordered and (100)=~oriented
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provided the pressure dﬁring deposition is képt bélow

t 10 Ytarr. Because of preferantial punping of different
gases by the diffusion pump,water vapour, nitrogen, hydrogen
ond oxygen respectively are the main residual constituents
o7 conveﬁtional‘VEaunm gystems - Oaﬁﬁell (1963) =~ end it is
probable that fha.partial pressure of oxygen in the present'
systen is in the region of 5 x 10" torr. The &eﬁericratién
in the superconducting eritical temperature’raporﬁed by
Caswell (19613, althcugh-attributeﬁ to presence of oxygen,
may thus be the result of structural changes consistent
with variations in the deposition parameters.

It has been shown above (Table 4) that the
orientation of tin films, prepared at low rates of deposition
(52/5@3,)‘$n a partial pressure of oxygen'of 1 x 10”5torr.

similar to that obisined in the conventional "yﬁtam with
o resiﬁual gap pressure of 1 x 10'5t0rr., i.e. @ mixed (100)
and (001) orientation is obtained for thickuesses less then
1000§ and 8 (001) orientation predominates above this thicke .
ness. . There 1s no evidence of Sn0 in the»diffractian patterns
obtained from these films - see Eig,(y9).

 From these results it can be concluded that the

ordentation varietions with residusl gas pressure, presented
in iz.(21), ere predominantly due to corresponding increases
in the partisl pressure of oxygen. This inferé that surface
energy variations discussed in the preceeding section are

nainly caused by adsorbed oxygen in the case of tin films.



108

At high rates of deposition (looz/sae;), the
structure of fiims\prepar&d in a high partial ﬁresaure_af
oxygen is consiotent with the iesultefahtaine& ine
conventional vacuum of 1 X lo*gtbrr‘ - a (110} orienﬁa&ibn
was obbained as the thiclmess increased. However, from %he
results shown in Figs(37) and Table 3, it is concluded that
tin oxide was formed during the growth process of these
filmg, This is in contradiction to the work of Caswell
(1961) who conecluded that oxygen is contained interstitially
in the lattice. This may be the case for filus éepcSited
at low rates of deposition, bul Caswell used Zwray diffraction
analyeis and it is probable thai this method vas not sensitive
'enough to detect small smounts of oxide in the filme

| At 1l x 19*5torr, about five monolayers of gas atoms
hit the surface of the film each second, and it is not known
what percentage of these atoms is trapped. »ﬁlassandrini
(1964}, in electron diffraction cbeervatiohs on nickel films
deposited at 1 x lO“Sthr, haa'painﬁéd out that the éxygen is
probably trapped in pockets with s semblance of‘ﬁié structure,
Annealing.af the Tilms 1o 400°C causes the oxygen to penetrate
into the nickel where it tends {o form an ordered s%ructure.
in the nickel lattiaé and he concludes that:ﬁhe fesulﬁing ,
structure is dependent upon the substrate temperature and
other deposition pérameteraa |

However, Hart (1952) has shown fha% vhen tin foil

is anncaled in air, an amorphous oxide layer is foimed at
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temperatures up to 130%¢. Avove 150°C, only crystclline Sno
and Snﬂé-axa forned. Further Steiner (1953) has shown that
practically no oxide is formed vhen tin is exposed to dry
uxygém at xunm“%emperafwza for intervals of tineup Yo 1 hour,
but when heated above 150°0, stannous oxtde is formeds It
is therefore reasonable to acﬂnluée.that vhen Sn0 was
absewvad’in:%he above experiments for in filims deposited

in oxygen, the Tilm surface temperature during deposition
was in excess af'150°0, and according to Fig.(37) this

occure at about 1900& thicknesa, deCe preammably when the
film becomes continuous, This result is further confirmed

by the m@sulta obtaiﬁaa for films &e@ﬂﬂiﬁﬁﬁ at a %Gﬁiuﬂﬂl

‘gas pressure of 1 x 10 “Storr, - Bee ME.{538). Tae elﬁutxen

- diffrection pattern from the 650& thick &llﬂ shgv“ 1o troce
of oxide whereas the continmuous £ilm at 14&0& thick has
orystelline stannous oxide present. This result is in
dgontradiction tokthe egtimates of film temperature made by
other workers and discussed in Seotion 1;4(ii)q Thig |
WOXK 3hcws experimenﬁally that the film surface ggmyﬁmmtnre
in the case of tin films vwhen it becomes & @ahﬁimummm £ilm

is in excess of 150°%C
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5. Ihe mifect of the Subgsirate.

On inert amorphous substrates, the binding energy
 between the metal amoms,is high and the forces between the
sﬁbstrate and thevfilm gegligible, so that the substrate
should hsve no effect on the ordering process of the filmi
However it is clear from the results presented in fable I{a)
that the orlentation éf tin films deposited onto polymerw
coated substrates is differvent from those deposited under
- identionl conditions but onto glass substrates. It can
~also be seen that the variations in orientation oaaurring
with the deposition parsmeters are similar fto +those Qreparad
on glass substrates but for correspondingly lower values of
residual gas pressure, L.« a 5004 thick film deposited at.
4 x lo“atdrr on glass substrates has a (100) Gri@ﬂtﬂ&ian;j
but there is a mixed (100) and (CO1l) orientation in tin
deposited on the polymer substrate,

This presents an interesting case of the effect
of the subgtrate surface. Vork oh the properties of these
polymer films has been reported by Hill (1965) and they are
formed by recombination of organlc free radicals on the
substrate surface by electron bombardments In this case
the films were formed from polymeriszed siloxane molecules and
the resulting films are hoavily exosé-linkaa vaich would
leave free bonds availeble at the substrate surface, .A
probable explanation for the structural variation of the tin
filzs on polymer as opposed to'glaas substrates is that the
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mobility of the tin atoms on the subn»r te surfoce is
reduced by a higher binding energy of the substrate smmaee*
ﬁcwavar. +the simmlarity of the variations in
0“len$a$10n with the é@po sition conditiona provides evxdenae |
thet the main footors éeterminzng the sﬁructur@ of tin 11ms
are the éﬂhility of ‘the atoms on the substrate ﬁmrface &uﬁtng‘
the ﬂépesiﬁibn:process end the degree of veguwan in the system.
The substrate will influence the initial orientotion of the
Film but further growth uepends upon the depogi icn ’

conditions,
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6« The Stress in Thin FMlms.

It has been pointed out in Section 4.4 thay the
svailable eovidengce indicates that the temperature of the
surface of & continuous tin f£ilm is of the order of 150°%c,
and this fact has a significant bearing on the origln of .
| stress in thin films.

Recently Freedman (1965) has investigated the -
effect of oxygen adsorbed during the evaporation process
on the magnetic anisotropy as a ai:reas—-éénaiﬁiva property
0f nickel films grown at room temperature onto glass gube
strates, A change of oxygen partizl pressure from 1 X 10“3‘01
to -‘1' x 10" Ttorr onused an inorease in stress from 5 x 10°
| dyn/om® to 2 x m‘j‘adyn/cm‘?, Hefleotion electron diffraction
did not reveml eny nickel oxides but the ws:‘brémely amali,
grain size in room temperature nickel filmsv caused sufficient
vroadening of the reflections so that it could not be stated
with certainty that there was a melata‘ absence of oxide.

He meintains that the faot that water vepour had & similar
‘effect, wheress nitrogen did not, inferred that the inorease
in stress was related to an oxidation effeoct. In this case
the changes must occur by a metalegas interaction rather

- than by adsorption on the auhs*ﬁrate and reaction at the :ifi'ilmn’
substrate interface. “:ﬁhe» maulta for $in L£ilms presented
above would lead one to infer tha;b adsorption of gas’ ocours
on the film surface and oxidation of the 't;:m followed through
an increase in temperature during the ilm growth. It is



113

possible that the heat of crystallisation changes the
temperature at which the erystals ave growing but the
ahove re'suita inply o high surface temperature of the film
as postulated by Hurbach and Wilman (1952) at lesst when the
£iln becomes contimous, o |
However the high deneity of grown-in dislocations
in thin filme (1029 = 20M/0n? - Bassett 1961: 10%%/cn? -
Vool 1964) mus'h mean that the filme are under é%m% from
| thig éou:ree‘ - But a disorepancy oscurs he:ré for some tin
£ilms have a high dislocation density but low residusl stress.
| It therefore appears that neither theory of
resiéuai stress in thin films - gee Seotion 1.4 - is rfully
in agreement with experimental and caleulated values of
a*&fesa end £ilm temperasture respectively. TIurther émrk is
required to tlarify the problem, preferabtly using wliraehigh
vacuun -hechnj.quas where the effects of geseous impurities
can be eliminated. -
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COBGLUSION

An Meatigatio'n of the mia‘l:ion in struecture
of thin tin films, condensed onto amorphous substrotes at
room temperature, has shown that hitherto unexplaoined |
sfructuxél &n&iaiiona‘of tin films deposited ia ﬁifferent
gystems can now be‘acepﬁntad for in terms of the respective
dcposition parameters. |
“ | The growth of (100) oriented films in pure
conditions is preferred becmuse the initisl rmelei orient
themselves with the most densély packed plane parellel %o
the substrate surface. This ocours through high nobility
of the metal atoms on the substrate surface and the nelting
and rearystniliﬂaﬁion of the initial rmueclel.

An examination of the £ilm orientation before and
after a continuous film was formed, by the coalescence of the
island stmcture dévvlbped in the_initiai stages of deposite
ion, helped to clerify the effect of the residusl gas on the
growth process of tin £ilms. I% 4s considered that the
adsorbed gases on the surface of the erystallites was
responsible for recrystallisation phenomena occurring during |
the coslescence by 1ts effect on the surface energy of mucled
in differing oriantation. Experimenta earried out in a high
portial pressure of oxXygen showed that oxygen is nainly _
responsible for the drientation changes, but further alarizn
jcation could be achieved by depositing films in hlgh

partial pressures of other gases,



115

The identification of stannous oxide in some films
gives an estimate of the surface temperature of the film
czumng growth and this is in the region of 150°C,

Bepasition Qﬁ tin films onto polymer substrates
verifies that the orientation is determined by the dee
position parameters, but mainly the residual gos preaaure;
The polymer f£ilms influence the initiel stages of growth
by reducing the mnbility of the tin atoms on the sabﬁ¥raﬁe
suriace. |

The results presented here provide a snund basis
for further study on the siructure of tin films especially
using preenucleation techniques, depositing onto substrates
at various tamper&ﬁurﬁa, or using adsorption of gases either
during deposition or in annealing experiments sfterwards to
jnvestigate methods of controlling the structurc of the

filmse
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